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Executive Summary

California has been interested in climate change for decades. As early as 1988, state agencies began

developing periodic inventories of statewide greenhouse gas emissions and estimating the potential

impacts of a changing climate across the state. California’s foray into climate change policy began

in 2002 with the passage of the Pavley Bill (Assembly Bill 1493), which established the nation’s first

regulations of mobile greenhouse gas emissions. It was unclear at the time, and somewhat nebulous

even now, whether California has the legal authority to establish and enforce such standards.

Carbon dioxide, which comprises the overwhelming majority of greenhouse gas emissions from

automobiles (about 95%), is an artifact of fuel combustion. Thus, the amount of CO2 emitted

per mile is directly related to the amount of fuel burned per mile of travel, or a vehicle’s fuel

economy. While the federal Energy Policy and Conservation Act (1975) prohibits states from

developing regulations related to fuel economy standards, which are preempted by the federal

Corporate Average Fuel Economy (CAFE) program, a set of state-level regulations that targets

mobile greenhouse gas emissions (including more potent gases attributed to cooling systems rather

than fuel consumption) are just different enough to create ambiguity. Automobile manufacturers

sued California, arguing that the standards were too onerous and that the state’s regulations

violated the preemption clause of the Energy Policy and Conservation Act. Since no federal agency

regulated mobile greenhouse gas emission directly at the time, the state applied for a Clean Air

Act waiver to acquire the authority to do so. The Supreme Court ruling in Massachusetts, et

al v Environmental Protection Agency, et al compelled the U.S. EPA to regulate greenhouse gas

emissions under the Clean Air Act, which opened the door for California’s waiver request. After

several years, EPA granted the waiver to implement the Pavley Standards and the automobile
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manufacturers’ lawsuit was eventually defeated. However, the state was actively creating additional

climate change policies in the interim.

While California’s Clean Air Act waiver request languished at the EPA, the state enacted

a suite a policies that established statewide greenhouse gas emissions targets for the next five

decades, established clean energy standards for the electricity sector, and developed the nation’s first

greenhouse gas standard for motor fuels, the Low Carbon Fuel Standard. An rigorous evaluation

of this collection of climate change policies is important for two reasons.

California mobile source emissions policies have influenced federal policy since the federal gov-

ernment began regulating pollutant emissions from automobiles in 1967. There is already evidence

that the state’s climate change policies will be similarly influential. In the wake of the failed auto-

mobile manufacturers’ lawsuit and the approval of California’s Clean Air Act waiver request, the

state engaged in multi-party negotiations with regulators at the National Highway Traffic Safety

Administration (NHTSA), the EPA, and representatives from the automobile industry to develop

a new set of national standards that would regulate fuel economy, mobile greenhouse gas emissions,

and allow automakers to comply with both the federal program and California’s standards with-

out building vehicles specifically tailored to either set before 2017. Although NHTSA’s updated

CAFE standards are still characterized by average miles-per-gallon achievement levels, the EPA’s

standards use a set of per-mile greenhouse gas emissions definitions that resemble California’s stan-

dards. Additionally, a collection of states in the Northeast and Mid-Atlantic region have worked

to develop a regional low carbon fuel standard based on California’s program and other states are

currently evaluating similar proposals. In fact, the state’s primary policy objective is not to reduce

the atmospheric CO2 concentration associated with climate change, but to provide cost-effective

examples of climate change policies that other regions and nations can reproduce.

If California’s climate change policies are going to continue propagating through federal and

state agencies, the question of their efficacy becomes paramount. If the state’s estimates of green-

house gas emissions reductions and cost savings prove to be inaccurate once the policies are fully

implemented, California’s foray into mobile greenhouse gas regulation could become a cautionary

tale rather than the template for others to copy. The analyses used to support the collection of
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transportation climate change policies rely heavily on technical feasibility studies and long range

forecasts, rather than explicit models of implementation that consider the important interactions

between producers and consumers under the regulations. Like all forecasts, the ones that drive

expectations of costs and effectiveness for these policies are sensitive to unexpected conditions and

their value is limited by the unpredictability of the future. A model that explicitly considers im-

plementation is able to determine the impact of incorrect assumptions, and identify unintended

consequences. If these policies will indeed serve as a model for other regions, even the federal

government, a more thorough understanding of their potential impacts and vulnerabilities must be

developed.

This dissertation addresses many of the analytical limitations of previous studies by using a two-

stage analysis. The first stage develops a dynamic simulation model that explicitly incorporates the

behavioral changes forced by implementation of these (and other) policies to curb greenhouse gas

emissions from passenger transportation. In the model, California’s policies are implemented both

individually and as sets over a common baseline policy environment, defined by concurrent federal

transportation policies. Rather than relying on a limited set of static forecasts to evaluate the

performance of policies once they are implemented, the second stage of the analysis applies Robust

Decision Making (RDM) scenario analysis techniques to evaluate the performance of policies under

a wide range of plausible conditions. In particular, these methods identify conditions under which

the state’s policies fail to meet near-term greenhouse gas targets, accrue large costs, or both. The

analysis is used to answer the following research questions:

• What vulnerabilities (demographic, technological, or economic) over the next decade nega-

tively affect Californias ability to meet its emissions targets or lead to unacceptable costs?

• Can complementary policies address these vulnerabilities and help CA meet emissions targets?

• Are there lower cost, more effective strategies to meet near-term objectives?

• What effect do federal policies have on state GHG goals?
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Reducing greenhouse gases from transportation

One way to reduce greenhouse gas emissions from passenger vehicles is to target inefficiencies

in the air conditioning systems. However, these gases are only the most potent, not the most

prevalent. In order to reduce CO2 emissions from passenger travel, a policy must improve vehicle

fuel economy, reduce aggregate vehicle miles traveled (VMT), or shift the mix of transportation

fuels in the direction of lower carbon alternatives. While California’s current strategy targets large

CO2 reductions through improvements in vehicle fuel economy and lower carbon motor fuels, this

dissertation also evaluates a set of potential augmentations to address VMT growth.

The state’s greenhouse gas standards, the Pavley Standards (since re-named the California

Clean Car Standards), regulate automakers that sell cars in California and mandate minimum

average grams of CO2 /mile for both passenger cars and light trucks. Like the national fuel

economy program, manufacturers are expected to respond to California’s standards by adding

technology to their vehicles in an effort to increase fuel economy, and reduce CO2 emissions. Since

the state received its Clean Air Act waiver, the Pavley Standards have been superseded by the

new joint national program — a set of harmonized fuel economy and greenhouse gas standards

for automobiles that is jointly administered by the National Highway Traffic Safety Adminstration

(NHTSA) and EPA. Although California still implemented its program, it was modified to ensure

that compliance with the national program would ensure compliance within the state. As a result of

this harmonization, the implemented standards are expected to have little impact on CO2 emissions

relative to the levels achieved under the national program. However, it is uncertain whether the

national program would have been possible without California’s threat to implement a set of state-

level standards related to vehicle fuel economy. Although the national program has been approved

through model year 2016, the state maintains the authority to implement a more stringent set of

standards at their expiration. However, as long as regulatory action continues at the federal level

(a set of joint regulations is currently under development for model years 2017 – 2025) the state

has little incentive to enforce a separate set of standards. In addition to the Clean Car Standards,

California has developed a set of tire pressure regulations that will impact vehicles already on the

road. This program is likely to be extended in the future to include low friction engine oils and
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other efficiency measures, but each of these is only expected to have a small impact on greenhouse

gas emissions.

The Low Carbon Fuel Standard (LCFS) uses a system of credits and deficits to encourage

drivers to shift consumption away from gasoline and diesel fuel and toward lower carbon alterna-

tives like electricity and advanced biofuels, with the goal of reducing the average carbon intensity

of transportation fuels by 10% by the end of 2020. The standard develops estimates for the carbon

intensity of a wide variety of fuels over the their entire lifecycles — including extraction (or cultiva-

tion), transportation of raw materials, fuel production, distribution, and combustion — accounting

for the CO2 produced at each stage. The carbon intensity of each fuel is measured by unit of energy

to allow comparisons of fuels with different energy densities. The standard becomes increasingly

stringent over the next decade and favors lower carbon fuels, using the permit market as a mech-

anism to change the relative prices of fuels based on their carbon intensity. The state expects the

standards to reduce annual greenhouse gas emissions from passenger travel by 10.3 million metric

tonnes (15 MMT including heavy duty vehicle fuel usage), and be cost neutral.

Each of these policies affects one component of greenhouse gas emissions from passenger travel,

but none of them directly impacts growth in vehicle miles traveled (VMT). The Low Carbon Fuel

Standard has the potential to reduce VMT if the integration of lower carbon alternatives raises

fuel prices and increases the average cost of travel per mile. By contrast, the Clean Car Standards

have the potential to increase VMT by reducing travel costs (a result of increasing fuel economy

known as the “rebound effect”). While the state is developing land-use and development targets

for regional planners, the targets are not mandatory and will play a role in longer-term emissions

abatement, if at all. In the short-term, price mechanisms are an effective way to address VMT

growth — and this dissertation evaluates a series of incremental fuel price changes as a strategy

to hedge against challenging conditions where the existing state-level strategies perform less well

than expected. The pricing strategies are modeled as fuel excise tax increases, but merely represent

changes in the average retail price of motor fuels, which could be achieved through alternative policy

mechanisms like a carbon tax, or the state’s proposed cap-and-trade program for CO2 . Chapter 2

describes the relevant set of transportation policies in greater detail.
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Analytical approach

Unlike the analytical work supporting the state’s greenhouse gas regulations for transportation, this

work develops a dynamic simulation model, the California Light-Duty Greenhouse Gas Emissions

model (CALD-GEM), that explicitly focuses on the implementation of California’s policies and the

effects of compliance behavior on both consumers (in aggregate) and regulated industries. The

model estimates annual greenhouse gas emissions from statewide passenger transportation under

each specified policy regime. A series of connected modules address the various components of the

system related to energy consumption: manufacturer technology response, vehicle sales, alternative

fuels market, and travel behavior.

The types of vehicles that are available for sale in each year are influenced by the presence, or

absence, of state-level fuel economy policies. To develop annual vehicle offerings, the simulation

model incorporates outputs from the Volpe Center’s CAFE Compliance Model, which is used to

simulate the technology changes made to new vehicles that must meet fuel efficiency standards at

either the state or federal level (or both), depending upon the strategy. A sales module determines

how these new vehicles enter the population in each year (a function of vehicle offerings, the policy

environment, fuel prices, and other economic variables). The vehicles in the population (both old

and new) travel and consume fuels of differing types to meet the demand for VMT. The model

uses fuel consumption to calculate annual greenhouse gas emissions and tracks the consumer costs

associated with fuel and technology expenditures.

While the CALD-GEM model is deterministic, many of the most important drivers of emissions

have values that are deeply uncertain over the next decade. Factors like world oil prices, costs

within the emerging biofuels market, GDP growth and unemployment in California all impact the

quantities and types of transportation fuels used. However, no single forecast of future prices or

economic conditions is likely to be reliable over the next decade, and have rarely been so in the past.

To account for the uncertainty in critical factors, this dissertation utilizes Robust Decision Making

(RDM) ensemble scenario analysis techniques to evaluate a large number of scenarios and identify

groups of scenarios in which preferred policies fail to meet expectations. Strategy performance

is measured not by optimality under any single set of conditions, but by robustness across the
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scenario ensemble — seeking a strategy that performs reasonably well (satisfactorily) across the

widest range of uncertainty about key factors. After identifying vulnerabilities, preferred strategies

are augmented with a set of policies designed to specifically hedge against the underlying conditions

that lead to poor performance. In this case, fuel price mechanisms are used as hedging strategies to

construct a set of 20 distinct suites of policies evaluated in the analysis, although only an interesting

subset of these is carried throughout the entire analysis. Interested readers can find much more

detail about the simulation model and the application of Robust Decision Making techniques in

chapters 3 and 4, respectively.

California’s strategies fail to meet expectations under a variety of
conditions

In addition to considering alternatives to California’s current strategy, this study provides a more

rigorous estimate of the reductions that can be expected from the individual policies that comprise

the state’s Scoping plan strategy for transportation — namely the Low Carbon Fuel Standard

(LCFS), Pavley Standards, and vehicle efficiency program. Each of these policies is expected to

reduce statewide GHG emissions and save California consumers money. Table 1 compares the

greenhouse gas reduction estimates developed by the California Air Resources Board with those

achieved by each each policy (over the baseline defined by the national fuel economy program)1

in the nominal scenario, characterized by the current “best-guess” estimates of each uncertainty

in the analysis. Chapter 5 discusses the performance of a large set of strategies in the nominal

scenario.

Despite small differences between the nominal scenario used here, and the single scenario that

the ARB considered, the impact of the Pavley standards and the vehicle efficiency program appear

comparable, if slightly smaller. However, the impact of the Low Carbon Fuel Standard is estimated

to be dramatically lower. The performance of each policy (and their performance as a set) is briefly

discussed below.

1All emissions reductions refer to the incremental change in greenhouse gas emissions in a given strategy compared
to the baseline strategy, defined as the national fuel economy program with no additional action within the state.
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Table 1: Nominal 2020 emissionsa reductions for California policies, using CALD-GEM model
Policy Current ARB estimatea Nominal Emissionsa

Emissions Standards 3.8 3.6
Vehicle Efficiency Measures 0.6 0.4
Low Carbon Fuel Standardb 10.3 0.4

Total 14.7 4.4

a – Emissions measured in MMTCO2e
b – Gasoline-only portion of reductions to account for light-duty travel focus of this study.

The Low Carbon Fuel Standard may fall short of expectations

There are two reasons why estimates of emissions reductions from the Low Carbon Fuel Standard

vary significantly between the ARB analysis and the results in the nominal scenario. The first, and

more significant, reason for the discrepancy results from the ARB’s failure to accurately consider

the means by which fuel providers may comply with the standard, thus attributing naturally occur-

ring emissions reductions to the implementation of the policy. The ARB analysis (California Air

Resources Board, 2009d) considers four “scenarios” that lead to LCFS compliance for light-duty

vehicles (which are used to meet the carbon intensity requirements for gasoline and its substitutes).

However, as one reviewer noted, the reductions in these scenarios are attributed to the policy de-

spite a lack of modeling (or justifying) the mechanism by which the policy forces these scenarios

(Reilly, 2009). Similar scenarios are considered in this study, but emissions reductions from mech-

anisms other than the LCFS are not attributed to the policy. They are determined exogenously

and are deemed no more or less likely to occur in the presence, or absence, of the LCFS.

The second reason for the large discrepancy in estimated impact is an accounting problem.

To the extent that liquid fuel providers are able to comply with the LCFS, they must do so by

purchasing credits from non-liquid fuel providers (like utilities that provide electricity) and blending

low carbon ethanol. Any electricity consumed for transportation in the CALD-GEM model is

automatically credited to the fuels industry (and treated as a transfer between the purchasers of

liquid motor fuels and electricity, bearing no net cost). So the only compliance strategy available

within the model (and arguably, in reality as well), is to blend lower carbon ethanol. The accounting

problem arises from the fact that the state’s GHG inventory and emissions targets are based on
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combustion, rather than the life-cycle perspective used in the LCFS. Practically, this means that

a substitute fuel must produce fewer greenhouse gas emissions during the combustion stage than

the one it displaces in order to affect GHG reductions for the inventory targets. While the LCFS

does indeed force fuel providers to blend lower carbon ethanol (either from Brazilian sugarcane

or cellulosic ethanol made from one of many different feedstocks and conversion processes), this

ethanol is chemically no different from the corn ethanol that is prominent now. Ethanol produces

fewer greenhouse gas emissions through combustion than California’s blended gasoline, but the

low-carbon intensity ethanol is no better than corn in this respect. Emissions reductions do occur

over the life-cycle of the fuel, reducing the total GHG emissions for which California can be said

to be responsible, but these “upstream” reductions accrue in other states — during the cultivation

of ethanol feedstocks and across the transportation and distribution phases of the fuel, rather than

during combustion. These emissions reductions do not contribute to the targets. Only by increasing

the overall quantity of ethanol consumed — for example, by subsidizing the consumption of E85

— and displacing gasoline, can the LCFS affect reductions in GHG emissions. Unfortunately,

the ARB’s estimated emissions savings from the program simply represents a 10% reduction in

the CO2 emissions from the combustion of motor fuels based on the goal of the standards to

reduce emissions by 10% (California Air Resources Board, 2009e). However, one cannot expect fuel

providers to reduce the emissions from motor fuel combustion when the standard allows them to

achieve credits by reducing the CO2 emissions in other stages of the fuels’ life-cycle, even though

they occur beyond California’s boarders. The accounting discrepancy is not a large problem for

electricity, which incurs most of its life-cycle carbon emissions when it is generated, but represents

a considerable challenge for compliance strategies that rely heavily on ethanol blending.

This is a shortcoming of California’s current strategy, and represents an important disconnect

between the accounting methodology used to calculate the state’s Greenhouse Gas Inventory and

the methodology used to estimate savings from the LCFS. Updating the LCFS standards for carbon

intensity so that they are based on the baseline GHG emissions from combustion, rather than the

full life-cycle, could induce the desired GHG savings from combustion, but would change the nature

of the standards. Alternatively, since emissions reductions would occur in other states as a result
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of the program, redefining the accounting methodology of the state’s GHG Inventory to account

for the life-cycle emissions generated by California’s industrial, energy, and transportation sectors

would allow the state to preserve the current LCFS regulations and take a broader perspective of

the its responsibility for the GHG emissions involved in consuming its goods and services.

The ARB’s estimate that the LCFS creates no net cost appears to be similarly optimistic in the

nominal scenario, where it costs nearly $33 billion more than the federal-only policy. While that is

certainly larger than the ARB estimate, it is important to consider this cost in the context of the

LCFS compliance strategy. With the exception of electricity credits (which are treated as a transfer,

and carry no net cost), providers are forced to sell more ethanol (of sufficient carbon intensity to

comply with the standards). When low carbon ethanol is more expensive than the gasoline used

for blending (California Reformulated Gasoline Blendstocks for Oxygenate Blending (CARBOB))

or cheaper ethanol alternatives, or when providers are forced to subsidize E85 to increase sales,

the cost of gasoline will rise. In the nominal scenario when only the LCFS is implemented, 148

billion gallons of gasoline are consumed between 2010 and 2020. In order to accrue a strategy cost

of $33 billion, complying with the LCFS standards need only result in an increase of $0.22/gallon

in the price of gasoline to accrue such large program costs. If domestic production capacity of

advanced ethanol fails to reach billion gallon per year production volumes in the next decade, the

per-gallon price increase induced by the program could be much larger. Given the limited number

of electricity credits likely to be available in the early years of the program, and the uncertainty

surrounding both the quantity and cost of advanced ethanol, such a cost increase is plausible.

The Low Carbon Fuel Standard’s performance across the full scenario ensemble bears a strong

resemblance, at least qualitatively, to its performance in the nominal scenario; small emissions

reductions over the baseline policy and potentially high costs. Like all strategies in the analysis,

the LCFS achieves emissions levels sufficient to meet the 2020 greenhouse gas target in about 40%

of all scenarios2. The LCFS leads to emissions reductions in fewer scenarios than the Scoping Plan

strategy and generally of a slightly smaller magnitude, achieving its expected emissions (10.3 MMT)

2Note that these are percentages, not probabilities. The percentages are based upon the size and design of the
scenario ensemble, and would be different using a different ensemble. They are not probabilities, and should not be
interpreted as such.
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in only 16% of scenarios. The LCFS reduces emissions by at least 10.3 MMT over the baseline

when both the ethanol blender’s credit and import tariffs remain in place, the ethanol blend wall is

increased before 2015, and market shares of electric vehicles remain below nominal levels in 2020.

This should not suggest that fuel providers fail to comply with the standards; compliance is forced

in the CALD-GEM model, and so occurs in all years of the policy for all scenarios. While this

forced compliance fails to yield significant reductions in GHG emissions in nearly all scenarios, it

does create significant costs under some conditions.

Although the LCFS reduces total cost relative to no-action in about 20% of scenarios, these cost

savings are typically less than $1 billion over the course of the decade. Conversely, cost increases

greater than $10 billion occur in about 30% of scenarios. The most important driver of high cost

scenarios for the LCFS is the year in which the ethanol blend-wall, the amount of ethanol that can

be legally blended into gasoline for use in all vehicles, is increased. Blend-wall increases later than

2014 are associated with all of the high cost scenarios, since fuel providers will be forced to sell and,

in most cases, subsidize more expensive E85 in order to sell enough gallons of ethanol to comply with

the LCFS standards. The existence of the federal ethanol blenders’ credit and the removal of the

ethanol import tariff, which makes low carbon Brazilian sugarcane ethanol artificially expensive,

act to mitigate the cost increases associated with delayed increases in the blend-wall, but don’t

counteract them entirely. Additionally, some of the highest cost cases occur when the cost of corn

ethanol decreases over the next decade and lignocellulosic ethanol (LCE) is either more expensive,

or less available than assumed in the nominal scenario. The cost of lignocellulosic ethanol can drive

high cost scenarios, but not low cost scenarios. Fuel providers must blend ethanol at an average of

about 8% into California gasoline as an oxygenate, and will naturally choose the least expensive

ethanol available to do so. When LCE is the lowest cost option, fuel providers will choose to blend

this instead of midwestern corn ethanol, even in the absence of the LCFS. Based on this analysis,

it appears that both the expected emissions savings 10.3 MMTCO2e, and the assumed zero cost

impact are unwarranted except under a narrow set of conditions.
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The Pavley Standards have more value as a way to gain leverage on national
policy

Comparing the no-action strategy that exclusively relies on the federal standards to reduce GHG

emissions and the strategy that overlays California’s Pavley standards on the baseline, illustrates

their limited emissions benefit. Across the entire scenario ensemble, enforcement of these state-

level targets leads to emissions savings in only 11 (of over 3,000) scenarios, and results in small

increases, typically about 1 MMTCO2e, in the rest. This is largely a result of mix shifting to meet

the separate targets for cars and trucks.

California’s greenhouse gas standards for passenger vehicles lead to additional reductions over

the baseline strategy across the scenario ensemble, but only when the second set is adopted in 2017.

The standards generally produce emissions reductions over the baseline, but still fail to achieve the

2020 emissions target in more than 55% of all scenarios. The impact is not large over the next

decade (in terms of either costs or emissions reductions), but such policies are technology-forcing

policies, and continually transform the vehicle population for decades after implementation as older

inefficient vehicles are retired and replaced by increasingly efficient new models.

The expectations for the tire pressure program are modest, as are its performance. Nonetheless,

such efficiency programs incur little cost and do result in small emissions savings over the baseline.

However, the expectations for the impact of the second set of Pavley standards are less modest, but

perhaps similarly realistic. The addition of a second set of Pavley standards leads to GHG emissions

reductions over the existing Scoping Plan (as modeled here) in over 90% of all scenarios, and matches

(or bests) the expected emissions savings of 3.8 MMTCO2e in about 35% of scenarios. However, this

strategy rarely results in cost savings. Incremental costs over the Scoping Plan range from about

$3 billion to about $12 billion over the decade. Unlike some of the more nuanced vulnerabilities

that appear elsewhere in the analysis, this is a relatively simple story. Technology costs and

manufacturers’ decisions about how to allocate fuel efficiency improvements (i.e. how much of the

improvement is allocated to improving fuel economy rather than power) are the principle drivers of

high cost scenarios. However, the real potential of this policy to reduce emissions is hampered by

evaluating it so soon after implementation; vehicles subject to these standards (or future versions
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of them) will be on the road for the next two decades, and will consume less fuel over that time

than if the standards had not existed.

The first set of Pavley Standards, since re-labeled the California Clean Cars program, is intended

to be of similar stringency to the EPA program at the national level. This analysis assumes that

manufacturers build a fleet of vehicles to sell in all 50 states that they assume will allow them to

comply with the (joint) national program. The assumption, by both industry and regulators, is

that selling the vehicles from those product plans in California will result in compliance with the

state’s standards without any additional action. In fact, state (and national) standards have been

harmonized to produce this result. However, deliberate mix-shifting by industry is necessary to

achieve compliance with state-level efficiency standards (in at least one year) in most scenarios.

The automobile industry is represented simplistically within the CALD-GEM model, using class-

level vehicles and lacking manufacturer heterogeneity. However, this is an issue that should be

investigated by parties with access to higher quality data — mix-shifting can impose additional

costs on California drivers (as manufacturers are required to influence the market shares of passenger

cars and light trucks sold in the state) and erode the effectiveness of the standards.

The most important effect of the Pavley standards may have been to create pressure to develop

a new set of national standards. After the national standards are in place, enforcing state-level

standards has little additional value; it increases the complexity of compliance for manufacturers

and retailers, and places an additional regulatory burden on state agencies (notably, the ARB). The

real power of the standards appears to be in the threat of enforcement, rather than enforcement

itself. As long as California has the legal authority to implement a set of state-level emissions

standards for vehicles (at least with respect to GHG emissions), it is guaranteed a seat at the table

when discussions of national policy take place.

The Scoping Plan may require augmentation to deal with challenging conditions

The Scoping Plan (defined here as the set of policies in Table 1), like all strategies considered here,

meets the 2020 greenhouse gas emissions target for passenger travel in about 40% of all scenarios.

This is not to suggest that it generally performs as expected, and merely falters under challenging

circumstances. Even under the “best-guess” forecasts of future conditions, the Scoping Plan, and
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the policies that comprise it, fails to meet the state’s emissions target. The expected cost savings

from these policies never materialize3 in most scenarios, and emissions savings are consistently

smaller than expected. The Scoping Plan does lead to emissions reductions over the no-action

baseline in about 75% of scenarios, although only about 10% of those scenarios exhibit savings

greater than 4 MMTCO2e, far less than expected. In fact, the Scoping Plan only achieves the

expected emissions reductions over the baseline in 14 (out of 3,061) scenarios, despite the fact that

it meets the 2020 target in many more. Emissions reductions typically occur under two different

sets of conditions: when the federal ethanol blenders’ credit is still active and the cost of midwestern

corn ethanol doesn’t increase more than $0.05/gallon each year, or when the ethanol blend-wall is

increased to 15% before 2017, the tire pressure program performs well, and electric vehicle market

share tops 3% in 2020. Each of these scenarios has some plausibility, and it is not unreasonable

to expect that the Scoping Plan will result in some emissions reductions — but not at the level

expected.

Evaluating alternative strategies illustrates tradeoff between emis-
sions and cost

In addition to the individual policies that comprise the Scoping Plan Strategy, this evaluated an

additional set of strategies that were built upon the state’s main options: do nothing and rely on

national fuel economy program (no-action), stay with the Scoping Plan (or just use a single piece

of it), or augment the Scoping Plan with either additional fuel economy standards or fuel price

mechanisms4. Each strategy may have components that begin later in the decade (such as the fuel

tax increases that begin in 2016 or the second set of Pavley Standards that begin in 2017), but

the strategy is modeled to be static once it is implemented in 2010. The fuel price mechanisms are

modeled as a fuel tax increase, but could be achieved by a carbon tax or cap-and-trade program

as well.

While there are multiple strategies that prove to be robustly low-cost or low-emissions strate-

3Policy compliance was modeled differently in this study than in the state’s official analysis, but in a way that is
consistent with the methodology and the regulatory constraints of the policies.

4Chapter 6 features a full Robust Decision Making analysis, and results in a strategy ranking that informs the
conclusions of the study.
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gies across the full scenario ensemble, no strategy is simultaneously robust in both dimensions.

Additionally, the scenario in which a strategy is implemented is critically important. Under some

favorable conditions, the state need not take any action at all to achieve its emissions goals; while

in others, even aggressive and costly actions fail to meet the target. Adapting to prevailing con-

ditions in a scenario can lead to improved robustness. However, even relatively robust strategies

can have vulnerabilities. Finally, this analysis was conducted without direct input from the stake-

holder groups that would properly define the scope and purpose of the analysis. Decisions about

thresholds for acceptable outcomes and adaptive policy actions are intended to demonstrate how

such choices can be incorporated into a RDM analysis for transportation policy, and should not be

interpreted to reflect any particular perspective or agenda.

Figure 1 shows a scatterplot of the 25th, 50th, 75th, and 90th percentiles for emissions (on the

y-axis) and incremental strategy cost (on the x-axis) for a subset of strategies, with the 2020 GHG

target represented by a red line. To improve readability, the strategies are color-coded and labeled

with their Strategy ID, while the relevant percentiles are represented by different shapes. It is

important to note that each percentile for emissions likely represents a different set of scenarios

than the same percentile for cost. These are merely slices of two sets of outcomes, distributed

across their ranges. The ranges themselves, are not tied together. However, using a scatterplot of

the percentiles does illustrates the relative performance of each strategy across both metrics.

Each set of percentiles traces out a frontier that starts with high emissions and low costs, then

generally moves down and right toward lower emissions and higher cost. Each successive percentile

traces out a slightly higher frontier of a similar shape. In addition to generally moving in the

same direction, each successive percentile also has a longer and less clustered frontier than the one

preceding it. At the lower percentiles (e.g. the 25th percentile) all strategies meet the target and

the fed-only strategy does so at the lowest cost. However, by the 50th percentile, some strategies

are already over the target, with the cost break-point of between $30 billion and $40 billion over the

decade. By the 75th percentile, only strategy 19 meets the target (although 12 is very close), and

none do at the 90th percentile despite incurring very large costs. While Strategies 12 (Fed GD200,

the national fuel economy program (only) with a $2.00/gallon gasoline and diesel tax increase in
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Figure 1: Selected percentiles for 2020 GHG emissions and costs across all scenarios

2016) and 19 (SP GD250, the Scoping Plan with a $2.50/gallon gasoline and diesel tax increase in

2016) exhibit strong emissions performance across a wide range of the scenario ensemble, they do

so at a high cost even at lower percentiles of incremental cost outcomes.

Figure 1 illustrates that the state’s chosen set of actions, the Scoping Plan, performs about

as well as the federal only baseline strategy on greenhouse gas emissions, but has a nontrivial

number of very high incremental cost outcomes. No strategy meets the 2020 emissions target in all

scenarios, even the SP GD250 Strategy, despite costing in excess of $100 billion in about 20% of

scenarios. Along each frontier curve, the strategies with the lowest emissions are typically also the

most expensive. In the strategies where taking no-action leads to achievement of the 2020 emissions
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target, large fuel tax increases are unnecessary and expensive.

Adaptive strategies can reduce high cost outcomes and improve
emissions performance in challenging conditions

In general, scenarios in which growth in vehicle miles traveled (VMT) continues over the next

decade fail to achieve the emissions target. In the CALD-GEM model, total California VMT is

modeled as a function of fuel prices (all fuels, specific to the vehicles that use them), changing fuel

efficiency, and per-capita income (which is tied to California GDP growth). Combinations of these

factors create scenarios in which policies fail to create reductions in fuel consumption sufficient to

meet the greenhouse gas objective. Fuel prices and economic prosperity must move in the same

direction in order to prevent continued growth in statewide VMT; vigorous economic growth must

be coupled with increased fuel costs, and low fuel prices with low growth. The former should be the

focus of policymakers — when the California economy is sluggish, there is no reason to artificially

increase the price of transportation fuels, but, to reduce GHG emissions, fuel prices should be

manipulated to influence VMT when the economy is healthy.

To demonstrate the performance of a potential response to growing VMT, we develop three

adaptive strategies based upon strategies from the initial set of 20. These are summarized in Table

2 summarizes the definitions of the adaptive strategies. The first uses the national fuel economy

program only, and adds a $2.00/gallon gasoline and diesel tax increase in 2016 if statewide VMT

has not decreased from 2008 levels by 2015. If VMT has decreased, then no tax increase occurs.

The second adaptive strategy uses the Scoping Plan in the same way, adding a $2.50/gallon gasoline

and diesel tax increase in 2016 based on the VMT trigger. The third adaptive strategy uses the

Scoping Plan with a second set of Pavley Standards (from 2017 - 2020), adding a $1.00/gallon

gasoline and diesel tax increase based on the VMT trigger.

Examining the performance of the adaptive strategies across the scenario ensemble shows that

adaptivity is able to improve the inherent conflict between high costs and high emissions. The

adaptive strategies reduce the number of high emissions outcomes that occur when the modest

strategies on which they are based are poorly matched to challenging scenarios, and reduce the
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Table 2: Defining adaptive strategies from 2010 to 2020
Trigger – no Trigger – yes

Strategy ID Short Name 2010 – 2015 2016 – 2020 2016 – 2020

20 Fed/Fed GD200 Fed only Fed only Fed GD200
21 SP/SP 250 Scop plan Scop plan Scop plan GD250
22 SP Pav2/SP Pav2 GD100 SP Pav2 SP Pav2 SP Pav2 GD100

unnecessarily high costs that occur under conditions are favorable to low greenhouse gas emissions.

In order to more accurately distinguish the performance of the strategies from the conditions

of the scenario, performance metrics (emissions and incremental cost) are converted to regret.

Simply, a given strategy’s regret in a scenario is the difference between its performance and the

best performance (across all strategies) in that scenario. In other words: in hindsight, which

strategy would have been best and how did the chosen action do by comparison?

Figure 2 illustrates the greenhouse gas emissions regret (along the y-axis) for the remaining

strategies with one quantitative change: a strategy that achieves the target is defined to have

zero regret. This change makes the emissions regret measure symmetric to the constant emissions

cost regret measure, which defines the cost regret of a strategy that meets the GHG target as

its difference from the lowest cost strategy to do so. Figure 2 illustrates the tradeoff between low

emissions regret and low cost regret by displaying various percentiles of each type of regret outcome

in a scatterplot. Using different shapes to represent the 25th, 50th, 75th, and 90th percentiles, and

different colors to identify strategies (which are also labeled with their strategy ID), the figure shows

the generally strong performance of the adaptive strategies across their range of outcomes. While

adaptation appears to improve the performance of the SP GD250 Strategy (Strategy 19), sacrificing

little in emissions performance but reducing the set of cost outcomes (Strategy 21), it does little to

help mitigate the undesirable results of SP Pav2 GD100 (Strategy 16). Incorporating adaptivity,

as Strategy 22 does (introducing the $1.00/gallon gasoline and diesel tax increase in response to

higher-than-expected VMT), leads to slightly lower emissions outcomes, but leads to higher cost

regret. Despite incorporating more aggressive elements, the adaptive strategies 21 and 20 still have

a number of high emissions regret outcomes beyond the 75th percentile of their distributions.

The figure shows that the adaptive strategies generally perform well, with Strategy 20 (Fed/Fed GD200)
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Figure 2: Percentiles of GHG regret and constant emissions cost regret

dominating the others at each point in the distribution. Strategies 21, 11, 12, and 22 cluster rela-

tively tightly at the 90th percentile with Strategies 11 and 12 performing somewhat better at lower

points within their distributions (lower medians and slightly lower outcomes at the 75th percentile,

for example), although these differences diminish farther out in the distributions. The analysis also

shows that adaptive strategies rarely have high regret in both emissions and cost simultaneously,

and the adaptive strategy built upon the no-action strategy never does. The first adaptive strategy

(Strategy 20) has low regret in both dimensions (emissions and cost) in over 80% of all scenarios,

but is still vulnerable to strong economic growth, moderately fast adoption of new alternative fuel

technologies, and moderate fuel price growth. This does not imply that Strategy 20 fails to meet the

emissions target in all the remaining scenarios, merely that some other strategy performs better.
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Policy Implications for California

A number of important implications regarding the state’s existing plan have already been discussed

above, but the RDM analysis produced insights about alternative policies. Adaptive strategies im-

prove the ability to meet GHG targets at acceptable costs by responding to observable conditions.

However, an important goal of California’s efforts to reduce greenhouse gas emissions was to demon-

strate the effectiveness of its policies to other nations and regions who might implement them as

well. It is not clear that an adaptive strategy focused on fuel price mechanisms (whatever form

they ultimately take) serves that goal, when the state has concentrated so much on technology and

regulation.

If the price of gasoline remains around $4.00/gallon over the next decade (in constant dollars),

then the national fuel economy program may be sufficient to meet the 2020 GHG target without

any action from California. But if fuel prices decrease from current levels, the state’s policies do

little to address the resulting increases in VMT and meeting the 2020 target requires action on fuel

prices.

Policymakers have been reluctant to increase fuel excise taxes, and have not done so at the

federal level since 1993, when the federal gasoline tax was raised to $0.184/gallon. Although recent

surveys suggest that Californians exhibit an overall willingness to adopt “green” taxes and fees

related to transportation (Dill and Weinstein, 2007), the design of the tax/fee is important and fuel

tax increases may still be too politically unacceptable (Argrawai et al., 2009). However, unless the

state is bit lucky, fuel tax increases may be necessary even with a statewide cap-and-trade program.

One of the strategies considered in this study, Strategy 17 (SP GD50), mimics the impact of the

cap-and-trade program on fuel prices by adding a $0.50/gallon tax increase in 2016 to the actions

in the Scoping Plan, but still only achieves the desired emissions level in 48% of all scenarios.

Strategy 14 incorporates the same $0.50/gallon tax increase, in addition to the second set of Pavley

standards and fares little better in terms of emissions savings (meeting the target in 51% of all

scenarios). This strategy represents the most likely course of action and the most optimistic (from

an emissions perspective) assumptions about the cap-and-trade program’s impact on fuel cost and

transportation emissions. This suggests that the price floor established in the regulations, should
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be expected to have a smaller impact on driving behavior and emissions than the performance of

either Strategy 14 or 17, and will need to be augmented with additional policies to reduce VMT if

gasoline prices fail to rise to more than $5/gallon over the next decade and California GDP grows

at about 1% per year.

The state should develop regulations with a broader perspective on the uncertainty surround-

ing implementation and compliance. Current methods exhibit an overreliance on forecasts and

optimistic assumptions, without a corresponding analysis of their influence on expected costs or

effectiveness. This study demonstrates that a limited view of uncertainty can lead to unrealistic

expectations about policy performance and attribution challenges, where it is difficult to know if

a policy is truly effective because of a limited understanding of the environment in which it is

implemented.
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Chapter 1

Introduction

While climate change is a problem with global causes and worldwide impacts, researchers and poli-

cymakers in California have focused a great deal of attention on the impacts that large-scale climatic

shifts can have on California. Future scenarios of climate change intensity are often described by

a particular emissions pathway — essentially a forecast that builds on the current greenhouse gas

(GHG) emissions trends using different assumptions about population growth, energy consumption,

and economic activity. Each of these emissions pathways leads to an atmospheric carbon dioxide

concentration, which allows researchers to estimate the resulting changes in climate. The Inter-

governmental Panel on Climate Change (IPCC) has developed several such pathways that allow

researchers and policymakers to use a common language when investigating or projecting emis-

sions trends over time. Without policy action, the current best-guess emissions pathways project

atmospheric carbon dioxide concentrations to cause increased temperatures in California of 4.1◦F

to 10.4◦F before 2100 (Hayhoe et al., 2004; Snyder et al., 2002; Cayan et al., 2008).

Temperature increases, even at the low end of this range, carry with them new pressures that

will expose existing vulnerabilities and create new ones across the state (California Climate Change

Center, 2006). For example, hotter, drier summers will lead to changes in both the quantity and

type of vegetation across the state, exacerbating wildfire risks that already threaten lives and

property annually (Cayan et al., 2006). Summer heat will impact urban areas as well, multiplying

the number of extreme heat events and placing additional strain on vulnerable populations and
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energy infrastructure that people depend on to keep temperatures in homes and businesses at

safe levels (Drechsler et al., 2005; Cayan et al., 2006). California’s water resources management

policies are particularly vulnerable to climate change, and have drawn attention from the research

community, state-level policymakers, and the state’s large water management agencies. Californians

rely on melting snowpack from the Sierra Nevada mountains in the central and northern part of

the state to provide water during the dry summer months. Diminishing snowpack will lead to

increased costs and efficiency initiatives as the aqueduct system, which distributes runoff from the

Sierras throughout the state, becomes less reliable and water managers are forced to scramble for

increasingly expensive water sources to meet demand (Miller et al., 2003; Tanaka et al., 2006). The

combination of increased heat, aridity, and water supply instability will create additional challenges

for a state agricultural sector already grappling with water shortages and exurban encroachment

(Cayan et al., 2006).

Climate change may be thought of as a “tragedy of the commons”, where the individual actor

is only slightly affected by the environmental consequences of his decision to consume fossil fuels

(Hardin, 1968). Yet when a nation or a continent consumes this way, those small effects accumulate

to cause significant impacts. California, one of the top 20 greenhouse gas emitters in the world, has

taken steps to address its own contribution to the challenge of global climate change in order to

demonstrate that it is possible to achieve greenhouse gas emissions reductions in an economically

responsible way and to drive the technological changes that will enable others to follow its lead

(Mazmanian et al., 2008).

Consistent with its history of aggressive environmental policy initiatives, California is addressing

its own GHG emissions through a series of Executive Orders and Assembly Bills. Most notably, the

California Global Warming Solutions Act of 2006 (Assembly Bill 32 or AB 32) creates a statewide,

multi-sector GHG emissions cap, with the first major target a return to 1990’s annual emissions

level by 2020. Although the state intends to reduce emissions by 80% below 1990 levels by 2050,

the ability to meet this first target in 2020 will have implications for future emissions goals both in

California and the rest of the United States as other states and national regulatory agencies look

to adopt effective climate change policies in their own jurisdictions.
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This research examines a set of policies intended to reduce greenhouse gas emissions from Cal-

ifornia’s transportation sector, the single largest emitter in the state. In particular, this study

models the impact of multiple sets of policies on both emissions and consumer costs, identifies key

uncertain factors that will impact implementation and effectiveness, and suggests both substitute

and complementary policy suites that can achieve the state’s 2020 emissions goals in a way that is

either more robust to uncertainty or less costly. The approach uses an ensemble scenario framework

that allows for the explicit consideration of many potential futures in which these policies may be

implemented, and determines the relative importance of factors beyond the control of policymakers

in California. In cases where existing policies fail to meet the emissions target, or do so at an

unacceptably high cost, additional actions are incorporated into the existing suite of transporta-

tion policies to improve performance under adverse circumstances. The objective of this work is to

provide policymakers in California with information that will improve the state’s ability to meet its

GHG targets for the transportation sector, despite having imperfect information about uncontrol-

lable factors that will impact the effectiveness of these policies after they have been implemented.

In particular, this study addresses the following set of questions:

• What vulnerabilities (demographic, technological, or economic) over the next decade nega-

tively affect Californias ability to meet its emissions targets or lead to unacceptable costs?

• Can complementary policies address these vulnerabilities and help CA meet emissions targets?

• Are there lower cost, more effective strategies to meet near-term objectives?

• What effect do federal policies have on state GHG goals?

1.1 History of climate policy in California

California has long been both a laboratory and an incubator of environmental policy for the United

States. Starting with early attempts to tackle smog in the Los Angeles air basin in the 1940’s,

California has been regulating airborne pollutants from stationary sources for over sixty years. The

state began regulating airborne pollutants from mobile sources in 1960 when the Motor Vehicle
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Pollution Control Board was established to test and certify pollution control technologies for in-

stallation in new cars sold in California. In 1967 the state created the California Air Resources

Board (ARB) to administer a growing set of mobile and stationary source regulations — including

the nation’s first motor vehicle emissions regulations which targeted crankcase ventilation as well

as hydrocarbons and carbon monoxide emissions (Hanemann, 2008). When the federal government

began regulating tailpipe emissions for motor vehicles in 1967, they adopted the existing California

regulations — applying them to the 1968 model year vehicles for the entire country. In the Clean

Air Act (CAA) which followed, California was granted an exemption to propose its own airborne

pollutant standards, provided that it submits a formal request for a waiver (and that it’s standards

are at least as stringent as those proposed by federal regulators), which it has done 16 times since

the Clean Air Act became law (National Research Council, 2006). The Golden State has led the way

in motor vehicle emissions regulations by creating standards pertaining to nitrogen oxides (NOx)

emissions, heavy-duty diesel trucks, unleaded gasoline, and Low-Emissions Vehicle (LEV) stan-

dards (among others), the first such standards in the country in each case (Hanemann, 2008). This

evidence supports the image of California as a national leader in emissions regulation and suggests

that effective regulatory policies (such as the LEV program) will be adopted by other states, who

have the option to follow federal regulatory requirements or adopt California’s regulations under a

provision in the Clean Air Act. However, it also highlights the regulatory tension that California

creates by developing state-level regulatory policies that may overlap, or even conflict, with those at

the federal level. When this occurs, federal regulators (typically the United States Environmental

Protection Agency, EPA) must choose to implement California’s regulations nationally or deal with

a patchwork system developing as many, but not all states, adopt California’s regulations instead

of federal requirements.

California was an early mover in the climate change arena as well, with legislation calling for the

creation of a statewide greenhouse gas inventory as early as 1988 (Assembly Bill 4420). Over the

subsequent few years, the California Energy Commission (CEC) prepared a series of reports that

detailed not only the current GHG emissions inventory, but also described potential climate change

impacts and strategies to reduce emissions (Franco et al., 2008). After these initial assessments,
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the next decade saw no new policy actions to address climate change at the state level. During this

time the IPCC released its first and second assessments, solidifying a consensus within the scientific

community about the underlying causes and potential atmospheric consequences of various CO2

emissions scenarios. California had two governors during this intervening decade, governors Wilson

and Davis. While Davis pursued moderate environmental policies (with the notable exception of

signing of Assembly Bill 1493), Governor Wilson actively opposed climate initiatives within the

state (Hanemann, 2007). California took another small step in 2000 when Senate Bill 1771 created

the California Climate Action Registry, which created a system for state organizations to register

and report their annual CO2 emissions. However, in 2002 the California state legislature passed

Assembly Bill 1493 (AB 1493, also called the Pavley Bill after Assemblywoman Fran Pavley who

proposed the bill) which directed the Air Resources Board to “develop and adopt regulations that

achieve the maximum feasible and cost-effective reduction of greenhouse gas emissions from motor

vehicles” by January 1, 2005 (California Legislature, 2002). The final regulations would affect new

vehicle sales for model year 2009 (and later) vehicles, mandating sales-averaged tailpipe emissions

of greenhouse gases (including more potent warming gases like nitrous oxide, N2O, and methane,

CH4) based on vehicle type. Governor Davis signed the bill into law and began a conflict between

the Air Resources Board, the United States EPA and the auto industry that was finally resolved

in 2009.

1.1.1 The Pavley Standards — regulating fuel economy at the state level

By passing AB 1493, California rekindled an old argument: Is it appropriate to let state-level

environmental regulations, even if that state is California, preempt regulations at the federal level?

Although California has argued otherwise, regulating greenhouse gas emissions from automobiles

amounts to regulating fuel economy, which is preempted by the federal Corporate Average Fuel

Economy (CAFE) program. Like California’s LEV program, which sets standards for tailpipe

pollutants that are averaged over a manufacturer’s new vehicle sales (to allow for differences in

vehicle size and performance), the Pavley standards (developed by the ARB) similarly set emissions

targets on a per-mile basis, averaged over new sales for all manufacturers that sell automobiles in
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California. These standards were finalized in 2005 and became law in January 2006. They faced

opposition from automakers who, feeling that the requirements were both too costly and technically

infeasible, sued the state, challenging the legality of state-level fuel economy standards. The suit

was finally decided in federal court in December 2007 in favor of the state (Broder, 2007).

California’s Clean Air Act waiver to implement the new regulations, submitted in December

2005, languished for years at the EPA without a response. The George W. Bush administration had

argued that EPA did not have the authority to regulate greenhouse gas emissions from new motor

vehicles under the Clean Air Act, and so California could not technically obtain a waiver to do so.

However, the state of Massachusetts (and later, California and others) sued the EPA to determine

the validity of that argument. In April 2007, the Supreme Court decided in Massachusetts, et al.

v Environmental Protection Agency, et al. that EPA did indeed have both the authority and the

responsibility to regulate greenhouse gas emissions and that its previous arguments were inadequate

to justify continued regulatory neglect.

Rather than resolving the dispute between the EPA and California, the Supreme Court decision

gave the EPA a mandate to consider California’s Clean Air Act waiver, not to grant it. The Clean

Air Act recognizes that California faces air quality challenges that other states do not, caused by

a particular set of geographical and demographic conditions that are particularly favorable to air

pollution. However, in the case of global climate change, it is considerably more difficult to argue

that local conditions are somehow “compelling and extraordinary”, that California’s regulations

can have some measurable impact on the threats it faces from climate change, and that it war-

rants special consideration (Adler, 2007). In March 2008, the EPA used its authority under the

Clean Air Act to deny California’s waiver request (EPA waiver, 2008), which led Governor Arnold

Schwarzenegger to sue the EPA on behalf of California in July 2008. However, 2008 was an election

year and when Barack Obama became president he instructed the EPA to reconsider California’s

waiver request. On July 8, 2009 the EPA, under guidance from the new Obama administration,

granted California’s waiver request, giving the ARB the authority to regulate greenhouse gas emis-

sions from new vehicle sales in California beginning with model year 2009 (EPA waiver, 2009). Since

then, the National Highway Traffic Safety Administration (NHTSA) and the EPA have worked to
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develop a joint national fuel economy program, with EPA’s bearing a resemblance to California’s

Pavley Standards. California is in the process of adapting it’s program to work effectively with the

proposed national standards.

1.1.2 Assembly Bill 32 and greenhouse gas emissions targets

While the battle over California’s Clean Air Act waiver was being fought in Washington D.C., the

state’s policymakers took additional actions to address climate change within their own borders. In

June 2005, Governor Schwarzenegger signed Executive Order S-3-05, establishing statewide emis-

sions targets for the next five decades. The order calls for a return to 2000’s level by 2010; to 1990’s

level by 2020; and to a level 80% below 1990’s by 2050. While the executive order sets emissions

targets, it assigned the responsibility for meeting them and reporting on progress to California’s En-

vironmental Protection Agency. Less than eighteen months later, Governor Schwarzenegger signed

the landmark California Global Warming Solutions Act (Assembly Bill 32, AB 32), setting into law

California’s 2020 target to return to 1990 emissions levels and requiring the Air Resources Board to

submit a Scoping Plan of regulations that can meet these targets by 2009. The state sees this bill

as an important first step toward a sustainable, clean energy economy (California Air Resources

Board, 2008). Then, in January 2007, Governor Schwarzengegger signed Executive Order S-01-07,

creating a Low Carbon Fuel Standard (LCFS) that aims to reduce the carbon content of all motor

fuels sold in California by 10% before 2020. The Air Resources Board has responded by including

this Low Carbon Fuel Standard in the Assembly Bill 32 Scoping Plan and relying on this policy to

help reduce transportation emissions over the next decade.

California climate policies have motivated policymakers beyond its borders to update or modify

their own climate change strategies. California’s Pavley Standards motivated a reevaluation of

existing national fuel economy standards for automobiles (updated for the first time in two decades

in the 2007 Energy Independence and Security Act). The state’s attempts to regulate CO2 emissions

both from its own electricity sector and electricity imported from states throughout the Western

United States have influenced the development of regional proposals. California has proposed and

organized the Western Regional Climate Action Initiative, whose goal is to reduce carbon emissions
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in participating states through market-based incentives (e.g., a cap-and-trade program) (Hogan,

2008). Now that the state has been granted the power to enforce its climate regulations, it must

demonstrate its contention that its targets are reachable at an acceptable cost. The first test will

be the state’s ability to meet the 2020 goal.

1.2 Meeting 2020 emissions targets with a focus on energy and
transportation

Assembly Bill 32 sets an ambitious near-term greenhouse gas emissions target for California and

considers the emissions of high global warming potential (GWP) gases in addition to carbon dioxide.

Using the global warming potentials1 reported by the IPCC in its Second Assessment Report,

nitrous oxide (N2O), methane (CH4), sulfur hexaflouride (SF6), hydrofluorocarbons (HFCs), and

perfluorocarbons (PFCs) emissions are converted to CO2 equivalent units (CO2e) and measured in

million metric tons (MMT). The lead agency for implementing Assembly Bill 32, the Air Resources

Board, has set the statewide 2020 GHG emissions cap at 427 MMTCO2e (million metric tons CO2

equivalent), slightly less than the estimated statewide emissions levels in 1990 (Rogers et al., 2007).

Analysts at the ARB have estimated California’s 2004 greenhouse gas emissions at 484 MMTCO2e,

and projected emissions growth to 596 MMTCO2e by 2020 in the absence of policy intervention. In

light of the recent recession, and reduced economic growth, the ARB has revised its 2020 “business

as usual” forecast down to 507 MMTCO2e. The AB 32 emissions target represents about a 16%

reduction from the revised forecast, and nearly 10% reduction from today’s levels. So even a policy

resulting in zero emissions growth would be insufficient to meet the target.

Meeting the 2020 target will require a coordinated effort among state agencies and a well-

defined multi-sector strategy. More than a dozen distinct agencies will monitor emissions and

administer new regulations across sectors of the economy as part of California’s Climate Action

Team. Rather than tie a particular sector’s reduction target to its estimated 1990 emissions level,

the Scoping Plan uses the calculated 2004 emissions intensity by sector to identify the sectors where

1The global warming potentials are estimated by considering the greenhouse effect of a single unit of each gas (e.g.
1 kg) compared to carbon dioxide. For example, 1 kg of methane has the same warming impact as 21 kg of carbon
dioxide, based on IPCC estimates.
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regulatory programs can have the largest impact at the least cost. Figure 1.1 shows the breakdown

of statewide GHG emissions by sector in 2004. We see that the transportation sector accounts for

the largest share of statewide emissions, and that the transportation and electricity (representing

both in-state generation and imports) sectors account for over 60% of the statewide total. In fact,

of the 174 MMTCO2e of reductions that ARB originally estimated would be necessary to meet

the 2020 emissions goal, nearly 85% would have come from those two sectors either in the form

of specific programs or as a result of the state’s cap-and-trade program (California Air Resources

Board, 2008). The initial scope of California’s cap-and-trade program includes emissions from

electricity generation, but excludes motor fuels, opting instead to regulate the industrial emissions

from petroleum refineries (California Air Resources Board, 2010b). Motor fuels themselves are

scheduled to enter the cap-and-trade program in 2015, though the formal methodology that will be

used to measure their carbon emissions is still under development.

Figure 1.1: California state-wide emissions breakdown by sector

Source: California Air Resources Board, California Greenhouse Gas Inventory, 2006

The Air Resources Board expects to achieve necessary reductions in the electricity sector

through a series of efficiency and technology programs. The first, and perhaps most significant,

of these programs is the Renewables Portfolio Standard (RPS) which specifies the percentage of
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electricity that must be generated from renewable sources. In order to combat leakage — where

GHG emissions reductions within California lead to offsetting increases elsewhere — the state has

sculpted the requirement to account for the emissions intensity of out-of-state electricity imports.

A version of this policy is already in place with a RPS target of 20% by 2010. The Scoping Plan

increases this requirement to 33%, the most aggressive such proposal in the country. While there

are benefits to reducing the carbon intensity of electricity generation, efficiency programs represent

another source of reductions that California has used for decades. California currently ranks 49th

among states in per capita residential electricity consumption, using about 62% of the per capita

national average2. In this spirit, the state expects to reduce GHG emissions by over 26 MMTCO2e

through a combination of building and appliance efficiency programs, combined heat and power

(which uses waste heat from generation to reduce heating demand in other applications), and solar

water heating. Additional measures, like the Million Solar Roofs program, whose goal is to create

a million solar roofs across the state in the next decade, have the potential to reduce electricity

demand even further. These programs are complementary, since the RPS is defined as a percentage

of delivered electricity, and efficiency programs act to reduce the overall quantity delivered.

California’s transportation sector is both the largest source of greenhouse gas emissions, and

the sector with the fastest growing emissions — any set of policies to reduce GHG across sectors

of the economy must address transportation. As Figure 1.1 illustrates, the transportation sector’s

greenhouse gas emissions accounted for nearly 40% of California’s GHG emissions in 2004. While

previously expected to grow to nearly 225 MMTCO2E by 2020 (California Air Resources Board,

2008), both current emissions levels (sector-wide emissions in 2008 were only 175 MMTCO2e) and

the 2020 forecast (183.9 MMTCO2) have been reduced following a severe recession and periods

of sustained fuel price volatility. Within the transportation sector, nearly 75% of GHG emissions

are created by light-duty vehicles — cars and light-trucks that move people rather than goods —

burning gasoline and diesel (California Air Resources Board, 2008b). Figure 1.2 illustrates the

various components of transportation sector emissions, and provides a graphical representation of

the importance of “on-road” emissions, resulting from light and heavy-duty traffic. Due to its

2Energy Information Administration, United States Department of Energy
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large share of transportation emissions, light-duty vehicle emissions are the most heavily targeted

subsector (see Figure 1.3). There are many plausible strategies to reduce GHG emissions from light-

duty vehicles, either by targeting travel behavior or energy efficiency, and California has chosen a

portfolio approach (Gallagher et al., 2007).

Figure 1.2: Estimated GHG emissions from California’s transportation sector (2008)

Source: California Air Resources Board, California Greenhouse Gas Inventory for 2000 – 2008

The “Pavley standards”, now finally approved, will affect new automobile sales in the state for

model year 2012 and, though initially only designed to continue until 2016, are likely to be aug-

mented to evolve through 2020. The Low Carbon Fuel Standard, became effective April 15, 2010

and will phase in over the decade in an attempt to achieve a 10% reduction in the carbon intensity

of motor fuels sold in the state. The LCFS considers the full fuel cycle (so-called “well-to-wheels”

or, in the case of biofuels, “seed-to-wheels”) in order to account for carbon sinks and emissions that

occur during the cultivation of biomass (like corn or switchgrass) and its transportation and con-

version into biofuels like ethanol and biodiesel despite the fact that most of these production steps

occur outside of California’s borders. However, ARB hopes that several additional transportation

measures will lead to smaller, but significant reductions as well. Vehicle efficiency measures, proper
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tire inflation for example, and local land use changes that alter the way Californians get around

may also impact GHG emissions — though these impacts are expected to be small over the next

decade. Figure 1.3 illustrates the relative reductions expected from transportation sector policies.

Noticeably absent from the Scoping Plan, with the exception of a small measure aimed at improving

the aerodynamic efficiency (and perhaps the penetration rate of hybrid drivetrains), are measures

that explicitly target goods movement and heavy-duty vehicle use.

Figure 1.3: Estimated GHG emissions reductions from light-duty transportation by 2020

Source: California Air Resources Board, Greenhouse Gas Reductions from Ongoing, Adopted,
and Foreseeable Scoping Plan Measures

The estimated effects of the Pavley Standards (as well as the LCFS and efficiency measures)

are sensitive to assumptions about the penetration rate of new vehicles, technology adoption, and

usage characteristics (Kear and Niemeier, 2007). In light of the changes in fuel economy policy

at the federal level, the actual benefits of the policy are likely to be very small. Furthermore,

given the relative stagnation of fuel economy in the U.S. over the last two decades, the impact of

vehicle retirement on fleet emissions may be over-estimated (Dill, 2004). Increases in per capita

vehicle miles traveled (as a result of the “rebound” effect from decreased travel costs) or growth

in the size of the vehicle population could overwhelm the greenhouse reductions from turnover

within the fleet. Even if both per capita VMT and per mile GHG emissions decline over time, a
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sufficiently large population increase could outpace those reductions and diminish the effectiveness

of the Pavley standards. Between 2000 and 2006 total VMT increased by nearly 27 billion miles

in California despite a small decrease in per capita VMT (for registered vehicles) (BTS, 2007).

Volatile fuel prices will also play an important role in determining the effectiveness of both state

and federal fuel efficiency policies. However, one of California’s policy objectives was to influence

policy at the national (and international) level. From this perspective, one could argue that the

Pavley Standards have already succeeded in motivating more stringent federal fuel economy and

mobile greenhouse gas emissions regulations.

California’s Low Carbon Fuel Standard, the first of its kind, provides incentives for consumers

to choose lower carbon fuels, but does little to address vehicle costs for the cleanest fuels. The next

generation of hybrids, able to operate exclusively on electricity for short trips, carry incremental

technology costs in the tens of thousands of dollars over comparable vehicles (Committee on the

Assessment of Technologies for Improving Light-Duty Vehicle Fuel Economy, 2011). Reducing the

relative costs of fuels is unlikely to sway thriftier consumers, and lower-than-expected penetration

of next generation technologies results in a heavy reliance on the emerging market for advanced

ethanol (Montgomery et al., 2010). Although the supporting analysis considered four distinct

compliance scenarios, none of the four is exclusively driven by the LCFS policy and relies on

exogenous (and possibly optimistic) assumptions about advanced vehicle adoption (California Air

Resources Board, 2009e). The analysis not only attributes GHG reductions to the LCFS when

they would have occurred without its implementation, but fails to consider the effectiveness of the

policy when gasoline consumption diverges from the ARB forecast.

California’s climate policies may continue to be adopted across the nation in the next few years

now that EPA and NHTSA have developed a national set of joint fuel economy and CO2 standards

for automobiles, and a group of Northeastern and Mid-Atlantic states have agreed to develop a

low carbon fuel standard of their own, modeled after California’s regulations3. Given this level

of influence, it is necessary to conduct a rigorous analysis of factors to which California’s climate

policies are vulnerable and to identify additional actions that may be required to meet GHG targets.

3Northeast/Mid-Atlantic States Low Carbon Fuel Standard Program, http://www.mass.gov/Eoeea/docs/pr_

lcfs_attach.pdf
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Developing a better understanding of how these policies perform under a variety of conditions, and

which combinations of them meet performance targets most often, is beneficial to governments that

intend to imitate California’s approach to greenhouse gas reduction.

1.3 Scope and purpose of this research

This dissertation evaluates the economic and environmental impacts of California’s transport poli-

cies that aim to reduce greenhouse gas emissions from the transportation sector in the next decade.

The state has more ambitious long-term goals for reducing its carbon impact, but the 2020 tar-

gets are a benchmark that will inform and influence both its ability and its willingness to meet

the more stringent 2050 target. California has developed a set of transportation policies that will

reverberate throughout the country in the next decade. Although this analysis only considers the

effects of policy implementation within California, as additional states, and likely the federal gov-

ernment (Broder, 2009), adopt these policies the economic and environmental effects will multiply.

This work will have important implications for greenhouse gas policies in the state, but will be

immediately relevant on a national scale as additional actors follow California’s lead.

In order to thoroughly address a small number of policies, it was necessary to exclude several

policies which will likely have tangential effects on GHG emissions from transportation as they

are refined and implemented. For example, California Senate Bill 375 proposes land use and

development guidance for communities throughout the state. The goal is to encourage development

patterns in growing areas that enable residents to travel shorter distances to access essential services

like markets and hospitals. It is unclear how these development goals will be implemented or

enforced, though it seems plausible that over the course of the next several decades such measures

could reduce annual vehicle miles traveled (VMT) for California residents. This could reduce

statewide fuel consumption, and lead to GHG emission reductions independently of other policy

actions. However, given the timeframe of this analysis (2010 - 2020) it seems unlikely to impact

the conclusions of this study. Statewide initiatives to further develop mass transit (for example,

the proposed high-speed train linking San Diego, Los Angeles, Sacramento, and San Francisco, and

additional light rail development in greater Los Angeles) have been excluded for similar reasons,
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even though the long-term impacts of such infrastructure development may represent a significant

component of an evolving statewide strategy for sustainable transportation.

This work focuses on three policies targeted at light-duty vehicle transportation that are in-

tended to substantially reduce GHG emissions during the study’s timeframe: the implementation

of the Pavley standards, the Low Carbon Fuel Standard (LCFS), and vehicle efficiency measures

tied to regular maintenance. These policies aim to reduce GHG emissions by changing both the

fuel efficiency of the vehicle fleet (in the case of the Pavley standards and efficiency measures) and

lowering the carbon content of the fuel burned for personal transportation. Transportation energy

consumption is also strongly influenced by aggregate demand for on-road travel, but California’s

chosen policies do not explicitly address that component of energy consumption.

Much of the ARB’s analysis thus far has relied on predictive models and tools that estimate

the effect of policy changes on greenhouse gas emissions from the transportation sector more than

a decade in the future. Rather than estimate the impact of these policies under a variety of

conditions, analysts at the ARB used a single forecast of future conditions, the “business-as-usual”

or “reference case” (much of which has already been invalidated by higher fuel prices, the economic

recession, or changes in federal policies governing vehicle fuel economy), and simply calculated the

emissions savings from California’s policies based on the targets they are intended to achieve, rather

than explicitly modeling the effects of their implementation. To analyze the impacts of the state’s

policies, this research developed a state-level transportation policy simulation model, the California

Light-Duty Greenhouse Gas Emissions model, CALD-GEM. This model uses a representation of

the vehicle fleet — aggregated by class, age, and fuel type — and incorporates potential responses

of auto manufacturers to national and state-level fuel economy policies. The model simulates travel

behavior and alternative fuel consumption for most alternative fuels (electricity, natural gas, diesel,

and ethanol blends) to estimate compliance costs and challenges related to the Low Carbon Fuel

Standard and state and federal GHG emissions standards. For each year in the simulation (2010

- 2020), the models computes fuel consumption, policy compliance metrics, costs, and California

greenhouse gas emissions. These metrics are used to compare policies in terms of effectiveness and

costs over the next decade.
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There is no shortage of analysis justifying the adoption of these three policies, but all analyses

have limitations. Analysts at the Air Resources Board, among others, have made assumptions

about many critical uncertainties — assuming either static values or single forecasts of the future

— based on the assumption that the coming decade will look nearly identical to its predecessors

and that the costs of implementing these policies will be substantially similar to previous statewide

transportation policy innovations. By explicitly addressing the uncertainties associated with both

future economic conditions and behavioral responses, it is possible to avoid the pitfalls of a purely

predictive modeling framework. In particular, this analysis uses Robust Decision Making (RDM)

to explicitly address the consequences, both economic and environmental, of having adopted these

policies in many futures, rather than a single predicted future which is unlikely to occur. In each

case, we identify vulnerabilities to the effectiveness of state-level policies and suggest additional

strategies to address them — searching for a combination of transportation policies that, rather

than being optimal in any single scenario, is “robust” across the range of uncertainty considered.

By highlighting the vulnerabilities of California’s greenhouse gas policies, and suggesting ways

to strengthen them, this work provides policy makers with the information needed to consider

economic and environmental tradeoffs that have been either buried or assumed away in previous

analyses of these policies.

1.4 Structure and Organization

Chapter 2 describes how greenhouse gas emissions are generated from light-duty transportation,

then enumerates policies that have the potential to reduce GHG emissions by addressing one (or

more) of the determinative factors that lead to their creation. The first half of the chapter delineates

federal policies that form the baseline context to which California’s policies are added4. The

second half of the chapter describes three policies that California will use to reduce emissions from

passenger travel. The chapter concludes with a brief analysis of interactions between these policies.

4Appendix A presents another set of policies that do not directly impact the implementation or performance of
California’s policies, but represent alternative strategies to reduce greenhouse gas emissions from passenger travel.
These policies are not explicitly modeled or evaluated in this study, but could be part of future iterations of this
work.
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Chapter 3 explains the data sources and relationships needed to develop the dissertation model,

and gives a detailed description of both the model structure and its operation. Assumptions about

policy implementation and compliance processes are defined and explained. The chapter provides

sufficient background to understand the results produced by a simulation run, and exhibits the

results of benchmarking tests against both historical fuel consumption data and the ARB model

of record, EMFAC2007. Chapter 4 addresses limitations of supporting analyses and provides an

overview of the Robust Decision Making (RDM) techniques used in this study. This chapter defines

the uncertainties that comprise the scenarios evaluated in this study, as well as the experimental

design that determines how scenarios are constructed. It also provides an overview of the measures

that are used to evaluate the performance of policies and create comparisons between them. It

concludes by specifying the analytical steps needed to produce results.

The analysis takes place in two stages, the results of which appear in Chapters 5 and 6. Chapter

5 is a comparative policy analysis of 20 different policy combinations, evaluated under the nominal

scenario — the scenario defined by the current “best-guess” values of 21 different uncertainties.

The analysis identifies which policy combinations (strategies) result in greenhouse gas emissions

that meet the state’s objective for passenger transportation, as well as the cost implications and

additional outcomes of interest (such as statewide VMT and effects on biofuels consumption).

Chapter 6 takes a broader perspective and relaxes the assumptions of the nominal scenario, allowing

all of the uncertainties to vary across their ranges. Each strategy is implemented in each of 3,061

scenarios, and the outcomes compared by scenario, and across the full ensemble. The analysis

in Chapter 6 relies on the concept of robustness to draw useful distinctions between strategy

performance, and suggests adaptive strategies that are more robust to uncertainty than strategies

in the initial set. Chapter 7 concludes this work by summarizing important results and placing them

in the proper policy context. Although the analytical results suggest strategies that may achieve

California’s goals under a high degree of uncertainty, these strategies may face strong political

opposition and serve as a reminder that policymaking in the real world is often the art of the

possible.
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Chapter 2

Policy options for reducing
greenhouse gas emissions from
automotive transportation

2.1 Introduction

Air quality has long been a concern in California, and the state has implemented a number of

transportation policies to reduce pollution (e.g., the Smog Check program and Low Emission Ve-

hicles standards). Most of these measures focus on emissions of conventional pollutants released

through the tailpipe during travel, which have historically be addressed through emissions treat-

ment technologies like catalytic converters and particulate traps. However, unlike emissions from

conventional pollutants, CO2 emissions from transportation are an artifact of fuel combustion and

cannot be filtered with tailpipe or after-treatment technologies. Each gallon of fuel burned produces

a specific amount of CO2 , regardless of how much travel resulted from its combustion. Policies that

reduce CO2 emissions attempt to either reduce the amount of fuel burned, or reduce the amount of

carbon in fuel. In particular, these policies must impact the composition and/or use of the vehicle

population — including the types of vehicles produced, the fuels that propel them, or the amount

of travel miles that these new vehicles accumulate. This analysis uses a modified Kaya decomposi-

tion framework (Kaya, 1990; Yang et al., 2009), which has been used in analyses of climate change

impacts to isolate distinct components’ contributions to total emissions, to calculate CO2 emissions

from light-duty vehicles. This modified framework is described below, where the CO2 emissions
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from the light-duty vehicle (LDV) population in any given year is computed by:

CO2 =
P∑
i=1

J∑
j=1

Ei,j · VMTi,j · CIj (2.1)

where i indexes all light-duty vehicles in the population, j indexes all transportation fuels, E

represents the fuel economy (typically gallons per mile of travel) of each vehicle for a given fuel,

VMT is vehicle miles traveled by each vehicle on each fuel, and CI represents the carbon intensity

of the fuel. More simply,

CO2 = P × E × T × C (2.2)

And as equation 2.2 illustrates, any policy that reduces CO2 emissions from the light-duty vehicle

fleet must do (at least) one of four things:

• reduce the population of vehicles, P,

• reduce the average driver’s travel behavior (represented by vehicle miles traveled, VMT), T,

• reduce the energy consumed per mile traveled (by increasing efficiency), E,

• reduce the carbon content of the fuel, C.

In this simplified framework, if a fuel policy (like California’s Low Carbon Fuel Standard) is able

to reduce the carbon intensity of all transportation fuels by 10%, then, holding the other quantities

equal, the policy will reduce total CO2 emissions by 10%. In practice, the other quantities (vehicle

population, travel behavior, and efficiency) will not remain constant over time, but this framework

is useful to understand the relative components of emissions and their changes over time. Similarly,

if increases in efficiency are negated by increased travel or the use of increasingly carbon intensive

fuels, identifying those shifts can enable policymakers to effectively focus additional policy actions

in the future.

The first section addresses the national policy environment in which California’s policies are

implemented. Federal policies create important synergies and redundancies with California’s poli-
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cies, and represent the baseline against which performance is modeled and evaluated in this study.

The second section describes California’s policies, and discusses their potential impacts.

2.2 National policies to reduce greenhouse gas emissions

2.2.1 Fuel economy and greenhouse gas standards

The CO2 emitted when vehicles burn gas or diesel is an artifact of the combustion process, and

cannot be controlled through the use of traps or after-treatment technologies. This inescapable

reality means that in order to reduce the per-mile CO2 emissions of passenger vehicles, we must

improve their fuel economy1. There are a number of ways to accomplish this goal from a technical

perspective: weight reduction, improved aerodynamics, or more commonly, improving efficiency of

combustion. Regardless of the engineering decisions, the policy actions are typically regulatory:

fuel economy standards. To the extent that consumers undervalue fuel economy when making

decisions about new vehicle purchases, fuel economy standards address this issue by forcing all

manufacturers to increase the overall fuel economy of their vehicle offerings (Greene, 1997).

Greenhouse gas emissions standards have emerged as another policy option in the current

debate, largely as a result of California’s Pavley Standards, which set GHG emissions limits on

a per mile basis for new cars sold in the state. These GHG emissions standards are essentially

fuel economy standards: the transformation between MPG targets and per-mile GHG targets is

an easy one, based on the carbon emitted from burning a gallon of fuel. Consequently, the term

“standards” refers to either approach here.

The federal Corporate Average Fuel Economy (CAFE) program was enacted by Congress as

a response to the oil embargo of the early 1970’s, and represented an early attempt to reduce

dependence on foreign oil and reduce national vulnerability to price shocks and supply disruptions.

Starting in 1978 with a CAFE standard of 18 MPG for cars, the targets rose until 1990 when

they reached 27.5 MPG for cars, and remained there until a 2007 update. A set of standards for

light-trucks followed in 1982 and, like the program for cars, featured increasingly stringent targets

1It is also possible to reduce the GHG emissions from vehicles by addressing the non-carbon greenhouse gases
(like nitrous oxide and flourocarbons) through modifications to vehicle air conditioning systems.
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until the increases were frozen in 1996. In 2006, a new set of standards based on vehicle size2.

was developed, tightening the standards for new light-trucks for model years 2008 – 2011 (National

Highway Traffic Safety Administration, 2006). Table 2.1 illustrates the growth in CAFE targets

until 2007.

Table 2.1: CAFE program targets from creation until 2007

Model Year Cars Light Trucks Model Year Cars Light Trucks

1978 18.0 - 1990 27.5 20.0
1979 19.0 - 1991 27.5 20.2
1980 20.0 - 1992 27.5 20.2
1981 22.0 - 1993 27.5 20.4
1982 24.0 17.5 1994 27.5 20.5
1983 26.0 19.0 1995 27.5 20.6
1984 27.0 20.5 1996 27.5 20.7
1985 27.5 20.5 1997 27.5 20.7
1986 26.0 20.5 1998 27.5 20.7
1987 26.0 20.5 1999 27.5 20.7
1988 26.0 20.5 2000 27.5 20.7
1989 26.5 20.5 >2000 a b

a - EISA (2007) established 35 MPG for MY2020, using attribute-based car standards beginning in MY2011
b - Updated in 2003 for model years 2005-2007, raising light-truck target to 22.2 MPG. This was updated again in 2006 when
NHTSA moved to an attribute-based system for MY2008-2011

In September 2009, national standards were proposed jointly by EPA and NHTSA that acceler-

ate the fuel economy targets of the Energy Independence and Security Act of 2007, which raised the

targets of the federal CAFE program for the first time in nearly two decades (U.S. Environmental

Protection Agency, 2009). The goal of the joint rulemaking is to allow manufacturers to build one

fleet of vehicles that complies with EPA and California GHG standards (on a per-mile basis) and

the NHTSA fuel economy standards of the updated CAFE program. The new timetable (see Table

2.2) will force manufacturers’ average fuel economy for new cars and trucks (combined) to climb

from about 27.5 MPG to about 34.1 MPG for model year 2016 vehicles, an increase of about 4%

per year3. However, the new standards are less comparable to the original CAFE program since

2These standards, as well as the updated CAFE program and the EPA’s greenhouse gas emissions standards,
feature fuel economy (or emissions targets) that vary by vehicle footprint. Footprint is defined as the product of
the lateral distance between the two tires and the longitudinal distance between the front and rear wheel centerlines
(measured in inches), divided by 144 (the number of square inches in a square foot), and is a common measure of
vehicle size.

3Converting from g/CO2 per mile to MPG is relatively straightforward. Each gallon of gasoline burned produces
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the policy’s specific MPG targets will now vary by vehicle footprint. (The EPA’s greenhouse gas

emissions standards represent an entirely new program, though one that operates in much the same

way that NHTSA’s CAFE program has worked in the past.)

Table 2.2: Comparison of EPA standards and NHTSA CAFE compliance levels 2012 – 2016a

Category Model Year

NHTSAb Standards 2012 2013 2014 2015 2016

Passenger Cars 33.3 34.2 34.9 36.2 37.8
Light-Trucks 25.4 26.0 26.6 27.5 28.8
Combined 29.7 30.5 31.3 32.6 34.1

Category Model Year

EPAc Standards 2012 2013 2014 2015 2016

Passenger Cars 263 256 247 236 225
Light-Trucks 346 337 326 312 298
Combined 295 286 276 263 250

a - This is an active policy area and more regulations have already been proposed by both the state of California and
the two federal agencies that would begin in 2017 and continue through 2020, or later.
b - NHTSA’s footprint-based CAFE standards are measured in miles per gallon.
c - The EPA’s footprint-based standards are measured in gCO2 /mile.

Source: Federal Register, Vol. 75, No. 88, May 7, 2010, Rules and Regulations

Figure 2.1 illustrates the footprint-based compliance schedule for new passenger cars (a similar

schedule exists for light-trucks)4. The x-axis displays the footprint size (in cubic inches), the y-

axis displays the average fuel economy that vehicles must achieve at that size, and the multiple

lines illustrate the increasing stringency of the targets between 2012 and 2016. Note that the

target decreases as vehicle size increases; larger vehicles are held to a lower, but still increasing,

fuel economy standard than smaller vehicles. Although the CAFE program has historically used a

harmonic average to determine compliance for passenger cars and light-trucks (where manufacturers

must meet an annual standard for the average fuel economy across their entire fleet of sales), the

new joint NHTSA/EPA program will measure compliance using the average by production volume

about 8.8 kg of CO2 . Dividing 8800g by 250 g/mile, the estimated combined efficiency based on the EPA standards
in Table 2.2, yields a MPG estimate of 35.2 MPG.

4The dual program uses separate schedules; EPA and NHTSA each have their own. Figure 2.1 displays the
NHTSA schedule, which still uses MPG as the compliance instrument. The EPA schedules use g/CO2 per mile, but
the footprint curves look substantially similar, and define similarly stringent targets.
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rather than sales.

Figure 2.1: CAFE MPG targets vary by vehicle footprint (passenger cars)

Source: Federal Register, Vol. 75, No. 88, May 7, 2010, Rules and Regulations

Failure to comply with these standards results in penalties, though manufacturers are allowed

to carry compliance deficits for multiple years without incurring penalties — provided that later-

year fuel economy (or GHG emissions) achievements compensate for these shortfalls. Penalties

for manufacturers that fail to comply with CAFE standards in a particular year are currently

$55/MPG over the CAFE standard times the number of vehicles produced that year. Lacking the

same statutory authority as NHTSA to assess these penalties, violations of the EPA standards

are likely to be treated as a violation of the Clean Air Act and result in civil penalties, up to a

maximum of $37,500 per violation, based on the severity and circumstances of the violation.

Since EPA has granted California’s waiver (allowed under a provision of the Clean Air Act) to

create a set of state-level GHG emissions standards, other states are eligible to adopt California’s
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set of standards just as they may adopt California’s standards governing the emissions of criteria

pollutants from on-road vehicles. Currently, 13 states and the District of Columbia have adopted

California’s standards, comprising about 40% of the new vehicle market in the US (National High-

way Traffic Safety Administration, 2010). However, an important result of the agreement between

automakers, the state of California and federal regulators was the creation of a set of national stan-

dards that will allow manufacturers to produce a single set of vehicle offerings that allows them to

comply with the NHTSA/EPA regulations, as well as California’s.

There are hundreds of studies of the federal CAFE program and fuel economy regulations

more generally, and there is no consensus about their effects: for every study that proclaims the

standards’ effectiveness at reducing national fuel consumption (Austin and Dinan, 2005; Greene,

1997; Kleit, 2004), it is possible to find a study claiming that the standards have had adverse effects

on safety and consumer choice (Crandall and Graham, 1989), or possibly even led to increased fuel

consumption (Kleit, 1990; Thorpe, 1997; Leone and Parkinson, 1990). In some cases, the source

of disagreement is not a policy of fuel economy standards in general, but the specific version

represented by the federal CAFE program.

Behavioral effects

Fuel economy/emissions standards function as a technology forcing policy, encouraging manufac-

turers to meet standards by adding new efficiency-raising technologies to their vehicle offerings. In

the past, manufacturers responded to sharp increases in CAFE standards by reducing the weight

of their vehicle fleets, which improved fuel economy but also reduced safety and led to increased

risk of occupant fatality from crashes (Crandall and Graham, 1989).

These policies target auto manufacturers (though small automakers who sell less than 50,000

vehicles are exempt) who build and sell cars and light-trucks within the U.S. or, in the case of

the state-level standards, within the state. Different manufacturers treat this standard differently,

based on the types of vehicles they sell. For example, German automakers who tend to produce

luxury cars have merely treated the CAFE penalties as a tax, while Japanese manufacturers, who

typically sell smaller, more efficient vehicles, have often exceeded the standard. In the past, U.S.
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automakers have treated the CAFE standard as a binding constraint, and have attempted to meet

the standard exactly in each year to avoid paying penalties.

The National Research Council (2002) does not believe that the cause of fuel economy im-

provements from 1978 to 1990 (the period of increasing CAFE targets) can be definitively assigned

to either the CAFE program or to fuel price fluctuations over that period. However, the NRC

estimates that there exist cost-effective mid-term fuel economy increases, particularly for larger

vehicles, that can create net savings between 2% and 10% in most cases. The NRC generated

CAFE compliance pathways using incremental technology curves, containing technology costs for

new fuel saving technologies which are incrementally added to existing vehicles to improve their

fuel economy at the lowest cost. They do not attempt to estimate the overall market impacts of

these pathways.

Increasing the fuel economy of new vehicles will lower per-mile travel costs for motorists, and

may increase VMT due to the rebound effect (where drivers engage in additional travel because

efficiency gains have reduced the marginal cost of additional miles) (Small and Van Dender, 2005).

Although recent estimates suggest that the rebound effect is shrinking(Small and Van Dender,

2007), fuel economy improvements are likely to have some positive effect on VMT, particularly in

the early years of ownership when motorists drive more anyway, until the new fuel economy levels

are internalized.

Additionally, imposing new fuel economy targets is likely raise the costs of new vehicles and

force manufacturers to trade off desirable vehicle attributes for fuel economy increases. Consumers

are forced to trade attributes they value like curb weight, acceleration, power or torque in exchange

for increased fuel economy (Sperling et al., 2004; Bandivadekar et al., 2008). This impacts the

purchasing decisions of new car buyers, and may have led to the increase in market share of

light trucks (mostly sport utility vehicles) which represented vehicle offerings with more desirable

attributes to individual consumers (Godek, 1997). It could also lead to unexpected manufacturer

compliance strategies like aggressive pricing to alter the mix of vehicles sold, or down-weighting

larger vehicles, which can reduce their safety (Portney et al., 2003).
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Greenhouse gas implications

Fuel economy and fuel consumption trends over the life of the CAFE program suggest that it had a

measurable impact on greenhouse gas emissions — with declining emissions in years with increasing

standards, followed by increasing emissions after the standards froze, prior to the oil price spikes of

the recent past (United States Environmental Protection Agency, 2009a). The average fuel economy

of new vehicles has actually decreased slightly over the course of more than a decade as consumers

shifted away from smaller cars to SUVs and manufacturers previously known for producing smaller

fuel efficient cars (e.g., Honda and Toyota) began producing SUVs as well. However, as fuel prices

rose in the later years of the last decade, consumer preference for fuel economy once again caused

average fuel economy to increase slightly. Evaluations of the federal CAFE program, which date

back to its creation in the 1970s, haven’t explicitly considered the greenhouse gas savings that

resulted from the program until relatively recently. However, savings in fuel consumption, a very

good proxy for GHG emissions, were a common metric for most of the studies.

Kleit (1990), using a simulation approach to estimate the effects of CAFE on the national auto

market and energy consumption, found that small increases in CAFE standards can actually lead

to slight increases in fuel consumption as consumers respond to vehicle price increases by waiting

to buy new cars and extending the useful life of less efficient vehicles. However, simulations also

showed that further greater increases in CAFE standards lead to fuel savings, but at high costs to

consumers.

Thorpe (1997), demonstrated that CAFE standards can decrease average fuel efficiency under

some conditions, by driving consumers toward larger and less efficient, but more desirable, vehicle

choices. The decrease in average fuel economy can be driven by the distinction between cars and

light-trucks embedded within the standards. Light-trucks face lower fuel economy targets because

the applications for which they are designed make increases in fuel economy more expensive and

challenging — the large, heavy vehicles naturally need larger, less efficient engines, higher road

profiles, and more power for towing. When manufacturers sacrifice attributes that motorists like

(such as acceleration, curb weight, or torque) to improve fuel economy, consumers that might have

purchased a passenger car before the standards may be inclined to purchase a light-truck, which
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may preserve more of the attributes they prefer, in the presence of the standards. The author

attributes the decrease in average fuel economy of domestic vehicle sales that occurred after 1987

to this phenomenon.

Kleit (2004), estimated that a long-run increase of 3.0 MPG in the current fuel economy stan-

dards (prior to the implementation of the new program) would save approximately 5.2 billion gallons

of gasoline per year, or about 45 MMTCO2 per year nationally. However, the implicit cost of this

savings is 78 cents per gallon of gasoline saved, or about $4 billion per year, as the technology costs

of the improved vehicles are passed on to consumers.

Austin and Dinan (2005), using a vehicle market simulation model with manufacturer hetero-

geneity, found that a 3.8 MPG increase in fuel economy standards has an expected effect of reducing

CO2 emissions by 10% (from business-as-usual assumptions about vehicle fuel economy and travel

behavior) over a 14-year period. This time period allows for sufficient vehicle turnover within the

fleet. The authors estimate the total costs (to both producers and consumers) to be about $3.6

billion per year to achieve this 10% emissions reduction.

California Air Resources Board (2008a), estimated that the update to the federal CAFE sched-

ule, as described in the 2007 Energy Independence and Security Act (rather than the new joint

program), would lead to a cumulative savings of 716 MMTCO2e by 2020. CARB estimates that

adopting California’s more aggressive schedule over that same time period would save a total of

1,323 MMTCO2e. The ARB reports reductions in CO2e to account for the non-carbon greenhouse

gases emitted by passenger vehicles.

Gallagher and Collantes (2008), using simulation runs on a variant of the National Energy

Modeling System (NEMS) and generic CAFE policies that dictate annual fuel economy increases

of 2% and 4%, found CO2 reductions from business-as-usual assumptions between 2010 and 2030.

However, in both cases transportation CO2 emissions increase over the time period (27% and 20%,

respectively) due to continued population growth and growth in VMT.

The estimated cost per Metric Ton of CO2 reduction varied from a net savings of approximately

$300 per MTCO2 reduction, the California Air Resources Board’s estimate for its fuel economy

standards, to approximately $90 per MTCO2 reduction, from (Kleit, 2004) and (Austin and Dinan,
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2005). As vehicles become more fuel efficient, the cost of further increasing fuel efficiency will

increase as manufacturers incorporate more sophisticated technologies (e.g. increased hybridization

in larger models) to reach new levels of fuel economy. Later years of these standards (particularly

if a new set of national standards is implemented from 2017 to 2025) may see large increases in the

cost per ton of emissions reduction.

Implementation concerns

An important implementation consideration is the treatment of alternatively fueled vehicles. The

standards are defined in terms of miles-per-gallon gasoline efficiency. Thus, any alternatively fueled

vehicles must be accounted for through some conversion factor. As alternatively fueled vehicles,

like the emerging class of plug-in hybrid electric vehicles, hit the market, fuel economy/emissions

standards will be forced to quantify the fuel economy of these alternative fuels in gasoline equivalent

units. This necessitates making controversial assumptions about trip lengths and usage, as well as

the carbon intensity of the fuel cycle (in the case of emissions standards).

The typically small volumes of alternatively fueled vehicles sold each year makes this conversion

factor unimportant, except in the case of so-called Flexible Fuel (flex-fuel) vehicles which can run

on any mixture of ethanol and gasoline, up to 85% ethanol. Domestic manufacturers in particular

sell millions of these vehicles each year, but very few of the individuals that purchase them ever

choose to use high ethanol blends. Flexible fuel vehicles are averaged as an MPG of nearly 40

(despite much lower actual fuel economies), though their CAFE contribution is capped at 1.2 MPG

for each manufacturer, meaning that these vehicles cannot account for more than 1.2 MPG of the

fleet average (Rubin and Leiby, 2000). This creates unreliable estimates of fleetwide fuel economy,

and creates incentives for manufacturers to produce less efficient vehicles that displace little, if

any, gasoline use (Rubin and Leiby, 2000). Based on the experience of the federal program with

ethanol credits, it is possible to provide an incentive that is disproportionately larger than the

fuel consumption (or greenhouse gas) savings it creates. Additionally, manufacturers are able to

trade credits between the car and truck categories to achieve compliance with the new standards.

These types of incentives serve to erode the actual targets of the policy and reduce the true fuel
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economy that manufacturers will achieve. Table 2.3 shows the expected efficiency achievement after

accounting for the compliance flexibility built into the program. While the EPA program is still

expected to achieve a combined efficiency of 250gCO2/mile, the NHTSA program is expected to

produce results that are about 4% lower than the standards.

Table 2.3: EPA standards and NHTSA CAFE achievement estimates 2012 – 2016a

Category Model Year

NHTSAb Standards 2012 2013 2014 2015 2016

Passenger Cars 32.3 33.5 34.2 35.0 36.2
Light-Trucks 24.5 25.1 25.9 26.7 27.5
Combined 28.7 29.7 30.6 31.5 32.7

Category Model Year

EPAc Standards 2012 2013 2014 2015 2016

Passenger Cars 267 256 245 234 223
Light-Trucks 365 353 340 324 303
Combined 305 293 280 266 250

a - This is an active policy area and more regulations have already been proposed by both the state of California and
the two federal agencies that would begin in 2017 and continue through 2020, or later.
b - NHTSA’s footprint-based CAFE standards are measured in miles per gallon.
c - The EPA’s footprint-based standards are measured in gCO2 /mile.

Source: Federal Register, Vol. 75, No. 88, May 7, 2010, Rules and Regulations

Since this is essentially a technology forcing policy, the incremental cost of adding new technolo-

gies to improve fuel efficiency is another key uncertainty. The National Research Council (2002)

provides a set of estimates for additional technologies, as do (Cooper et al., 2004) and Sierra Re-

search (2004), but the true costs remain uncertain in an industry undergoing massive structural

and economic changes. Furthermore, studies (notably the studies cited above) that consider the

costs of adopting technology to improve fuel efficiency often assume that these increases in fuel

efficiency will lead to corresponding increases in fuel economy. This need not be the case, and has

not been so in the past, as manufacturers improved fuel efficiency during the 1980s and 1990s but

used this increase in efficiency to increase horsepower or vehicle weight — attributes that consumers

have typically preferred to fuel economy. It is unlikely, even with increasingly stringent standards,

that the full benefit of fuel efficiency improvements will be allocated to fuel economy improvements
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(Knittel, 2009).

Despite the long freeze in CAFE standards (nearly two decades), this policy had broad support

among citizens (Greene (1997) cites six opinion polls showing support at 72-98%). Naturally,

auto manufacturers — seeking to avoid compliance costs and regulatory influences on the mix of

vehicles they offer — have aggressively opposed such standards as being unnecessary, expensive, and

ineffective. This opposition has made increases in fuel economy standards politically unpopular.

However, the EPA’s new authority to regulate greenhouse gas emissions across all sectors of the

economy, a result of the Supreme Court decision in Massachusetts, et al v Environmental Protection

Agency, et al, means that the executive branch can create a set of regulations similar to the CAFE

program, without seeking congressional approval. This streamlines the process of implementing

greenhouse gas regulations for vehicles, and suggests that this policy may fluctuate in the future

with changing presidential administrations.

2.2.2 Federal Renewable Fuels Standard

The Energy Policy Act (2005) established a new standard for renewable transportation fuels in

the United States, the Renewable Fuel Standard (RFS). The standard defines “renewable fuels” as

fuels that are produced from plant or animal wastes or products, rather than fossil fuels and has at

least 20% lower greenhouse gas emissions than the average gasoline blend in 20055. This includes

ethanol made from a variety of sources (e.g., corn, sugar, or cellulosic materials), biodiesel, and a

variety of other products (Federal Register, Vol. 72, No. 83/Rules and Regulations). The original

policy was later modified by The Energy Independence and Security Act of 2007 (EISA) and is

now more commonly referred to as RFS2 (Renewable Fuel Standard 2). The modifications made

by EISA significantly expanded the blending requirements (see Figure 2.2.2), included diesel fuel

as well as gasoline, and created specific targets for the blending of “advanced biofuels”, which must

be produced from feedstocks other than corn starch and have lifecycle greenhouse gas emissions at

least 50% lower than the baseline fuel (established using a 2005 gasoline fuel pathway) (Yacobucci,

2008).

5The 20% threshold mostly applies to renewable fuels from facilities built in the last 5 years.
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Figure 2.2: RFS blending requirements growth

Source: “The challenge of managing the renewable fuel standard”, David Krotoney, EPA, March 2008

In accordance with the definition of the RFS program, US EPA has established working defini-

tions of “lifecycle” and “fuel pathway”. This is necessary because the same renewable fuel, ethanol

for example, may be developed through completely different methods and brought to market by

different means. In order to compare the energy consumption and land use impacts of these dif-

ferent methods, it is necessary to define which portions of the supply chain between feedstock (the

raw materials grown or harvested as the basic energy input) and retail (including raw materials

transport, fuel conversion and distribution to end users) will be included in the lifecycle assessment.

The chain of events, from the planting of seeds to the retail distribution outlet, is a fuel pathway.

And the environmental impact assessment of the included steps that lead to its ultimate consump-

tion (including its combustion as transportation energy and the opportunity cost of displaced land)

compose the lifecycle assessment.

Table 2.4 illustrates the growing blending requirements for renewable fuels in the United States

over the next decade, as set forth in EISA. Although specific blending targets are presented for

cellulosic biofuels, the EPA retains the authority to modify these targets to reflect both the progress
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of the cellulosic fuel technology and the evolving cost of producing larger quantities of these fuels.

EPA used this authority when it revised the 2010 cellulosic biofuel requirement downward from

the targets set forth in EISA (from 100 million gallons to 6.5 million gallons). The blending

requirements are a mandate that affects all refiners and importers of gasoline and diesel fuel. For

example, the 2010 blending requirement is 12.95 billion gallons of biofuel. This total requirement

is then broken down as a fraction of the fuel provider’s volume that must be an appropriate

renewable fuel. The 2010 blending standards range from 0.004% for cellulosic biofuel to 8.25% for

total renewable fuel volume for each provider.

Table 2.4: EISA Renewable Fuel Volume Requirements (billion gallons)

Cellulosic Biomass-based Total Total
Year biofuels diesel advanced biofuel renewable fuel

requirement requirement requirement requirement

2008 n/a n/a n/a 9.0
2009 n/a 0.5 0.6 11.1
2010b 0.1 0.65 0.95 12.95
2011 0.25 0.80 1.35 13.95
2012 0.5 1.0 2.0 15.2
2013 1.0 a 2.75 16.55
2014 1.75 a 3.75 18.15
2015 3.0 a 5.5 20.5
2016 4.25 a 7.25 22.25
2017 5.5 a 9.0 24.0
2018 7.0 a 11.0 26.0
2019 8.5 a 13.0 28.0
2020 10.5 a 15.0 30.0
2021 13.5 a 18.0 33.0
2022 16.0 a 21.0 36.0

a – Currently undetermined, but no less than 1.0 billion gallons
b – This standard was reduced to 0.0065 billion gallons by EPA

Source: EPA Regulatory Announcement, “EPA Finalizes Regulations for the National Renewable Fuel Standard Program for
2010 and Beyond”, February 2010
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Greenhouse gas implications

Most blending comes in the form of ethanol being added to conventional gasoline as an oxygenate.

When states began to phase out methyl tertiary butyl ether (MTBE) due to environmental concerns

(Government Accountability Office, 2002), ethanol became the only viable gasoline oxygenate. In

most of the country today, E10 or “gasohol”, a mixture of approximately 90% conventional gasoline

and about 10% ethanol6, is the most common fuel. To the extent that renewable blending decreases

the carbon intensity of widely available motor-fuels this policy reduces CO2 emissions from trans-

portation. However, there are differences in the calculated CO2 reductions from domestic ethanol

produced from corn starch. When the California Air Resources Board developed assessments of

ethanol fuel pathways to support the state’s Low Carbon Fuel Standard, corn-based ethanol was

estimated to have 15% lower carbon intensity than gasoline if it was produced in California (based

on the state’s cleaner electricity grid and shorter distances for distribution), and a slightly higher

carbon intensity for Midwestern average corn ethanol (about 4% higher than gasoline) at worst

(California Air Resources Board, 2009d). These small reductions in carbon intensity are largely

the result of the GHG impacts from indirect land use changes (ILUC) — the result from additional

planting of corn for ethanol — and estimated carbon emissions during crop cultivation and fuel

conversion.

An example of indirect land-use change would be the cultivation in new land in South America

that resulted from agricultural land in the U.S. being used to produce ethanol feedstocks, rather

than food for export. When that new land is developed, it releases the carbon stored by its natural

state. These carbon emissions are estimated and attributed to the cultivation of the relevant ethanol

feedstock (most commonly, corn). Recent work at EPA has revised old estimates of emissions from

ILUC. EPA’s February 2010 analysis of new RFS targets estimates the carbon intensity reductions

for Midwestern corn ethanol to be 20%, and cites increased crop yields as the reason for the

revision. However, even if average domestic ethanol is 20% less carbon-intensive than conventional

gasoline (rather than the ARB’s much smaller estimates), burning blends of only 10% ethanol

create relatively small greenhouse reductions from displaced fossil fuel consumption.

6Actual percentages vary slightly by season and state to account for evaporative differences.
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Implementation concerns

Since automobiles can safely operate on E10, and demand for fuel is expected to rise as more vehicles

are added to the fleet from population growth, there already exists significant demand for ethanol

blended as E10. However, it is very unlikely that the RFS2 blending requirements (and overall

consumption targets for biofuels) can be met through the consumption of E10 alone, particularly

in later years (Schremp et al., 2009). New national fuel efficiency standards may further reduce

national demand for motor fuels, thus further complicating the achievement of RFS2 targets through

E10 blending. So one of two compliance options will need to occur: (1) EPA can increase the 10%

“blend wall”, allowing higher percentage blends of ethanol (like E15, a blend of 85% conventional

gasoline and 15% ethanol) to be sold for use in conventional gasoline vehicles7, or (2) Fuel providers

will need to sell increasing quantities of E85 (a blend of 85% ethanol and 15% gasoline) to drivers

of flexible fuel vehicles. While EPA is currently evaluating proposals that would increase the blend

wall to 15%, ethanol’s corrosive effects at higher concentrations are still a concern. However, even

E15 is unlikely to lead to significant GHG reductions unless breakthroughs are made in cellulosic

fuel production that would allow fuel providers to blend very low carbon-intensity ethanol with

gasoline.

The second option is complicated by the design of the policy; while fuel producers and importers

are required to blend specific quantities of ethanol (and other advanced biofuels), there is no

comparable mandate for retail station owners and operators to sell E85 to the public (Schremp

et al., 2009). While there are nearly 5 million flex fuel vehicles on the road in the U.S., very few

of them ever run on E85 — which is mostly consumed in Midwestern states and by fleet vehicles

on the coasts. There are multiple reasons for low E85 consumption, but the two biggest are price

and availability. Ethanol has a lower energy content than gasoline (about 2/3 as much by volume),

making E85 a less energy dense fuel. Practically, this means lower fuel economy for drivers using

E85; implying more gallons of fuel are needed to travel the same distance and more frequent fill-

ups. Even with federal subsidies, E85 has not historically been cost competitive with gasoline on

7The EPA recently released a preliminary ruling that allow states to sell E15 for use in conventional vehicles newer
than model year 2007. Ongoing studies will determine if older model vehicles can safely use the higher blend as well,
and new regulations are expected by the end of 2011.
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an energy equivalent basis.

2.3 California’s greenhouse gas strategy for transportation

The California Air Resources Board estimated annual CO2 emissions from the transportation sector

at 179 MMTCO2e for 2004 (nearly 40% of the state’s total), and projected statewide transport

emissions would grow to 225 MMTCO2e in 2020 (California Air Resources Board, 2008). California

has implemented several measures to reduce the emissions of greenhouse gases from the largest

subsector of transportation, passenger travel. The highest profile of these actions are the so-called

“Pavley standards”, which establish per-mile CO2 emissions targets for all new light-duty vehicles

sold in California from 2011 to 2016. Additionally, the state has implemented the Low Carbon

Fuel Standard, which aims to increase the diversity of transportation fuels in the state and reduce

the average carbon intensity of those fuels over the next decade. Additionally, the state has made

changes to its vehicle inspection program that will target low cost fuel efficiency measures (presently

only tire pressure, with others likely to follow), and intends to integrate transportation fuels into

its statewide carbon cap-and-trade program, although the specific methodology for doing so has

not yet been established. Other efforts in the state include sustainability targets for Metropolitan

Planning Organizations in 18 communities (Senate Bill 375) and local efforts to promote increased

rail ridership (like Measure R in Los Angeles, which will augment the city’s existing light rail

infrastructure over the next decade). The geographical nature of these efforts makes them poorly

suited to consideration in this study, which only considers behavior at the state level and cannot

account for regional changes in consumptive behavior. Additionally, reduced VMT resulting from

potential land-use and infrastructure changes is difficult to measure and may not be significant in

the near-term. The benefits of a policy like SB 375 are expected to increase over time, and will

need to incorporate new data gathering and models to measure performance (Urban Land Institute,

2010).
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2.3.1 The Pavley standards

Assembly Bill 1493 directed the California Air Resources Board to “develop and adopt regulations

that achieve the maximum feasible and cost-effective reduction of greenhouse gas emissions from

motor vehicles” by January 1, 2005 (California Legislature, 2002). The final regulations had been set

to affect new vehicle sales for model-year 2009 (and later) vehicles, mandating that all new vehicles

sold in the state achieve specific levels of greenhouse gas emissions emissions (including more potent

warming gases like NO2 and CH4). Although the regulations were developed on schedule, several

challenges impacted the planned implementation. Figure 2.3 illustrates the important milestones in

the seven year battle to bring the Pavley standards into effect. Automakers argued that the Pavley

standards amounted to a state specific CAFE program (since GHGs are primarily created by fuel

combustion, reductions will require improvements in fuel economy) and that its requirements were

both too costly and technically infeasible (Broder, 2007). However, automakers had no success in

their litigation against the state and the decision to allow the Pavley standards ultimately fell to

the Environmental Protection Agency (EPA), due to a stipulation in the Clean Air Act that allows

California to apply for a waiver to set its own air pollution standards (which were later adopted by

14 other states and the District of Columbia). A May 2009 compromise between automakers, EPA,

NHTSA, and the state of California led the EPA to approve California’s waiver request. As another

part of the compromise, a new national fuel economy program would be administered jointly by

EPA and NHTSA. The new federal program created increasingly stringent standards (defined by

both MPG and gCO2/mile), effective from 2012 through 2016, that would allow automakers to build

a single fleet of vehicles to sell nationally that would allow them to comply with EPA, NHTSA and

California regulatory requirements.

The standards developed by all three regulatory agencies (CARB, EPA, and NHTSA) have

similar levels of stringency, though the EPA and CARB use a gCO2/mile standard and NHTSA

uses a MPG-based standard. The national standards also differ with respect to compliance —

using a footprint based standard, rather than the simpler car and light-truck averages used by the
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7/22/2002
Governor Davis signs AB 1493 (Pavley) into law

9/15/2005
ARB finalizes Pavley Standards

10/15/2005
Pavley Standards become CA law

12/21/2005
CA requests Clean Air Act waiver from EPA

4/16/2007
Massachusetts, et al vs. EPA

Supreme Court finds EPA must regulate CO2

3/6/2008
EPA denes CA Clean Air Act waiver request

5/19/2009
Obama White House announces fuel

economy standards compromise

6/30/2009
EPA grants CA Clean Air Act waiver

2/25/2010
California implements revised

Pavley Standards

Figure 2.3: Timeline of developments in the Pavley Standards implementation

ARB. Manufacturers must add fuel-saving technology to their vehicle offerings in order to comply

with fuel economy standards (Greene et al., 2005), and will now be able to offer an identical set of

vehicles nationally and still expect to achieve compliance, rather than offering only a subset of their

vehicles in California. Manufacturers can also alter the mix of vehicles. The current standards are

in Table 2.5 and are based on a simple average emission level of passenger cars and light-duty trucks

(LDTs), respectively, rather than the more nuanced federal program that varies emissions targets

with the vehicle’s class and footprint. A direct comparison between the California standards and

the EPA compliance levels (see Table 2.2) shows that California’s 2016 standard is more stringent

than EPA’s for passenger cars (by about 8%), but less stringent for light-trucks (by about 10%).

However, the ratio of new cars to light-trucks in California is higher than the national average8, so

the standards are still similarly stringent despite their differences .

The ARB has made some concessions to industry as part of the compromise, in an effort to

alleviate some of the implementation concerns. These serve to ease the regulatory burden on

manufacturers and increase the consistency of standards across the state and federal programs.

Automakers are now allowed to use EPA testing data (used to determine CAFE compliance) to

estimate per-mile GHG emissions, rather than adapting to a new testing process run by the ARB.

8Based on data from the California New Car Dealer Association
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Table 2.5: Pavley Standards, Final Regulation Order

Model Year Fleet Average GHG emissions, grams per mile CO2 equiv.

All passenger cars and LDTs 0 - 3750 lbs LDTs 3751 - 8500 lbs GVW

2009 323 439
2010 301 420
2011 267 390
2012 233 361
2013 227 355
2014 222 350
2015 213 341
2016a 205 332

2017b 195 310
2018b 185 285
2019b 180 270
2020b 175 265

a - Current California Clean Car program targets for GHG emissions (does not include AC credit).
b - Proposed targets for MY2017 - 2020 vehicles (“Pavley II”) (California Air Resources Board, 2008a).
Source: California Exhaust Emission Standards and Test Procedures for 2001 and Subsequent Model Passenger Cars, Light-

Duty Trucks, and Medium-Duty Vehicles, California Air Resources Board, March 2010.

Manufacturers are also permitted to choose a compliance region; since so many states adopted

California’s standards (the so-called Section 177 states, based on the Clean Air Act section that

grants them the right to adopt California regulations if they conflict with national standards),

automakers are permitted to comply with the standards based on either the average emissions in

California or the average across the Section 177 states. Finally, the ARB will calculate average

emissions based on the vehicles delivered for sale, rather than sold, within the state. Like the EPA

program, manufacturers that fail to comply with California’s greenhouse gas emissions standards

can face civil penalties, pursuant to violations of the state’s Health and Safety Code.

Behavioral effects

Since the federal program affects all new vehicles and has targets similar California’s program, the

Pavley standards (at least until 2017) will not be the driver of technology changes in new vehicles

offered between 2010 and 2016. However, the existence of both federal and state-level efficiency

standards will impact another behavior. In order to comply with the average GHG emission targets
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for cars and light-trucks (Table 2.5) in California, individual manufacturers will deliberately alter

the mix of vehicles that are delivered for sale in California in a way that makes the average emissions

comply with the standards — a process called “mix-shifting”. Though records from the California

New Car Dealers Association show that California’s sales mix of vehicles is generally cleaner than

the national average — with a higher ratio of cars to light-trucks, and higher penetration rates of

advanced fuel saving technologies like hybrid electric drivetrains — manufacturers may still need to

offer additional incentives to ensure that the average GHG emission rates comply with the standard.

Although the ARB estimated average cost increases of about $1,200 per vehicle in 2016 (Cal-

ifornia Air Resources Board, 2008b), the EPA’s Regulatory Impact Analysis of the new federal

program estimates 2016 compliance costs by manufacturer, which range from $550 - $1,700. In the

past, when regulatory burdens have increased prices across makes and models consumer behavior

was relatively unaffected — being impacted more by the overall health of the economy in which

these purchases occurred (Abeles et al., 2004). It is unknown if consumer response to both sig-

nificantly higher fuel prices and higher vehicle prices will slow new vehicle sales and diminish the

standards’ effectiveness (Bunkley, 2008).

Greenhouse gas implications

The state had originally expected the Pavley standards to save 31.7 MMTCO2e/year from business-

as-usual by 2020 (California Air Resources Board, 2008). However, the ARB estimates were com-

pleted before the new federal programs (adopted in April 2010) were in place, so these estimates

are no longer valid. The primary contribution of policies like California’s greenhouse gas emissions

standards and the joint federal program is to change the types of vehicles sold — raising the fuel

economy of all models through the addition of technology. This transformation is going to occur

over the next several years, but would do so even without enforcement of California’s standards.

Greenhouse gas emissions reductions would occur in California as a result of consumers purchasing

the more efficient vehicles, that manufacturers will produce and sell in order to comply with federal

regulations. In light of these changes in national policies, it is unclear how much additional emis-

sions savings (if any) can be expected from enforcement of similar standards at the state level. This
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dissertation directly evaluates the potential for incremental emissions savings in both the presence

and absence of California’s standards.

Implementation concerns

The majority of the costs and benefits of the AB 32 Scoping Plan actions are concentrated in

the transportation sector; in particular, in the implementation of the Pavley standards. Having

a new national fuel economy program that supplants California’s GHG emissions program as the

driver of technology change may reduce the cost of compliance by improving economies of scale

for manufacturers as they add new technology to their vehicles. Having a national program may

also help to reduce leakage — where California consumers purchase new vehicles that are more

efficient, but also more expensive. Individual auto manufacturers are able to comply with national

standards while balancing less efficient, and less expensive, vehicles in some states with the more

efficient, and more expensive, vehicles sold in California. In this way, California subsidizes poor

fuel economy in some states by purchasing efficient, expensive vehicles. It is possible that a set of

California standards, in the absence of comparable federal standards, results in no net greenhouse

gas reductions when one considers the increased emissions in other states. Having a stronger

national program will minimize this leakage but, to the minimal extent that California’s standards

are more stringent than the national standards, leakage may still be as high as 100% in the near-

term (Goulder et al., 2009).

In addition to the challenge of leakage, this state-level policy occupies a dangerous territory.

The Bush administration’s EPA had consistently denied California’s Clean Air Act waiver request

(allowing it to languish in submission for over two years before denying it outright), which was

finally granted by President Obama’s EPA. Since the state’s authority to regulate greenhouse gas

emissions from vehicles comes from the EPA, it may also be revoked by the EPA. The EPA has never

before revoked a Clean Air Act waiver to California once it has been granted, and it is not clear

how that process would unfold. Future presidential administrations may take a less permissive view

of the coincident state regulations, and attempt to withdraw support for California’s standards —

particularly if national standards are frozen, and therefore become considerably less stringent than
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California’s standards. Like the original waiver request, which led Governor Schwarzenegger to sue

the EPA on behalf of the state, courts may ultimately determine the permanence of California’s

new regulatory authority.

2.3.2 The Low Carbon Fuel Standard

In addition to improving the fuel economy of its vehicle population, California intends to reduce

transportation emissions through a market-based regulatory system for transportation fuels, the

Low Carbon Fuel Standard (LCFS); the first of its kind in the United States. The standards

will create incentives to use alternative fuels that have a lower carbon content than California

reformulated gasoline or ultra-low sulfur diesel, with the ultimate goal of reducing the average

carbon content of California transportation fuels by 10% (over 2010 levels) by 2020. With the

LCFS in place, even if total fuel consumption remains at current levels, California would see a

reduction in greenhouse gas emissions from the increased percentage of lower carbon fuels.

The LCFS has been integrated into the set of Early Action Items that will be used to meet

the greenhouse gas targets associated with Assembly Bill 32. Like other California environmental

policies, the idea of a Low Carbon Fuel Standard has spread beyond its borders. As of October

2009, eleven states in the Northeast and Mid-Atlantic region have committed to the development of

a common Low Carbon Fuel Standard based on the life-cycle carbon intensity of fuels. Unlike Cal-

ifornia however, these states intend to include fuels used to heat buildings and generate electricity

instead of focusing solely on transportation fuels (California Air Resources Board, 2009d).

Executive Order S-01-07, issued by Governor Arnold Schwarzenegger, calls for a set of statewide

protocols to measure the “life-cycle carbon intensity” of transportation fuels used in the state. This

notion of “carbon intensity” is the cornerstone of the Low Carbon Fuel Standard, and the key to

regulatory compliance. The LCFS sets an annual, decreasing standard of average “carbon intensity”

that fuel providers must achieve across the total amount of fuel they sell in the state, by either

blending low carbon liquid fuels into gasoline and diesel or buying LCFS credits from providers

of low-carbon alternative fuels like natural gas and electricity. The carbon intensity of a fuel is

defined as the amount of carbon generated per unit of energy in producing, transporting, and using
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the fuel. Each type of fuel and specific “fuel pathway” — where/how the raw materials of the

fuel were extracted or cultivated, transported, converted into fuel, and distributed) has a unique

carbon intensity value, measured in grams of CO2 equivalent per Mega-joule of energy (gCO2e/MJ)

to account for differences in energy density among fuels. For example, a fuel pathway for ethanol

(California Air Resources Board, 2009d) would include:

• Type of feedstock (e.g., corn, sugar, switchgrass),

• Farming practices (types of fertilizers used in cultivation and frequency of application),

• Crop yields,

• Method of harvesting,

• Method of transportation of raw materials,

• Type of fuel production process,

• Fuel used in the production process (e.g., coal, natural gas, wind power),

• Energy efficiency of the production process,

• Value of co=products generated (e.g., distiller’s grain),

• Transport and distribution of motor fuel,

• Combustion in vehicles,

• Indirect land use impacts of displacing a food crop for fuel.

The ARB has developed a set of fuel pathways that account for the fuels currently in use (e.g.,

California Reformulated Gasoline Blendstocks for Oxygenate Blending, Midwestern corn ethanol,

Brazilian sugarcane ethanol, compressed natural gas, average California electricity), as well as some

emerging fuels (e.g., cellulosic ethanol made from farmed poplar). Regulated parties may use the

carbon intensities of these “stock” fuel pathways, or submit empirical, verifiable evidence of a lower

carbon intensity pathway that they intend to employ in fuel delivery. The ARB would then consider

this evidence, and add this additional pathway to the set.

Some of the defined fuel pathways are controversial, particularly for corn ethanol. The ARB

and the United States EPA disagree about the true life-cycle carbon intensity of Midwestern corn

ethanol, largely resulting from different estimates of the indirect land-use impact, which attempts
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to measure the impact of converting virgin land (somewhere in the world) for food cultivation as

a result of removing food from the global market by using corn to produce ethanol. The ARB

estimate of average Midwestern corn ethanol carbon intensity is higher than the annual standard,

even in the early years of the program9, while the EPA estimate is about 23% lower (United

States Environmental Protection Agency, 2010) and would place midwestern corn ethanol on a

level closer to Brazilian sugar cane (in ARB’s scale). While the debate over true carbon intensity

is an interesting one, from perspective of compliance, it is also irrelevant. The ARB estimated fuel

pathways represent a set of constraints under which industry must operate in order to comply with

the LCFS targets.

Compliance and regulation

The LCFS regulates the carbon intensity of transportation fuels at the highest level possible — at

the producer/distributer level. In each year, selling fuels with a carbon content higher than the

standard generates “deficits”, while selling those with lower carbon content generates “credits”. In

order to comply with the annual standard, regulated parties (providers of conventional fuels like

gasoline, diesel, and, ethanol blends)10 must have enough credits to balance the year’s deficits. They

will accumulate credits by blending low carbon fuels like (certain types of) ethanol and biodiesel, or

buying compliance credits from utilities that provide electricity or natural gas for transportation.

Regulated parties who have generated more credits than they need in a particular year, may bank

them for later use (when the standards become more stringent) or sell them on the open market

to other parties facing compliance problems. In Figure 2.4, the y-axis displays the average carbon

intensity mandated by the standard for fuels that substitute for gasoline (the pink line) and diesel

(the blue line) in each year. The gasoline and diesel distinction is defined to segregate the vehicle

9The type of corn ethanol produced in California is lower than the annual standard throughout the program. This
is a result of using California’s generally cleaner energy sources in the production of the ethanol and the shorter
distances associated with transportation and distribution. However, this California ethanol is unlikely to ever reach
production volumes beyond 250 mgy, and currently only represents about 180 mgy of California ethanol consumption
(Schremp et al., 2009).

10Since 90% of the gasoline in California is supplied by only a few large oil companies, and they are already subject
to California fuel formulation regulations, it is natural to make them the regulated parties for LCFS as well.
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classes: gasoline targets address light-duty vehicles exclusively, and diesel targets heavy-trucks11.

The values in 2010 represent the average current carbon intensity of gasoline and diesel in California.

Figure 2.4: Compliance schedules for gasoline (and gasoline substitutes) and diesel (and diesel
substitutes).

Source: California Air Resources Board, Proposed Regulation to Implement the Low Carbon Fuel Standard

As Figure 2.4 illustrates, the annual LCFS standard not only becomes more stringent over time,

but is also backloaded — so that larger increases occur later in the decade. This provides time

for innovation and adaptation to occur in biofuel development, alternative fuel vehicle technologies

to reach significant market penetration, and provides regulated parties with enough lead-time to

build long-term compliance plans.

In addition to using carbon intensity as a means to compare dissimilar fuels (like electricity and

gasoline) to a common standard, the LCFS accounts for differences in the efficiency with which

vehicles use each fuel. Several alternative fuels, notably electricity, have higher efficiencies than

gasoline. Conventional vehicles turn energy stored in gasoline into propulsion through a mechanical

process driven by combustion of the fuel. In an electric vehicle, there is no combustion necessary to

convert the energy in the fuel (in this case, electricity) into power to the wheels — thus eliminating

11Any diesel consumption by light-duty vehicles is treated the same as diesel consumption by heavy trucks. The
use of diesel fuel by light-duty vehicles cannot substitute for gasoline use, despite the fact that clean diesel vehicles
achieve greater fuel economy than conventional gasoline-powered vehicles.
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inefficiencies of the combustion process like unburned fuel and waste heat. Thus, a vehicle using

electricity can take the same amount of energy (measured in mega-joules) as a gasoline engine

and convert that energy into a greater amount of propulsion. To address this complication, the

ARB developed a set of energy economy ratios (EERs) based on the internal combustion gasoline

engine to augment the carbon intensity estimates of fuels when calculating credits and deficits. For

example, electricity in California has a carbon intensity similar to gasoline (on an energy equivalent

basis), but an otherwise identical vehicle travels 3 times as far when powered by electricity rather

than gasoline (resulting in an EER of 3).

Every unit of fuel sold in California results in either credits or deficits, provided it has a defined

fuel pathway. Each unit of fuel sold having a carbon intensity below the annual target generates

credits, while a unit of fuel with a carbon intensity above the annual target generates deficits. The

credits and deficits are counted in metric tons of CO2e and every regulated party must have a net

credit total greater than or equal to zero at the end of each year (except for a small amount of

deficit carrying that may be done from year to year). For fuel i that displaces gasoline in year t,

LCFS credits (or deficits) are generated by Equation 2.3

Creditsi =

(
CIstandard − CIi

EERi

)
× EDi ×Qi × EERi × C (2.3)

where CI is carbon intensity — measured in g CO2e/MJ, ED is the energy density of fuel i in

MJ per unit of fuel, EER is the energy efficiency ratio (electricity and hydrogen both have EERs

greater than to 2, relative to gasoline), Q is the quantity sold in a given year, and C a factor that

converts gCO2 into metric tons (MT). For example, 1 Gwh of electricity12 used for transportation

in 2015 would create 562.5 MTCO2e of credits based on Equation 2.4:

(
93.45 gCO2e/MJ − 124.1 gCO2e/MJ

3

)
× 3.6 MJ/kwh × 1 Gwh × 3× (1× 10−6)

MT

gCO2e
= 562.5 MTCO2e.

(2.4)

12This calculation is based on the average carbon intensity of electricity in California. The marginal carbon intensity
(e.g., during off-peak hours) uses a greater proportion of renewable sources and has a carbon intensity that is about
25% lower.
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It takes about 400 fully electric vehicles, driven similarly to gasoline vehicles, to consume 1

Gwh of transportation electricity — which generates enough LCFS credits to offset about 2 million

gallons of gasoline consumption. To put those credits into perspective, the state of California

consumed about 14.8 billion gallons of gasoline in 2009.

It is not expected that all regulated parties will be able to comply with LCFS targets in all years,

so some flexibility has been built into the compliance schedule. In addition to the ability to purchase

compliance credits, a regulated party may simply carry a deficit, of up to 10% based on credits

generated (and acquired) and that year’s deficits, for up to one year without incurring penalties.

However, after that one year the balance deficit must be settled. Parties that fall shorter than 10%

in a year are found to be in violation and are subject to civil and criminal penalties associated

with violations of California’s Health and Safety Code (California Air Resources Board, 2009d).

However, these financial penalties are not hard-coded into the regulations and mitigating factors

like compliance history, magnitude of violation and preventative efforts will be considered before

assessing penalties. This creates uncertainty about the frequency and magnitude of compliance

penalties that may impact the LCFS credit market until regulated parties and regulators both

accrue more experience with the standards.

Greenhouse gas implications

There are no other existing Low Carbon Fuel Standards (except for the Northeast regional pro-

gram, whose implementation trails California’s program) from which to draw observations about

greenhouse gas savings. However, the ARB has estimated that the LCFS will be cost-neutral and

save 15.8 MMTCO2e annually by 2020 (California Air Resources Board, 2009e), based on the emis-

sions generated from the combustion of fuels (the more relevant perspective for this study, rather

than the life-cycle emissions perspective described above). This figure is based on a 10% reduction

from an assumed baseline emissions level of 157 MMTCO2e in 2020. It is worth noting that the

majority of these reductions (about 65%) come from lowering the carbon intensity of fuels used by

passenger vehicles, which account for the majority of emissions as well.

Recent studies have considered combinations of fuels and technologies that lead to industry
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compliance with LCFS regulations (Yeh et al., 2009) or more generally, the possibility of green-

house gas reductions from continuous levels of ethanol blending (Holland et al., 2009). Yeh et al.

(2009) study the cost-effectiveness of compliance using electricity and biofuels from fuel providers’

perspective. They demonstrate that a robust advanced biofuels sector and strong vehicle electri-

fication growth can lead to compliance. They present one scenario in which vehicle electrification

and biofuel consumption could contribute to a 10% reduction in both gasoline and diesel consump-

tion to comply with California’s LCFS. In that scenario, electric vehicle technology is deployed

optimistically — a total of 700,000 PHEVs and 60,000 FEVs on the road by 2020 — and about

3.7 billion gallons of ethanol and 0.65 billion gallons of biodiesel are consumed per year by 2020.

Holland et al. (2009) find that, although a Low Carbon Fuel Standard may lead to greenhouse gas

reductions, the cost per ton of reduction is between $300 and $2,200, suggesting that there are

more cost-effective ways to reduce greenhouse gas emissions from the transportation sector. Ad-

ditionally, studies are starting to emerge that suggest a national program using California’s LCFS

targets may be too aggressive, or lead to exorbitant costs for drivers of conventional vehicles as fuel

providers are forced to blend more expensive ethanol into their motor fuels (Montgomery et al.,

2010; Canes and Murphy, 2009). These studies estimate reduction costs per-ton of CO2 to be an

order of magnitude (or more) higher than the cost of climate change impacts, and contradicts the

ARB estimate of a cost-neutral program. Furthermore, these studies estimate fuel price spikes after

policy implementation that will impact passenger travel and increase the cost of goods movement.

(Montgomery et al., 2010) estimate increased per-household costs between $1,400 and $2,400 by

the end of the national program. (Canes and Murphy, 2009) conclude that the LCFS will pose

increased costs, but of a smaller magnitude than the Montgomery study, and annual increase of

$570 per household.

Implementation concerns

In addition to the LCFS, California fuels are subject to executive order S-06-06, the State Bioenergy

Plan. This order mandates that 20% of the biofuels used in California (including ethanol) be

produced within the state by 2010, and 40% within the state by 2020. Current ethanol capacity
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is likely sufficient to meet the 2010 goal, however meeting the 40% target for 2020 will be more

challenging. One result of the LCFS, particularly if transportation electricity consumption grows

slowly in the next decade, is a necessary change in the quantity or types of ethanol used in the

state (most likely both). Midwestern corn ethanol is currently used (almost exclusively) as an

oxygenate in gasoline blending, but the LCFS will require that the corn ethanol be displaced by

lignocellulosic ethanol in significant quantities, or sugarcane ethanol in even greater quantities.

Not only would the 40% target of the State Bioenergy Plan require additional capacity to be built,

but both biofuel feedstocks and biofuel production can be very water intensive in a state whose

agricultural sector already faces water supply threats from growing urban demand and diminishing

snowpack (Fingerman et al., 2009; Spatari et al., 2008; Hayhoe et al., 2004).

The federal Renewable Fuel Standard (RFS2) may interact with the LCFS to complicate compli-

ance strategies for fuel providers. Under the fair share provision of the RFS2, California is expected

to consume a quantity of ethanol roughly equal to its proportion of nation fuel consumption (for

both gasoline and diesel) (Schremp et al., 2009). The California Energy Commission (2009) esti-

mates that this quantity cannot be met through blending alone and will need to rely on increasing

quantities of E85 — a blend of 85% ethanol and 15% gasoline that can be used in flexible fuel vehi-

cles. Both the RFS2 and the LCFS may result in increased sales of E85, over 1 billion gallons per

year by 2020, in order meet the ethanol consumption mandates of the RFS2 or the annual carbon

intensity standards of the LCFS. However, California currently lacks the infrastructure necessary

to sell such large quantities of the fuel. As of February 2011, fewer than 50 retail outlets in the

state sold E85. In order to meet the sell enough E85 to comply with RFS2 (regardless of LCFS

compliance), the state will need to add about 2 million new flex-fuel vehicles to the population, and

between 3,000 and 20,000 new E85 retail outlets (Schremp et al., 2009). Even if the state is able

to achieve this level of flex-fuel vehicle (FFV) market penetration and infrastructure development,

there is no guarantee that FFV owners will choose to purchase E85 over gasoline. Gasoline has

a higher energy content and has been consistently less expensive (on an energy equivalent basis),

even though ethanol benefits from a volumetric blenders’ credit and federal farm subsidies for corn

production — both of which reduce its cost at the pump. Fuel providers may have to reduce the
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price of E85 below its wholesale cost in order to entice flex-fuel vehicle owners to make the switch,

passing on the incurred costs to motorists buying gasoline.

The interaction of the RFS2 requirements and the in-state biofuels production mandate may

complicate LCFS compliance in another way. At a time when California fuel providers will be

replacing corn-starch ethanol with lower carbon alternatives (like sugarcane ethanol and early forms

of cellulosic ethanol), the RFS2 fair share provision sets mandates for consumption of not only such

advanced types of ethanol, but for conventional corn-starch ethanol as well. Fuel providers within

the state may be forced to sell more corn ethanol than would be economically desirable (under the

LCFS), and then have to balance the LCFS deficits created by doing so with additional low carbon

ethanol. In this way, the interaction of the RFS2 and LCFS can complicate compliance strategies

by affecting both the overall quantity and types of biofuels sold in the state.

It is likely that the LCFS will require fuel providers to blend billions of gallons of lignocellulosic

ethanol to meet annual standards — particularly if the electric vehicle market develops slowly over

the next decade. The RFS2 similarly requires advanced ethanol blending, but in specific quantities

mandated by the standard. Unlike the LCFS, the advanced ethanol blending requirements of the

RFS2 can be (and have been) updated repeatedly to reflect the pace at which new production

capacity has developed13. The amount of cellulosic (or similarly advanced) ethanol required for

LCFS compliance in any given year will depend upon a number of factors: the quantity of con-

ventional gasoline that generates compliance deficits, the amount of transportation electricity and

natural gas consumed, and the availability of low carbon imports. If demand for advanced biofuels

exceeds supply — either as a result of the RFS2 blending requirements, the LCFS (in California

or the Northeast), or unexpectedly limited supply — compliance costs could be much higher than

expected and increase prices for motorists at the pump. This analysis explicitly evaluates the im-

pact of the LCFS on fuel costs, greenhouse gas emissions, and the mix of transportation fuels in

California under a variety of different assumptions about production capacity and costs for the

ethanol market.

Finally, there is an ongoing argument among scholars and regulatory agencies (notably EPA and

13For example, the 2010 requirement for advanced biofuel blending was lowered from 100 million gallons to 6.5
million gallons to reflect lagging capacity development.

49



the ARB) about the appropriate carbon intensity accounting associated with ethanol fuel pathways

– particularly with respect to emissions occurring during the agricultural and fuel production

phases, and the impact of land-use change(California Air Resources Board, 2009d; United States

Environmental Protection Agency, 2010; Air Improvement Resource, Inc., 2010). Although the

most current estimates of land-use change impact from EPA and the ARB are very similar, the

estimated impacts associated with land in different regions (e.g., South America versus the United

States) vary greatly. The ARB estimates the carbon intensity of Midwestern corn ethanol to be

98gCO2/MJ, compared to the most current EPA estimate of 75gCO2/MJ. If the ARB revises

its estimates downward, making conventional corn ethanol significantly less carbon intensive, the

program costs associated with the LCFS could drop dramatically. However, the carbon intensity

of Brazilian sugarcane is even more adversely impacted by the current land-use impact estimate

than Midwestern corn ethanol and would benefit even more if the EPA’s carbon intensity values are

used. If the carbon intensity estimates are revised for all fuels in the program (including California

reformulated gasoline (E10), the baseline fuel on which the carbon intensity targets are based)

based on EPA’s methodology, Brazilian sugarcane would be an even more attractive alternative to

corn ethanol. However, such accounting changes will also, predictably, lead to lower consumption of

lignocellulosic ethanol until it is fully cost-competitive with existing corn-based products. Program

changes that make readily-available Brazilian ethanol more attractive could reduce program costs

and provide reassurance to fuel providers worries about the rate of progress in the advanced ethanol

market.

2.3.3 Vehicle efficiency measures

In addition to the Pavley Standards, which will affect new vehicles sold in California, the ARB

has proposed a set of “vehicle efficiency measures” that would target all vehicles — attempting to

reduce fuel consumption by increasing their operating efficiency. Four measures have been proposed,

although only one — proper tire pressure maintenance — has been fully developed so far. The

four measures, as well as their anticipated greenhouse gas reductions from the “business-as-usual”

case, are illustrated in Table 2.6. Proper tire pressure and sophisticated treads can reduce roll
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resistance to improve fuel economy; low friction oils improve engine efficiency and solar reflective

automobile paint and window glazing can reduce cabin temperatures and lead to a reduction in

GHG emissions from reduced air conditioner use. Though the gains from each of these measures

is small for a single vehicle, when applied to a large portion of the existing fleet these marginal

efficiency gains can aggregate to measurable GHG savings.

Table 2.6: Anticipated GHG reductions from vehicle efficiency measures

Measure Reductions (MMTCO2 e in 2020)

Low Friction Oil 2.8
Tire Pressure Program 0.55
Tire Tread Program (roll resistance) 0.3
Solar Reflective Paint and Glazing 0.89

Source: Climate Change Scoping Plan Appendices, Volume II, California Air Resources Board, 2008

Tires

Maintaining appropriate tire pressure can increase fuel economy by as much as 2%, compared

to improperly inflated tires, by decreasing rolling resistance (Pearce and Hanlon, 2007). Using

a four-tire model that considered the pressure of all four tires, rather than only one, Pearce and

Hanlon (2007) found that 12% of the vehicles in their sample had improper tire pressure and gained

between 0.162 and 0.216 MPG for city driving (with slightly larger gains on the highway) when the

pressure was corrected. The Department of Transportation estimated that 26% - 29% of on-road

vehicles had improper tire pressure (25% below manufacturer’s recommended level) in at least one

tire (National Highway Traffic Safety Administration, 2001). This implies that a significant number

of vehicles may be able to make small marginal improvements in fuel economy at a very low cost

to consumers. While these marginal improvements may not be observable to individual drivers,

they aggregate to measurable savings. Combining proper tire pressure with advanced tire treads

can further reduce rolling resistance and increase fuel economy. DeCicco et al. (2001) estimate that

reducing rolling resistance by 20% would yield fuel economy gains of 3 – 4%.

California intends to implement a tire inflation program that would affect automotive sales
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and repair facilities: maintenance centers, dealerships, tire retail outlets, oil change garages and

smog-check locations (California Air Resources Board, 2008). Although a program of tire tread

standards has not yet been developed, the state has begun scoping and collecting data to support

subsequent phases of development.

Low friction oils

Low friction oils reduce fuel consumption by reducing the friction inside the engine, allowing it to

use less energy to propel the vehicle. While friction within the engine is not a primary determinant

of vehicle fuel economy, improving this factor, like improved rolling resistance, can lead to small

gains in fuel economy at relatively low cost. The ARB estimates that the use of low friction oils

could reduce fuel consumption by about 2% (California Air Resources Board, 2008). Depending

on engine type and vehicle use, fuel economy gains could be as high as 4% (Taylor and Coy, 2000).

A state program to increase the use of low friction engine oils could affect oil change and repair

service stations, as well as automobile and engine oil manufacturers once it is fully developed.

Solar reflective automobile paint and window glazing

Incorporating solar reflective automobile paint and window glazing into vehicle design can reduce

the interior heat that accumulates when vehicles are parked in the sun for long periods. Increased

cabin heat leads to increased use of air conditioning systems that reduce fuel economy and release

high global warming potential gases (such as sulfur-hexaflouride), which are not only thousands

of times more potent than CO2 , but also remain in the atmosphere hundreds of times as long

(Intergovernmental Panel on Climate Change, 2007). Since it is generally more effective to maintain

acceptable cabin temperature by preventing solar radiation to enter than by repeatedly ventilating

once it has, improving the reflective glazing on windows (and windshields) and automobile paint

can both reduce the energy drain of vehicle cooling systems and increase passenger comfort. With

improved reflective glazing on windshields and windows, fuel economy improvements of up to 3.4%

over current technology are possible (Farrington et al., 2000). These standards would impact

automobile manufacturers and producers and installers of auto glass and paint.
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2.3.4 Fuel price mechanisms: fuel taxes, carbon taxes, cap-and-trade

Although these policies appear in California’s policy section, fuel taxes have historically been im-

plemented at both the state and federal level. Fuel taxes have always been a means to finance

transportation infrastructure at both levels, rather than a mechanism to reduce greenhouse gas

emissions. However, in addition to funding infrastructure projects, fuel taxes have also led to

higher prices and lower fuel consumption (which has impacted greenhouse gas emissions). Al-

though California’s current strategy relies on other policies to reduce greenhouse gas emissions,

fuel price mechanisms could play an important role in a comprehensive strategy. Existing fuel

excise taxes could be increased in an effort to reduce VMT, although doing so would be politi-

cally challenging. The state’s proposed cap-and-trade program, or a comparable carbon tax, that

included transportation fuels could also serve a similar function, but perhaps be more politically

feasible.

Fuel taxes, carbon taxes, and cap-and-trade programs all reduce greenhouse gas emissions

through the same mechanism — increasing the cost of fuel, thus creating an incentive for motorists

to decrease their fuel consumption. While baseline fuel prices are primarily driven by the world

oil price and refining capacity, fuel taxes represent an additional cost to which drivers have grown

accustomed. The U.S. has a federal fuel excise tax, currently 18.4 cents per gallon for gasoline

(diesel is slightly higher at 24.4 cents per gallon), to which are added state excise and other taxes,

ranging from $0.08 in Alaska to over $0.50 in states like Connecticut, New York, and California 14.

Fuel taxes in the United States have historically been very low when compared to other Western

nations, particularly those in the EU; this discrepancy is even larger when purchasing power parity is

considered (Sterner, 2007). This relatively low cost of motor fuel has been a significant contributing

factor to growing US oil consumption that has not been witnessed to the same degree in countries

with higher fuel taxes.

However, motor fuel taxes have not been intended as a climate policy in the US, but rather as

a usage fee to pay for infrastructure development and maintenance. In recent years, a reluctance

14Although the California fuel excise tax is only $0.355/gallon, underground storage tank fees and state and local
sales taxes increase the effective tax paid by consumers at the pump. The state also raised the fuel excise tax only
recently, increasing it by $0.173/gallon in July 2010.
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to increase these taxes has diminished their usefulness in developing and maintaining infrastruc-

ture (Wachs, 2003). Despite being politically unpopular in the US, fuel taxes have proven to be a

powerful policy instrument in the EU that has shaped the efficiency of transportation energy con-

sumption, influenced travel behavior, and saved greenhouse gas emissions (Sterner, 2007). There is

a growing body of literature suggesting that fuel taxes could be used as a policy instrument to re-

duce fuel consumption and greenhouse gas emissions in the US as well. Sterner (2007) demonstrates

the effectiveness of a fuel tax in decreasing consumption by examining the resulting increase in con-

sumption if the fuel tax were reduced. That is, implementing current US fuel tax levels throughout

the OECD (a group of 34 developed nations including many of the world’s advanced countries as

well as emerging nations like Turkey and Mexico) annual fuel consumption would increase by 30%

(representing a nearly 30% increase in CO2 emissions from light-duty transportation).

Carbon taxes and cap-and-trade programs for transportation are essentially another form of

fuel tax. A carbon tax is a tax set through a legislature (either state or federal), that places a cost

on carbon emissions, likely dollars per metric ton. This tax could also apply to other greenhouse

gases (e.g., methane and nitrous oxide) and account for the global warming potential of each in

carbon equivalent units. In the case of transportation, the most logical place to impose a carbon

tax is “upstream” on fuel producers and importers and utilities, who would then pass it along to

consumers (McCarthy, 2009). This upstream monitoring point is preferable due to the relatively

small number of regulated parties that must be monitored (the same is true for cap-and-trade

regulation). However, an economy-wide carbon tax may have too small an effect on transportation

energy, since motor fuels have a lower carbon intensity than coal (for example). Even an economy-

wide carbon tax of $50 per ton, a higher tax than estimated in most studies or would be likely to

pass a legislative vote, would only increase gasoline costs by about $0.45 per gallon (Sperling and

Yeh, 2009). A carbon tax, like ordinary fuel taxes, has the advantage of being transparent and

certain and, like fuel taxes, may also be regressive and create concerns about equity. In addition

to reducing greenhouse gas emissions from transportation, tax revenue could be redistributed in a

way that attempts to alleviate equity concerns.

Another interesting policy instrument that uses a fuel pricing mechanism is a cap-and-trade
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program, implemented across all sectors of the economy, that would, like the carbon tax, include

motor fuels. The governing body (either at the national level, or by a state or regional entity, like

the Western Climate Initiative) establishes an annual metric ton limit on total emissions from all

included sources, an emissions “cap”. This cap will decrease over time, based on a schedule that

should be defined in advance (Ellerman et al., 2006), identify the point at which emissions will be

regulated, and allocate (or auction) emissions permits equal to the cap. After the emissions permits

are allocated, the regulator must facilitate trades among regulated parties (the “trade” portion of

the policy instrument). To the extent that transportation fuel providers must purchase emissions

permits to be allowed to emit carbon in order to meet demand, fuel costs will increase. However,

unlike the fuel tax and carbon tax policy instruments, under this market based approach permit

costs will vary over the course of a year creating fluctuations in fuel price that are not tied to the

world oil price or refining capacity. While the other two policy instruments create cost certainty, at

least with respect to the tax burden, they do not guarantee that an emissions target will be reached.

Establishing a hard cap on emissions guarantees that GHG emissions will be below target, but does

so at the cost of price variability. The ability of other sectors (most notably electricity) to reduce

GHG emissions inexpensively will have a strong influence on the price of carbon permits, and thus

prices at the pump. This additional price fluctuation and uncertainty will have impacts on travel

behavior that are difficult to estimate in advance.

Since there are many possible permutations of cap-and-trade programs or fuel and carbon taxes,

it is more logical to focus our discussion of behavioral response and GHG reductions on the effect

of fuel price increases — regardless of the driving force behind the rise. Understanding the impact

of a specific fuel price increase can allow decision-makers to then design a program to reach that

level of increase using their policy instrument of choice.

Behavioral effects

Determining how a fuel tax increase or carbon tax will affect fuel prices is clear, assuming that the

carbon content of the fuel remains relatively stable over time15. Fuel prices are still subject to the

15Simultaneously implemented policies at both the state and federal level that either encourage or mandate in-
creasingly high biofuel blends can change the carbon content of motor fuels and reduce the extent to which carbon
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fluctuations in world oil price and refinery interruptions that drive price variability now, but these

tax increases would be added to that baseline fuel price, the way that fuel excise taxes are now.

The impact that an economy-wide cap-and-trade program would have on fuel price is less clear —

and attempts to estimate this impact must make assumptions about the specification of the policy

(e.g., point of regulation, permit allocation mechanism, stringency of cap) as well as the behavior

of other sectors and the response of motorists to higher fuel prices.

There is some consensus in the literature that VMT in the short-run (less than one year)

is relatively inelastic with respect to fuel price in the United States (Greene, 1997). However,

even though VMT exhibits little short-term change, short-term fuel consumption exhibits a larger

decrease as a result of increased average fuel efficiency, as multiple-car households opt to use

their most fuel efficient vehicle. In addition to switching to more fuel efficient cars already owned

within the same household, research suggests that households also slightly reduce discretionary

travel. However, in most parts of the US, limited mass transit options leave commuters with few

alternatives to continued motor travel. Studies prior to the oil price increases of recent years have

found short-run fuel price elasticities between 1% and 3%. If the real price of fuel rises by 10%,

travel can be expected to decrease by about 1%, while fuel consumption decreases by about 2.5%

(Goodwin et al., 2004) within about a year. This is likely a reflection of individuals turning to

more efficient vehicles for discretionary travel. Long-run fuel consumption (in the 5-10 year range)

is likely to decrease by 6% for every 10% increase in fuel price (Goodwin et al., 2004), although

there are differences between urban and rural motorists. However, recent studies are starting to

suggest that the short-run price elasticity may have become even smaller in the last decade, between

0.3% and 0.7% (Hughes et al., 2008).

The individual behavioral response to fuel price increases can only be generalized at an aggregate

level, since this response depends upon income level, availability of alternative transit, existing

vehicle ownership, geographic region and other characteristics (Bento et al., 2005). Increased fuel

prices also influence car-buying decisions and more efficient vehicles enter the fleet. For every

dollar increase in fuel price, average fuel economy of new vehicles increases by a little over 1 MPG

prices affect motor fuel prices.

56



(Klier and Linn, 2008) and the fleet mix is likely to change as well, with the most efficient quartile

of new vehicles gaining 20% and the least efficient quartile losing 24% (Busse et al., 2009). Li

et al. (2008) find a similarly positive influence on fuel economy in both the short and long-run.

In the long-run, consistently high fuel prices will lead to more efficient vehicle purchases, but may

also influence decisions about acceptable commuting distances, raise mass transit ridership, and

influence development — though these effects are difficult to quantify.

Greenhouse gas implications

Unlike the other policies in this chapter, fuel price mechanisms have the potential to impact three

of the four factors in equation 2.2 — travel behavior (T), energy efficiency (E), and carbon intensity

(C) — by encouraging fuel efficiency, increasing the cost per mile of travel, and changing the relative

costs of alternative fuels. Greenhouse gas emissions are a direct result of fuel consumption, which

decreases as motorists opt for more efficient vehicles, decrease discretionary travel, or choose lower

carbon alternative fuels over more expensive gasoline and diesel.

Austin and Dinan (2005) estimate a long-run elasticity of demand for gasoline of -0.39. They

estimate that a 30 cent gas tax increase over 2004 fuel price levels (regardless of the policy in-

strument that creates it) could reduce fuel consumption by 10% over the course of 14 years, at

a public cost of between $6.3 billion and $12.3 billion (in 2005 dollars). This 10% reduction in

fuel consumption is approximately equivalent to a 10% reduction in CO2 emissions from light-duty

transportation, or between 42 billion and 68 billion gallons of fuel. This amount of fuel savings

results in cumulative CO2 emissions savings between 369 MMTCO2 and 600 MMTCO2 over that

period.

Kleit (2004), estimates that a fuel tax increase of $0.11 per gallon (over 1999 fuel prices, or

about $0.20 per gallon at $2.50 per gallon prices) could save approximately 5 billion gallons of

fuel, or approximately 45 MMTCO2 per year at a total public cost of about $465 million. He

argues that gasoline taxes are the most economically efficient way to reduce fuel consumption.

Bento et al. (2005), using a micro-level multi-market simulation approach, find that a $0.30 fuel

tax increase (from a baseline gross-of-tax price of approximately $1.45) leads to a 5% reduction in

57



fuel consumption and a $0.50 increase leads to reductions of over 8%. So increases in fuel price

are likely to lead to increased fuel economy of new vehicles entering the fleet, and reduced VMT

in the long-term, if not the short-term as well. For the last two decades, automakers have been

trading off improvements in fuel economy for increases in size, weight, and power (Knittel, 2009).

By making drivers more conscious of per-mile travel costs, a fuel price increase could improve the

average fuel economy of new vehicles even in the absence of fuel economy standards, similar to

what has occurred in the EU.

A fuel tax increase could also create incentives for drivers to switch to alternative fuels if the

tax is exclusively a “gas tax”. Similarly, a carbon tax or cap-and-trade program could reduce the

price of low carbon transportation fuels relative to gasoline and encourage drivers to either buy

alternatively fueled vehicles (AFV) or, for owners of flexible fuel vehicles, which can run on any

mixture of ethanol and gasoline up to 85% ethanol, opt to purchase E85 instead. In most cases, these

AFVs are only produced in small numbers (like Honda’s CNG-powered Civic), are burdened with

large incremental technology costs (like the emerging breeds of plug-in hybrid electric vehicles or

full electric vehicles), or face limited refueling infrastructure (like fuel-cell vehicles). Still, increasing

the per-mile travel cost for conventional fuels over a decade or more may be sufficient to push some

alternative transportation fuels into the mainstream and lower the carbon content averaged across

all transportation fuels. (In fact, California’s Low Carbon Fuel Standard attempts to accomplish

exactly this, though uses a slightly different mechanism.)

Implementation concerns

One important distinction to note in a carbon specific policy, whether tax or permit based, is that

carbon can be assessed either at the point where fuel is burned or through the entire life-cycle of

the fuel. Using a life-cycle perspective requires additional accounting on the part of regulators, and

increases the burden of monitoring transportation fuel providers to ensure that the fuels brought

to market use approved pathways (for production, distribution, etc). These estimates of carbon

intensity for fuel pathways are likely to be contentious, as providers petition for lower regulatory

estimates of carbon intensity for their fuel products. However, existing studies could be used
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as a foundation to develop initial estimates of carbon-intensity, and provide a roadmap to verify

additional pathways as needed. A regulatory agency would need to not only estimate the carbon

content of different fuel pathways, but periodically verify that those pathways are indeed the ones

being used (Gallagher et al., 2007). Regardless of whether a carbon specific policy assesses carbon

emissions across the full life-cycle or only the point of consumption, regulating fuel providers is

the more practical approach. Despite the challenges associated with assessing carbon emissions at

the provider level, regulating carbon at the end-user level is infeasible — where emissions sources

are individual vehicles that have inconsistent usage patterns and move easily between regulatory

jurisdictions (Ellerman et al., 2006).

Although the policy mechanism is the same for each of these three policies, they differ signifi-

cantly in the complexity of implementation. Increasing the fuel tax is relatively easy, transparent,

and inexpensive. The institutional capacity to administer and collect these taxes already exists

both nationally and at the state level and Boards of Equalization could just as easily collect larger

or smaller fuel taxes using existing capacities. The agency costs associated with administering a

carbon tax are uncertain, but are likely to be higher than merely raising the existing fuel tax. At

the very least, a carbon tax requires regulatory agencies to establish points of regulation, estimates

of carbon intensity for all fuels subject to the tax, and monitoring capacity to both verify payment

of carbon taxes and levy fines when appropriate. While it is possible that existing agencies and

institutions could be adapted to fulfill these obligations, cap-and-trade programs may necessitate

the creation of entirely new administrative structures (McCarthy, 2009).

A cap-and-trade program for fuels creates yet another layer of administrative responsibility. In

addition to estimating and verifying the fuel pathways, monitoring the appropriate entities to verify

that all emissions are permitted, and assessing penalties on occasion, the regulatory agency must

also monitor and administer a market for permits. For example, California’s proposed cap-and-trade

program will create the Market Tracking System (MTS) to support the program implementation

and ensure the proper functioning of a market for emissions permits (California Air Resources

Board, 2010b). Similarly, existing agencies will need to establish new programs to distribute the

revenue generated during permit auctions. In its cost estimate of the American Clean Energy and
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Security Act of 2009, the Congressional Budget Office estimated that the administrative costs of the

bill’s national cap-and-trade program would be approximately $7.9 billion between over the next

decade (Congressional Budget Office, 2009). A cap-and-trade program is the most administratively

burdensome of the three mechanisms to increase fuel price, and likely the most expensive.

Politicians have been reluctant to propose additional fuel taxes in the U.S., particularly during

challenging economic times (Wachs, 2003). However, there is evidence that increasing fuel taxes

for environmental reasons is not unpopular, particularly in California (Dill and Weinstein, 2007).

By comparison, carbon taxes and cap-and-trade programs, which would span multiple sectors (but

include transportation), have faced fierce political opposition from business groups and the energy

industry.

Finally, until individuals have an opportunity to adapt to the new tax structure (either by

finding alternative transportation, buying a more efficient vehicle, etc) households will pay more to

travel. While this is an objective of these policies, and the means by which they induce emissions

reductions, some households will be impacted more than others. Distributional impacts can be

alleviated by redistributing fuel tax (or carbon tax or auctioned permit) revenue to offset the travel

cost increase among lower income households.

2.4 Policy interactions and conclusions

These strategies act by addressing different (sometimes multiple) components of the framework

described in Equation 2.1. However, not all of these effects act to reduce greenhouse gas emissions.

For example, fuel economy policies, which improve the energy efficiency of the vehicle fleet also

encourage additional driving by reducing per-mile travel costs. While the increase in efficiency

reduces greenhouse gas emissions, the increased travel counteracts some of this gain by increasing

emissions. Table A.1 illustrates this concept and provides a useful summary of policy impacts.

Since the policy objective is to reduce greenhouse gas emissions, each factor is associated with a

direction. In order to reduce greenhouse gases, we would want to reduce the vehicle population (a

“minus” sign indicates a decrease in a particular factor); reduce the vehicle miles traveled; increase

vehicle efficiency (a “plus” sign indicates an increase in a particular factor); and reduce average
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carbon intensity. The only column where “plus” signs indicate GHG reductions is efficiency (E).

Table 2.7: Summary of policy effects on GHG emissions components

Policy Transportation CO2 Factor

Vehicle Population (P) VMT (T) Efficiency (E) Carbon Intensity (C)

Fuel Price mechanisms - + a

Fuel Economy
and - + +
GHG Standards

RFS2 - -

Pavley Standards + +

LCFS - -

Efficiency Measures + +

a - A carbon policy, like cap-and-trade, that incorporates all transportation fuels could create an incentive for consumers to
switch to less intensive fuels (like CNG or electricity), lowering the average carbon intensity of transportation fuels.

Table A.1 suggests that these policies should not be implemented independently, and that some

combinations may be more effective than implementing any one individually. However, it may also

be the case that simultaneous implementation of some policies may have counter-active effects on

the mechanisms that lead to GHG reductions. Or, for policies that lead to comparable levels of

GHG reductions, one may be more cost effective than another — or less politically popular.

Fuel economy standards and fuel price mechanisms can work in tandem to achieve greater effects

than either might individually. Economists have argued that fuel economy standards are an inef-

ficient way to reduce fuel consumption, and that similar gains may be made by using comparably

small increases in fuel taxes (Austin and Dinan, 2005; Kleit, 2004; Portney et al., 2003). However,

given their political unpopularity, it may be difficult for policymakers to enact sufficiently high tax

increases to achieve comparable fuel savings. Similarly, even though fuel economy standards will

force manufacturers to increase fuel economy across their entire slate of vehicle offerings (particu-

larly the new attribute-based standards), a very low fuel price could still drive more consumers to

purchase larger, less efficient, vehicles. While these vehicles (most likely trucks and SUVs) would be

more efficient than comparable models before the fuel economy standards took effect, they would

be less efficient than the passenger cars they supplant16. By increasing fuel price (either through a

16A feebate program could also be used to address low demand for the most efficient passenger vehicles.
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carbon fee, cap-and-trade program, or fuel tax increase), policymakers create an incentive for con-

sumers to choose more efficient vehicles — even within a fleet whose overall efficiency is increasing.

A small fuel price increase could also be used to discourage the additional travel that would occur

as a result of the rebound effect for more efficient vehicles.

Since no single policy performs identically well under all conditions — sensitivities to gas prices,

external economic conditions, or political perceptions can reduce effectiveness — combinations of

these policies are often able to address the weaknesses of one component with the strengths of

another17. Table A.3 illustrates the potential synergies from simultaneous implementation of federal

programs and California’s policies (at only the state level), considering all pairwise comparisons

in a matrix and labeling each pair as either complements (c) or substitutes (s). In some cases,

policies are neither complements nor substitutes, but actively work against each other. For these

policy combinations we use >< to represent pairs that neutralize each other (rather than merely

diminishing the individual impact as simultaneously implemented substitutes do). The interaction

of California’s policies with policies implemented at the national level is nuanced — in most cases,

the type of interaction effects depend upon the design and implementation of the policy at the

federal level.

Table 2.8: California – federal policy interactions
Pavley Standards LCFS Efficiency

Fuel Price mechanisms s c c

Fuel Economy
and s c c
GHG Standards

RFS2 >< s c

The state’s efficiency program, while producing only small emissions reductions, complements

the other policies in every case. Regardless of policies at the federal level, improving the efficiency

of the state’s existing vehicle population leads to additional emissions savings. The similarities

between the federal fuel economy/GHG standards program and California’s greenhouse gas stan-

dards reduce the emissions benefits of state-level standards, since most (or all) of the emissions

17Appendix A contains a discussion of additional policies that could be used to complement or substitute many of
the policies discussed in this chapter.
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savings will occur even without the state’s standards. The LCFS and RFS2 result in some of the

same compliance actions — notably increases in advanced ethanol consumption, the largest mag-

nitude impact of both policies — but RFS2 ignores the potential of low-carbon fossil fuels (such as

electricity and natural gas).

Between 2010 and 2020, many of these policies will be in place regardless of their estimated effec-

tiveness. For example, the RFS2, despite slow progress on the mass commercialization of advanced

biofuels, will be in operation. The new national fuel economy program has been implemented but,

like its CAFE predecessor, may see fuel economy increases frozen after 2016. In that case, the ad-

dition of other policies may be able to reduce GHG emissions in concert with a stalled national fuel

economy program. Given the implementation concerns associated with each policy, an organized

portfolio approach that relies on multiple, complementary policies seems likely to fare better than

any single policy and would be more robust to uncontrollable circumstances. This research explores

and evaluates the effectiveness of nearly two dozen different portfolios, representing combinations

of actions at the state and federal level intended to affect each of the four factors that lead to GHG

emissions from passenger travel.
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Chapter 3

Modeling the greenhouse gas impact
of light-duty vehicle policies

3.1 Introduction

Reducing GHG emissions in the California transportation sector has objectives affecting both trans-

portation policy and energy consumption. This chapter motivates the development of a new sim-

ulation model for transportation policy analysis and outlines the assumptions and important re-

lationships contained within the CAlifornia Light-Duty Greenhouse gas EMissions, CALD-GEM.

What follows is a description of important factors that drive modeling outcomes, the modular struc-

ture of the CALD-GEM model, the process of each model run, and the justification for necessary

simplifications.

3.2 Limitations in existing tools motivated development of a new
transportation policy model for California

The goal of several of California’s transport policies is to reduce CO2 emissions and, unlike con-

ventional pollutants, CO2 emissions from transportation are directly tied to energy consumption.

Since the light-duty vehicle (LDV) fleet is the subsector of transportation most heavily targeted for

reductions by AB 32, we examine how California’s policies impact the composition and use of the

vehicle fleet. California’s policies attempt to affect emissions reductions by increasing the efficiency

of the LDV fleet (Pavley I and II) and reducing the life-cycle carbon intensity of transportation

fuels (LCFS). It is critical that the quantitative tools used in the analysis of these policies support
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the dynamic interaction of the policies and the elements of the transportation sector affected by

them.

Given the complexity of the relationships involved, and the sensitivity of these relationships

to uncertainties beyond the state’s control, a computational model of policy implementation and

compliance under multiple forecasts, rather than a highly-detailed calculator, is more appropriate.

The model that was used to support the development of the ARB Scoping Plan for AB 32 (primarily

to analyze the impact of the Pavley Standards), the California Air Resources Board’s California

Mobile Source Emission Inventory and Emission Factors (EMFAC 2007), was initially developed

to estimate air basin and county-level impacts of criteria pollutant emissions from on-road vehicles

(California Air Resources Board, 2009a). The EMFAC2007 model has multiple resolutions; one

may calculate criteria pollutant emissions for an individual county, a group of counties, an Air

Basin, or the entire state. While this model was used to justify the implementation of California’s

GHG standards for new vehicles (the Pavley Standards), it is not a policy model. Rather than

build a vehicle fleet based on a set of exogenous conditions and a specified policy environment, the

characteristics of the vehicle fleet (criteria pollutant emission technologies, number of registered

vehicles in each vehicle class and technology class for each vintage) are inputs to the model (User’s

Guide). Any policy that attempts to induce GHG reductions through changes in the fleet should be

analyzed using a model that uses the policy input to dynamically construct the fleet, rather than

treating the fleet as an input. Similarly, the vehicle miles traveled, while based on high quality data

from the state’s Smog Check program, does not dynamically respond to changes in prices, economic

conditions, or changes in the fuel economy of the vehicle fleet. Despite its value as a calculator

of criteria pollutant emissions (the travel module calculates criteria pollutant emissions based on

varying vehicle speeds, cold starts, and the average number of trips per day), these limitations

make EMFAC2007 an inappropriate tool for policy analysis.

The impacts of the Low Carbon Fuel Standard were estimated using a similarly inappropriate

framework. Rather than model the effects of the regulations on the regulated parties, estimating

the cost and emissions impacts of changing behavior at the level of individual fuel providers (or

even the industry in aggregate), the state created compliance scenarios that represent combinations
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of transportation fuels consumption in quantities that would achieve regulatory compliance. An

explicit model that illustrates the mechanism by which the standards themselves force these different

scenarios to occur did not exist. The state’s reliance on forecasted biofuel supplies and prices to

inform estimates, ignores the uncertainty about the pace of development for domestic advanced

biofuel capacity and obscures industry compliance strategies in cases where the standard is binding.

This study develops a simulation model of policy implementation, the CALD-GEM model, that

captures the important interactions between regulations and regulated parties, the impact of un-

certainties on the effectiveness of state-level actions, and that facilitates a comparative analysis of

transportation policies across a large ensemble of implementation scenarios (rather than a single

one) in an exploratory setting. These computational experiments are used to understand the dy-

namics of light-duty passenger travel in the context of a changing environment in which California’s

policies, and others, are implemented. By explicitly addressing the uncertainties associated with

both future conditions and responses to the policy environment, it is possible to estimate the im-

pact of these policies under conditions not represented by that state’s limited set of forecasts. By

identifying critical assumptions and determining how they impact greenhouse gas emissions savings

from passenger travel, it is possible to craft responses to challenging conditions when they appear.

However, if all analyses use only a single forecast of future conditions, it is impossible to know how

policies will work when those assumptions are violated.

The CALD-GEM model uses a low resolution representation of passenger travel in California —

it models classes of vehicles, rather than individual vehicles, and considers passenger travel at the

state-level, rather than distinguishing between travel behavior by county or city. The simulation

model provides flexibility that is largely absent from a model like EMFAC2007, the California

Mobile Source Emission Inventory and Emission Factors model (primarily used to estimate the

effects of criteria pollutant emissions on Air Basin air quality). EMFAC2007 lacks an explicit

policy module — the vehicle population is an input to the model, rather than something calculated

in each simulation based on state policies — and is thus ill-equipped to estimate the impact of

the policies in AB 32. While the CALD-GEM model lacks the spatial resolution necessary to

estimate criteria pollution impacts, it provides more accurate and flexible estimates of statewide
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fuel consumption and vehicle populations relative to explicitly defined policy actions. The model

plays a central role in this analysis and supports policy evaluation over large scenario ensembles,

using techniques that have only recently been applied to energy problems (Toman et al., 2008;

Popper et al., 2009), and never before to the evaluation of transportation policies.

3.3 The CALD-GEM model - overview

The CALD-GEM model uses an aggregated version of Equation 2.1 to calculate the GHG emissions

of California passenger transportation each year from 2010 to 2020. In Equation 3.1 below, c indexes

eighteen classes of light-duty vehicles in the population, v indexes the vehicle vintage (from 1 to

32), Pc,v is the number of vehicles in class c for vintage v, f indexes five transportation fuels,

E represents the fuel economy (gallons per mile for liquid fuel vehicles, kwh per mile for electric

vehicles, and gallons gasoline equivalent per mile for CNG1) of each vehicle class for a given fuel,

VMT is vehicle miles traveled by each vehicle on each fuel, and Cf represents the CO2 resulting

from combustion of fuel f ,

CO2 =

32∑
v=1

18∑
c=1

5∑
f=1

Pv,c · Ev,c,f · VMTv,c,f · Cj (3.1)

California intends to reduce emissions by increasing the efficiency of the vehicle fleet and re-

ducing the carbon content of its fuels but these changes will take place in the context of a dynamic

system that relies on the actions of vehicle manufacturers, purchasers of new cars and trucks, fuel

providers, and motorists operating new and existing vehicles, to introduce changes to the compo-

sition and utilization of the vehicle fleet. Some of these decisions are longer-term decisions, such

as vehicle manufacturers’ decisions about which technology paths to pursue in order to maximize

long-term profits and meet new policy constraints throughout the decade. Behaviors like new vehi-

cle purchases, fuel choice (for multiple-fuel vehicles), and vehicle miles traveled are modeled on an

annual basis. This model captures the complex interactions of these behaviors by using a two-tiered

1A gallon of gasoline is assumed to equal 121.5 cubic feet of compressed natural gas, consistent with U.S. Depart-
ment of Energy assumptions.
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interaction structure that simulates GHG emissions from light-duty passenger travel annually and

tracks these changes over time.

Figure 3.1 provides a conceptual overview of the model and illustrates the high-level interactions

that define its structure. Each node represents a module of relationships between key variables,

policies, and data. Initially, California sets a policy context which determines compliance burdens

for automakers and fuel providers (if any), the existence of vehicle efficiency programs, and any

additional policies considered in the analysis2. Then vehicle manufacturers respond to this policy

environment by choosing long-term technology and vehicle production paths that will enable them

to meet emissions targets while maximizing profits — based on assumptions about future economic

conditions and consumer demand. These paths, which take years to develop and implement, are

assumed to be static over the course of the simulation. The manufacturers’ response results in a

set of vehicle offerings, represented by the technology response module, and are generated using an

external model developed by the United States Department of Transportation (discussed below).

An economic context is specified as an input to the Macroeconomic module. The simulation

takes a set of economic and demographic conditions describing, for example, a weak economy or

a period of rapidly growing prosperity. It is in this economic environment that manufacturers

and consumers interact, in the Consumer response and Short-term producer response modules, to

determine the number and types of new vehicle sales in the state. California consumers respond

by purchasing more or fewer vehicles than anticipated, or purchasing a different mix of vehicles

(e.g., favoring smaller cars over large trucks) than anticipated in product plans. Vehicle producers

respond simultaneously in each year of the simulation by “mix-shifting”, modifying the mix of

vehicles sold to ensure compliance with GHG standards. In the LDV Population module, these

newly purchased vehicles enter the California vehicle population and older vehicles are scrapped,

exiting the vehicle population. A VMT module determines the total miles driven by all light-duty

vehicles in the state, and distributes them among the vehicle fleet based on vehicle age and fuel

efficiency. These vehicles travel the miles determined by the VMT module, with dual fuel vehicles

2In order to determine the effects of California’s policies, they are implemented both independently and as a suite.
The model is described in the context of California’s plan for clarity, but it is a simplification of the actual policy
space.
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Figure 3.1: Modular structure of the transportation policy model.

like Flex-fuel vehicles choosing the fuel that allows drivers to travel these miles at the lowest cost.

The Fuels Consumption module calculates the fuel consumption resulting from passenger travel,

then passes the consumption figures to a GHG emissions module which converts fuels consumption

into GHG emissions for the year and tracks changes over time.

The model operates over an 11-year time horizon, with 2010 being “year 1”. Within each year,

the actors described above dynamically respond to economic conditions and policies. Figure 3.2

illustrates the basic simulation flow for a single year. The initial gasoline price is based on the

World Oil Price, fuel taxes, and the estimated average cost of the ethanol blended into fuel as an
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Figure 3.2: Basic process of each simulation run.

oxygenate. The gas price influences California consumers, who decide which mix of vehicles to buy.

The GHG standards (for vehicles) in place will have already influenced the fleet of vehicles that

industry produces for sale in a given year, so consumers choose among these vehicles to satisfy a

preference for fuel economy (in the context of implicit preferences for other vehicle characteristics).

These new vehicles enter the fleet, as current vehicles are scrapped at rates that vary by age. This

new fleet travels an aggregate number of miles based on the relationship between fleet fuel economy

and fuel prices. The fleet of vehicles consumes multiple fuels (gasoline, E85, electricity, natural

gas, and diesel), but the primary driver of the simulation is gasoline consumption. After gasoline
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is consumed, the model checks to see if blending the lowest cost ethanol3 complies with the LCFS.

If so, then the true average ethanol price is calculated, the gasoline price re-calculated, and the

simulation run again. If fuel providers (in aggregate) do not meet the LCFS standard by blending

the cheapest mix of ethanol that meets demand, then the model “backfills” lower carbon ethanol,

displacing higher carbon ethanols in the process. Once compliance is achieved, the average ethanol

price is calculated, the gasoline price recalculated, and the model runs again. When it reaches an

equilibrium, where gasoline price changes very little between iterations ($0.05/gallon or less), it

moves on to the next year in the simulation and repeats this process.

The following sections describe the assumptions and mechanics of these calculations in detail

and provide a higher resolution look at the individual modules that interact within the CALD-

GEM architecture.

3.4 The vehicle population module

In this module, new vehicles are purchased in California and added to the existing fleet in each year;

older vehicles are retired. In each year of the simulation, the passenger vehicle fleet is comprised of

the combination of newly purchased vehicles and those remaining after scrappage from the previous

year. We begin the description of this module with a characterization of the existing California

vehicle population at the start of the simulation in (January) 2010, then describe the process by

which new vehicles enter the fleet and older vehicles retire.

3.4.1 Characteristics of the baseline vehicle fleet

The composition of the vehicle fleet is influenced by policy, but with a current fleet of over 30 million

registered light-duty vehicles, that influence is only part of the story. While the characteristics of

new vehicles entering the fleet are important, the characteristics of the existing fleet are perhaps

more so, since they make a larger contribution to overall fuel consumption — particularly in the

3Ethanol is blended as an oxygenate at the specified “blend wall”, which specifies the maximum amount of ethanol
that can safely be blended into gasoline as an oxygenate and used in conventional vehicles without affecting operability
or durability. The model allows for the possibility of an increase in the blend wall — to 15% ethanol —- at some
point during the decade.
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early years of the next decade. For calculating greenhouse gas emissions, the most important

characteristic of both new and older vehicles is fuel economy. Naturally, fuel economy varies by

vehicle make, model and year. However, light-duty vehicles can remain registered for decades, so

tracking each individual vehicle registered in California by vintage, make and model would require

significant computational power and data that was beyond the resources of this project. The

existing vehicle fleet is modeled at a level of aggregation sufficient to measure both the influence of

policy and emissions of greenhouse gases over the next decade.

Rather than track the California LDV population at the make/model/vintage level, the CALD-

GEM model aggregates these models up to the “class” level. The model uses the same class

definitions as the California Energy Commission — the source of most of the vehicle population

data — and these classes are described in Table 3.1.

The population base year is 2009, and the model accounts for the 18 classes in Table 3.1 by

vintage from 1978 – 2009. Data from the EPA vehicle testing database4 was used to associate

fuel economy data with each class-vintage. The EPA testing data estimates both the fuel economy

under lab conditions (for both city and highway travel) and the likely on-road fuel economy for

each model in each year of testing. For the years 1978 – 2003, vehicles are placed into each of

the eighteen classes in Table 3.1 and then averaged to arrive at a fuel economy estimate for the

vehicle class. Since a simple average favors companies that produce more models, regardless of

sales volume, the baseline fleet uses a weighted average where each manufacturer’s percentage of

national sales (in that year) is a normalized weight within each class. For the years 2004 – 2009,

each manufacturer’s annual percentage of sales in California is the basis for a normalized weight

within each class. This means that the model contains representative vehicles, with estimated lab

and on-road fuel economy5 for each class in each year from 1978 – 2009.

The CALD-GEM model also distinguishes among several advanced and alternative fuel tech-

nologies within the California vehicle population. These are listed in Table 3.2. Incorporating the

vehicle technologies in the table provides an initial vehicle fleet with 18 distinct classes for each of

4

5On-road fuel economy is assumed to be a weighted average of highway and city MPG: 0.55× city + 0.45× highway.
The US EPA makes the same assumption in its annual Fuel Economy Database.
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Table 3.1: CALD-GEM model class definitions

Car Classes

Class ID Class Definitiona Examples

1 Subcompact less than 89 ft3 Hyundai Accent
2 Compact 89 - 95 ft3 Ford Focus
3 Midsize 95 - 105 ft3 Honda Accord
4 Large Car 105+ ft3 Buick LeSabre
5 Sport 2-door, Wt/HP ratio < 18 Ford Mustang
6 Cross Utility (small) wagons, IV < 95 ft3 Chrysler PT Cruiser
18 Neighborhood Electric top speed 25mph Club Car

Light Truck Classes

Class ID Class Definitionb Examples

7 Cross Utility (small) unibody SUV < 6000 lbs, < 140 ft3 Toyota Rav4
8 Cross Utility (midsize) unibody SUV < 6000 lbs > 140 ft3 Honda Pilot
9 Sports Utility (compact) SUV body < 6000 lbs, < 140 ft3 Chevy Blazer
10 Sports Utility (midsize) SUV body < 6000 lbs, 140 - 180 ft3 GMC Envoy
11 Sports Utility (large) SUV body 6001 - 8500 lbs, > 180 ft3 Chevy Tahoe
12 Sports Utility (heavy) SUV body 8501-10000 lbs, > 180 ft3 Ford Excursion
13 Minivan van body < 6000 lbs, < 180 ft3 Dodge Caravan
14 Van (standard) van body > 180 ft3 Ford Econoline
15 Pickup (compact) IWc < 4250 lbs Nissan Frontier
16 Pickup (standard) IWc > 4250 lbs Ford F150
17 Pickup (heavy) IWc > 4250 lbs, GVW > 8500 lbs Dodge D300

a - Defined by Interior Volume, in ft3.
b - Defined by Total Volume, in ft3.
c - Inertia Weight, which can be thought of as curb weight plus a few hundred pounds (Lazzari, 2006)

32 vintages and 7 technology groups, or 4,032 different types of vehicles6. Each technology faces

a different set of challenges to reach large-scale penetration, and some technologies were explicitly

excluded due to the unlikely prospect of overcoming these challenges in the next decade. In particu-

lar, hydrogen fuel cell vehicles were deemed unlikely to reach high production volumes, or refueling

infrastructure thresholds in the next decade. To the extent that these vehicles play a critical role

in greenhouse gas reductions in California, the CALD-GEM model will be biased.

6Due to technology development rates, not all technologies have been available in all years or for all classes. In
particular, plug-in hybrid and full electric vehicles will become available in 2011 but are not represented in the baseline
fleet.
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Table 3.2: Technology groups within the CALD-GEM model
Technology Fuel 2009 LD Population

Conventional ICE Gasoline 26,835,100
Hybrid Electric Vechicle (HEV) Gasoline 378,600
Flex Fuel Vehicle (FFV) Gasoline, E85 328,620
Plug-In Hybrid Electric Vehicle (PHEV) Gasoline, Electricity 0
Battery Electric Vehicle (FEV) Electricity 12,263
Diesel Ultra Low Sulfur Diesel 289,392
Compressed Natural Gas (CNG) Natural Gas 18,753

3.4.2 Existing vehicles are retired

As the simulation moves through the time period from 2010 – 2020, vehicles age and are retired

in each class. In actuality, vehicle retirement rates are affected by economic circumstances (Bento

et al., 2005), but the CALD-GEM model makes a simplifying assumption that vehicles are retired

at constant rates independent of economic conditions, new vehicle sales growth rates, or technology

application. Using the survivability estimates for passenger vehicles and light trucks developed

by the National Highway Traffic Safety Administration (Lu, 2006), the number of vehicles in each

class (for a given technology) decreases by the factor (dt − dt−1), where dt is the probability of a

given vehicle surviving to that vintage. Each new vehicle that enters the fleet ages and is retired

(or scrapped) in this way.

3.4.3 New vehicles enter the population

Historical vehicle sales have been very responsive to macroeconomic factors, rather than wholesale

changes in the slate of vehicle offerings, as noted by Abeles et al. (2004). In California, as the

population has increased, the number of new vehicles sold annually has typically increased as well

— except in periods of national economic shifts. Other models have assumed that changes in

vehicle prices strongly impact the level of sales (Goldberg, 1998; Austin and Dinan, 2005), however

in two recent instances of large scale policy change this has not occurred. Average vehicle prices

increased when technology was added to address crankcase emissions in the 1960’s and then again
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when the federal CAFE program was active7 in the late 1970’s and early 1980’s. While one might

expect vehicle sales to decline in response to these price increases, sales were unaffected. In fact,

the only large sales fluctuations in the last 35 years have occurred in response to macroeconomic

shocks. Temporary dips in new vehicle sales have corresponded to recessions and periods of general

economic instability. Given this relationship, further supported by Burke et al. (2004), we model

annual California new vehicle sales as a function of macroeconomic factors.

The equation that determines new vehicle sales plays an important role in the CALD-GEM

model. One of the primary ways that California expects to reduce GHG emissions is by improving

the fuel economy of the state’s vehicle population. Since only new vehicles are affected by the

emissions standards, correctly forecasting the pace at which these new vehicles enter the fleet will

have an impact on statewide fuel consumption and, consequently, GHG emissions. The model

described below builds on the influential economic factors described in Burke et al. (2004) for

national vehicle sales, with a more explicit structure and a focus on California vehicle sales. While

the empirical model suggests the existence of causal relationships between some key economic

drivers and total new vehicle sales, consistent with the findings of Burke et al. (2004), it is the

ability to accurately forecast future vehicle sales under a set of given economic conditions that is

most relevant to the CALD-GEM model. For its application in the CALD-GEM model, it is not

critical that the estimate support the investigation of causal relationships that might be done in

an economic or econometric study, only that model be sufficiently predictive of total sales under a

given set of economic conditions.

Using historical data from 1975 – 20098, we estimated several model specifications. Figure

3.3 shows the historical sales data and the predicted values from the final specification of the

empirical model. As with any time series, one must account for the presence of non-stationarity

in the raw data, where observations (in this case annual sales) are correlated over time, making

the variance change over time. Non-stationarity would invalidate the assumption that the model’s

residuals are independent and identically distributed (i.i.d.), and would affect the interpretation of

7Although the federal CAFE program has been “active” since its inception in the 1970’s, CAFE standards remained
frozen, rather than increasing in stringency, for two decades.

8Economic data is from the California Department of Finance and historical fuel price data is from the Energy
Information Administration.
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Figure 3.3: Estimating the total number of new passenger vehicle sales in California

coefficients and standard errors. The two most common causes of non-stationarity in time series

data are seasonality (or periodic behavior) and time trends. Although seasonality is not a concern

with annual sales data (unlike quarterly vehicles sales data, which does exhibit seasonality), it is

possible that a linear trend must be addressed in the model specification. By plotting the partial

autocorrelations of lagged dependent variables (annual vehicle sales), we can determine whether

the process is stationary. Figure 3.4 illustrates the autocorrelation function of lagged variables (the

first is equal to one since the time series observations are perfectly correlated with themselves). The

second variable, a one-year time lag, is a measure of correlation with the observations of the previous

year. The third variable, a two-year time lag, is a measure of correlation between observations two

years apart, and so on. We see that no lagged dependent variable has an autocorrelation greater

than 0.3. We conclude from this that a linear model can be fit with the assumption that residuals

are i.i.d. with a mean of zero.
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Figure 3.4: The autocorrelation function tests the degree of stationarity in the time series

The model coefficients are estimated using ordinary least squares (OLS) and a natural log

transformation of the dependent variable (as well as income and California real GDP) to account

for large discrepancies in the magnitudes of independent variables and the dependent variable.

Burke et al. (2004) finds that GDP per capita growth rate and changes in disposable income have

the largest contributions to the total volume of new vehicle sales. The regression model described

here uses GDP, income, and other macroeconomic variables that describe the overall health of

California’s economy to estimate total new passenger vehicle sales in each year of the simulation.

Let Qt denote the number of new passenger vehicles, of all classes and fuel economy technologies,

sold in California in year t. The final specification is:

ln (Qt) = β0 + β1 ln (CA GDP) + β2 CPI change +

β3 CPI change · ln (income) + β4 ln (income) + β5 ln (CA UE rate) + εt

(3.2)
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Table 3.3: Model coefficients for total passenger vehicle sales

F-statistic: 63.02 on 5 and 29 DF, p-value: 1.09e-14, Adjusted R2: 0.9012

Coefficients:
Estimate Std. Error t value Pr(> |t|) Significance

(Intercept) 25.0051 3.16419 7.903 1.03e-08 ***
ln (GDP) 1.20906 0.39828 3.036 0.00503 **
CPI change -3.60799 0.80750 -4.4478 0.000111 ***
CPI change · income 0.35349 0.8028 4.403 0.000133 ***
ln(income) -2.65268 0.71883 -3.690 0.000921 ***
CA UE rate -0.06896 0.02047 -3.368 0.002153 **

Significance codes: ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, ‘.’ 0.1, ‘ ’ 1

The regression coefficients in Table 3.3 provide some insight into the factors associated with

periods of slow sales growth and declines in overall sales. We find that the state of the overall

economy is strongly correlated with variation in sales, independent of the prices or attributes of

the vehicles offered for sale by the auto industry. In particular, we see that increases in GDP are

associated with increased vehicle sales, as one would expect. Some of this increase in sales is a proxy

for population growth (which was included in early model specifications but not the final), as both

generally increased over the period that spans the data used to estimate the model. Ultimately,

both the number of residents living in California, and their ability to afford new vehicles matter.

As Figure 3.3 illustrates, 1985 and 2009 had similar numbers of new passenger vehicle sales, despite

a population increase of over 12 million people during that period. Similarly, the model suggests

that vehicle sales decrease during periods of high inflation and periods of high unemployment

(measured by increases in CPI and the California unemployment rate). The coefficient of income

has the opposite sign one would expect to see, but this is largely due to strong multi-collinearity

with the composite variable CPI change·ln(income). This multi-collinearity distorts the estimates

of the model coefficients, making their interpretation less clear. If the empirical model in Equation

3.2 were being used to explain the causal relationships between economic variables and vehicle sales,

the multi-collinearity would be cause for concern. However, the inclusion of both variables improved

the predictive power of the model, an important feature for its use in the CALD-GEM model, so

both variables were kept in the final specification. Although the coefficients on the variables suggest
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degrees of influence, the model merely represents correlations between these factors and aggregate

vehicle sales. They should not be interpreted to cause these levels of sales.

3.4.4 New alternatively fueled vehicles

Due to a lack of historical data, driven by both California’s stringent emissions standards (which

served to exclude German diesel vehicles from new sales in California) and limited vehicle offerings

for new technologies, empirically estimating market shares for these vehicles is not possible9. For

some of the technology classes, like full electric vehicles (FEVs) and plug-in hybrid electric vehicles

(PHEVs), there are currently no large production volume models for sale in the U.S. (although

General Motors’ PHEV Volt and Nissan’s FEV Leaf are expected have models for sale in 2011).

The market shares of these emerging vehicles, PHEVt and FEVt, are treated exogenously, assuming

an annual share of the new vehicle market and allocating those vehicles across classes.

Although so-called “clean diesels” have emerged in recent years, and the number of models has

increased annually for several years, historical diesel sales have been driven by medium-duty truck

applications for construction or small businesses. Clean diesels may be a promising technology for

consumers who value fuel economy, but would prefer not to sacrifice performance or size (Keefe

et al., 2008). Since diesel passenger car sales (particularly in California) are such a nascent market,

the annual number of diesel vehicles is also added exogenously by assumption. Once the annual

number is determined, the vehicles are apportioned to classes based on the number of models

available in each class through a normalized weighting scheme.

The model assumes that compressed natural gas (CNG) vehicles, which are not currently pro-

duced in large volumes, and only a single model (the Honda Civic GX CNG), will be phased out.

In 2008, there were nearly 250 stations selling CNG to the approximately 22,000 natural gas ve-

hicles registered in the state (both passenger vehicles and larger modes of commercial and public

transport that rely on either compressed or liquified natural gas). Natural gas consumption for

transportation in 2007 was 9.9 billion cubic feet (bcf) and utilities expect consumption to double

by 2015 (California Gas and Electric Utilities, 2008). Conventional gasoline and diesel vehicles can

9In the case of hybrid electric vehicles, sufficient sales data existed to model the market share of all hybrids, but
not individual vehicle classes. This model is described in detail in this section.

79



be retrofitted to operate on CNG, though the cost of these conversion kits can vary between $2,000

and $12,000 depending on the retrofit company and the vehicle’s characteristics. This analysis as-

sumes no growth in passenger CNG vehicles over the study period, but continues to generate Low

Carbon Fuel Standard credits for the CNG passenger vehicles already registered in California, since

natural gas has a lower carbon intensity than the annual LCFS standard throughout the decade.

Many of the CNG passenger vehicles registered in California are fleet vehicles and may be phased

out in the future in favor of other alternatively fueled vehicles. To the extent that CNG passenger

vehicles reach mass market scale, the results of this model will be biased.

In the model, Flexible Fuel vehicles (FFVs) continue to be sold in California and enter the

vehicle fleet. However, there is little available data on which to base demand estimates for these

vehicles. Fortunately, the incremental technology cost associated with FFV technology is very small

(typically less than $200 (ffv, 2008)), so assuming historical growth rates is defensible. The per-

centage of gasoline vehicles equipped with FFV technology is specified exogenously, and attributed

to gasoline vehicles proportionally by class. The operators of these vehicles have the option to

purchase gasoline or E85, and base that decision on the relative energy equivalent prices of the two

fuels.

Finally, there is sufficient historical data and experience to estimate market share (defined as

percentage of total vehicle sales, Qt) for hybrid-electric vehicles (HEVs). Steady increases in HEV

model offerings and market share suggest a simple linear model to estimate HEV market share in

future years. The endogeneity of the number of models is one of the limitations of this integrated

modeling approach. The number of hybrids offered in any year is a function of the standards,

and the Volpe model responds to stricter standards (particularly in the later years) by generating

a number of new hybrids under certain assumptions about technology costs and effectiveness.

However, the CALD-GEM model has no explicit feedback loop between vehicle model sales and

manufacturer decisions - nor does the Volpe model currently have such a feedback loop. In this

way, the number of new hybrid sales doesn’t impact the number of new hybrid models offered for

sale in the CALD-GEM model; although, ideally, it should.

While the data does exhibit a linear time trend that violates the stationarity assumption, the
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Figure 3.5: Estimating hybrid electric vehicle market share in California

Source: HEV sales from the California Energy Commission.

time trend is sufficiently addressed through the number of vehicle models offered, which has in-

creased monotonically over time. Figure 3.5 illustrates this growth trend over time, using quarterly

data from Q2, 2004 to Q2, 2009. Similarly, Figure 3.5 appears to show seasonal variation in HEV

market share. However, the periodicity is almost entirely accounted for by fluctuations in gasoline

price (see Figure 3.7). A simple linear model of HEV market share with gasoline price and model

offerings is sufficient to estimate this series. Let Ht be the proportion of newly purchased vehicles

(Qt) that have hybrid drivetrains10. Then Ht is given by a linear regression model of fuel price and

number of models offered in each year,

Ht = β0 + β1 · gas price2t + β2 · num modelst + εt. (3.3)

Table 3.4 describes the model estimation, using quarterly data. We find that the coefficients

10This estimation only applies to HEVs that run on gasoline. In later years, industry is expected to offer diesel-
powered HEVs. The proportion of new diesel-powered HEVs entering the fleet is assumed to be equivalent to the
percentage of HEV models that are diesel-powered.
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of squared fuel price (included to improve the model’s fit and capture the degree to which HEV

sales are sensitive to fuel price) and the number of models offered are both greater than zero, and

statistically significant at .0001, though the intercept term is not significantly different from zero.

This is consistent with historical experience when, earlier in the decade, HEV market share in

California was essentially zero and only a few models were offered for sale. As one would expect,

the market share of HEVs in California increased with the number of new HEV offerings and, as

we saw during the gasoline price spikes of 2008, hybrid sales were both sensitive and closely tied to

gasoline price (see Figure 3.6).

Table 3.4: Simple linear regression model for HEV market share

64.29 on 2 and 17 DF, p-value: 1.182e-08, Adjusted R2: 0.8695

Coefficients:
Estimate Std. Error t value Pr(> |t|) Significance

(Intercept) -0.0039133 0.0037702 -1.038 0.313836
gas price2 0.0019169 0.0004538 4.224 0.000571 ***
hev models 0.0017555 0.0002760 6.360 7.11e-06 ***

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

After the share of total vehicles is determined, hybrids are allocated to classes in the same way

as new diesel vehicles — using a normalized weighting scheme based on the number of vehicles

offered in each class. We use these procedures to determine the number of alternatively fueled

vehicles that enter the fleet in each time period and subtract these from Qt. The conventional

vehicle class shares, estimated in Equations 3.6 and 3.7, are actually applied to this reduced total,

Q̃t described in Equation 3.4, where techt is the market share of each technology in year t,

Q̃t = Qt · (1− (PHEVt + FEVt +Dieselt)) (3.4)

3.4.5 Estimating market shares of conventional vehicle classes

Once we determine the total number of new conventional vehicles entering the fleet, Q̃t, the new

conventional vehicles must be separated into classes. Given the models’ aggregate treatment of
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the new vehicle market, and the state of California more generally, we need only consider how

these market shares will vary by class and technology. For new vehicles using technologies other

than conventional, gasoline-powered internal combustion engines, the market shares were specified

exogenously and apportioned to classes by weighting schemes (in the previous step). However, in

the case of conventional gasoline vehicles, sufficient experience and historical data exist to deter-

mine the percentage of all gasoline vehicles that each class is likely to have. It is necessary to

allocate appropriate portions of the total number of new conventional vehicles (Q̃t from Equation

3.4) to each of the different vehicle classes. This may may be framed as a compositional data prob-

lem, which is a class of problems concerned with allocating proportions of some whole (Aitchison,

1982). Aitchison (2003) lists a number of examples, across academic disciplines, that have used

compositional data models: land use compositions, pollutant compositions, mineral compositions

of rocks, and household budget compositions. The last example, which deals with the composition

of household budgets across multiple categories of goods, is most similar to the vehicle share model

described in this section and provides a familiar touchstone for reference.

Compositional data has a structure defined by D component shares of a whole, such that:

St = (s1t, s2t, ..., sDt) = (q1t, q2t, ..., qDt)/(q1t + q2t + ...+ qDt)

where St is a vector describing the relative shares of components 1,...,D in each year t, and a

quantity, qi, can be a component weight of a rock specimen, or a budget share for a particular

category of goods (Aitchison, 1982), or in this case, the number of gasoline vehicles of a particular

class sold in time t. The sum over all classes (for each year) is
∑D

i=1 qit, or Q̃t.

The model in this section relies on two properties of compositional data models: scale invariance

and subcompositional coherence. The first of these properties, scale invariance, implies that the

estimated share equations are consistently accurate, regardless of the magnitude of the whole

(Aitchison, 2003). For example, a compositional data model estimating the mineral component

shares of a rock is still valid regardless of the rock’s weight. We treat the magnitude of the whole

exogenously through the estimation of Q̃t and include exogenous factors, as in the example of

budget shares, where shares are a function of prices and income.
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Mathematically, the second property, subcompositional coherence, states that for
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{(s1t, ..., sDt) | 0 ≤ sit ≤ 1} and d < D,

(s1t, ..., sdt) = (q1t, ..., qdt)/(q1t + ...+ qdt).

Subcompositional coherence means that subcompositions of the whole (e.g., shares of subsets of

goods categories in a household budget) can be estimated with compositional data models, provided

we limit the definition of the whole to the contribution from the subcomposition. The CALD-GEM

model makes use of this property by considering a subset of vehicles that were offered historically,

and estimating the shares of that same subset of vehicles in the future. In this case, the whole set

of new vehicles contains both conventional gasoline vehicles and alternatively fueled vehicles for

most classes. However, the compositional data model estimates the shares of a subcomposition,

consisting of only conventional gasoline vehicles for all classes.

Although the historical data used to estimate the share equations contains observed market

shares for HEVs and some of the new diesel vehicles, there are years for which these market shares

are essentially zero (particularly in the case of diesel vehicles). It is a limitation of compositional

data models that zero shares are problematic, and must be treated with some additional specifica-

tions beyond the conventional compositional data analysis techniques (Fry et al., 1996). A natural

solution is to consider a subcomposition that excludes them, and create another mechanism for

these vehicles to enter the fleet. This is the approach taken here, with the exogenously determined

market shares and class allocations of these other technologies described above. For this reason,

the share equations are estimated using a subcomposition of the total new vehicle sales — namely,

only conventional gasoline vehicles (Q̃t, which represents a subcomposition of Qt).

It is important that the model accurately represent the historical aggregate vehicle sales patterns

in the absence of new policy. The resolution of the vehicle module is relatively coarse; for all its

dimensions, each new year only has 17 classes of conventional vehicles. Each of these classes has any

number of attributes, but the attribute most relevant to the estimation of greenhouse gas emissions

is fuel economy. Each vehicle class has a unique fuel economy for each year, but estimating market
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share based solely on fuel economy will naturally capture other attributes of the vehicle class (e.g.,

size, power, seating capacity). Using quarterly California new vehicle sales data from April 2004 –

March 2009, we estimate a compositional data model for each vehicle class in each quarter using

average EPA estimated fuel economy and quarterly gasoline price11. While it is reasonable to

argue that consumers take a longer view of economic conditions when making vehicle purchases

— suggesting that an annual, or perhaps longer period, fuel price would be more appropriate to

estimate market shares — there is some evidence to the contrary. Turrentine and Kurani (2007),

in a series of structured interviews, found that no subjects systematically considered fuel prices

when purchasing automobiles despite varying levels of analytical sophistication among households.

During the gasoline price spikes of 2008, sales of the most fuel efficient vehicles on the market,

hybrid electric vehicles, tracked price fluctuations on a weekly basis for several months. Figure

3.6 illustrates California fuel price fluctuations and hybrid electric vehicle sales for the period from

April 2004 through March 2009, a period with the highest gasoline price fluctuations in recent

memory. As gas price increases on a monthly basis, so do hybrid vehicle sales. Fuel price decreases

are accompanied by similar decreases in sales, though the relationship is less consistent during

periods of high volatility as sales catch up to prices.

Figure 3.7 illustrates this relationship using quarterly data, which is also used to estimate the

share equations. We see that using the quarterly data smooths out some of the peaks and valleys

for both series, and makes the relationship between HEV sales and fuel price more consistent for

each data point.

For sit, the new vehicle market share of class i at time t, we use an additive logratio transforma-

tion to build a reduced set of share equations that have an error term that is normally distributed

about a mean of zero (Fry et al., 1996). To accomplish this transformation, we create a nominal

share on which the relationships between the other shares is based, and set it equal to one. There

are multiple approaches to doing this; Aitchison (1982) suggests using the share of the last element,

sD, as the unit share, and Brandt et al. (1999) suggest a symmetric transformation using the geo-

metric mean. Without loss of generality, we use the first share s1t in each quarter, corresponding

11This gasoline price is an average across all grades of reformulated gasoline for sale in California. Gas price data
is from the Energy Information Administration, in the U.S. Department of Energy.
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Figure 3.6: Monthly California hybrid vehicle sales and gasoline prices
Source: HEV sales from the California Energy Commission and fuel price data from the Energy Information Administration.

Figure 3.7: Quarterly California hybrid vehicle sales and gasoline prices
Source: HEV sales from the California Energy Commission and fuel price data from the Energy Information Administration.

to the first vehicle class (subcompact cars), as the nominal share. Define the transformed logratios

of each share, yit, as simple linear functions of the cost of driving per mile (the ratio of gasoline

price and MPG). Equation 3.5 illustrates this transformation,

yit = ln(sit/s1t) = αi + δ · (gas pricet/MPGit) + εit. (3.5)
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This produces a model with a constant αi for each vehicle class share and a coefficient δ that

is constant across classes, and will allow shares to evolve in the simulation model as gasoline

prices and vehicle efficiency change. The estimated model is summarized below in Table 3.5,

where we see that all but 3 of the class-specific constant terms and the coefficient of per mile

travel costs (δ) is significant at 0.01. Using four-fold cross validation12, we find that the mean

sum of squared error between the predicted shares and observed shares is small and consistent

across samples. Furthermore, the performance of the empirical model below (when fit on all the

observations) produces similar mean sum of squared error as the cross-validated estimates for each

cross-validation. Therefore, the empirical model is not sensitive to the subset of data used for

estimation, and is sufficient to allocate shares of gasoline vehicles to classes in the CALD-GEM

model.

The actual shares, sit, are transformed from the estimated yit by Equations 3.6 and 3.7,

sit =
exp(αi + α1 · (fuel pricet/MPGit))

1 +
∑15

j=2 exp(αj + α1 · (fuel pricet/MPGjt))
(3.6)

and

s1t =
1

1 +
∑15

j=2 exp(αj + α1 · (fuel pricet/MPGjt))
. (3.7)

The gasoline vehicles in each class enter the vehicle population in each year of the simulation

through this set of equations.

3.5 Vehicle Miles Traveled — the VMT module

Household decisions about travel are based on many factors specific to the household: fuel effi-

ciency of available automobiles, price of fuel (typically gasoline), household income (which affects

discretionary travel), availability of travel alternatives (like mass-transit) and time of year (dis-

cretionary travel is higher in the Summer). Although the CALD-GEM model considers some of

12Cross validation fits the empirical model on a subset of the data and then tests the performance of the model
against the remainder. This is often used to assess the predictive power of a model on out-of-sample observations
and to compare specifications. In the case of four-fold cross validation, the empirical model is estimated on 3/4 of
the data and tested against the remaining quarter, using a different quarter each time.
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Table 3.5: Additive logratio model for vehicle share equationsa

F-statistic: 248.8 on 15 and 265 DF, p-value: < 2.2e-16, Adjusted R2: 0.9299

Coefficients:
Estimate Std. Error t value Pr(> |t|) Significance

α2 1.14106 0.06622 17.233 < 2e-16 ***
α3 1.31151 0.06821 19.227 < 2e-16 ***
α4 -0.19463 0.07335 -2.653 0.00845 **
α5 -0.35118 0.07309 -4.805 2.60e-06 ***
α6 -0.51581 0.06735 -7.659 3.52e-13 ***
α7 0.50971 0.07267 7.014 1.92e-11 ***
α8 -0.22258 0.07840 -2.839 0.00488 **
α9 -0.52839 0.08167 -6.470 4.71e-10 ***
α10 -0.42641 0.08258 -5.164 4.76e-07 ***
α11 0.04081 0.09088 0.449 0.65373
α12 -0.01783 0.07729 -0.231 0.81776
α13 -1.11669 0.10293 -10.849 < 2e-16 ***
α14 -0.14110 0.08374 -1.685 0.09318 .
α15 0.62826 0.09888 6.354 9.11e-10 ***
Price over MPG -3.16903 0.58673 -5.401 1.47e-07 ***

Significance codes: ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, ‘.’ 0.1, ‘ ’ 1
a – Although there are 17 distinct classes of gasoline vehicles represented in the CALD-GEM model (see Table 3.1), share
equations were estimated using 15 distinct classes. The two largest classes of both Sport Utility Vehicles (Classes 11 and 12)
and Pick-up trucks (Classes 16 and 17) were combined due to nearly identical fuel economies between classes. Using a smaller
number of classes also improved the performance of the compositional data model.

the factors that influence travel behavior, they are considered at a highly aggregated level for the

entire state, rather than at the household level. The baseline VMT data was extracted from the

California Air Resources Board’s Emissions Factors model (EMFAC200713), which is used by the

ARB to estimate air quality impacts of travel and was used to support analyses of California’s

greenhouse gas emissions standards for vehicles. The VMT data is estimated by vehicle class using

data from the state’s Smog-Check program14, which gathers mileage data on a per-vehicle basis,

between 2001 and 2003 (Shamasundara, 2008). This allows for direct calculation of the travel each

vehicle engaged in over the previous two years between inspections. That data is used to create an

13The model is available to the public, as is the documentation, and can be downloaded at http://www.arb.ca.
gov/msei/onroad/latest_version.htm.

14Not all vehicles are inspected every two years; hybrid electric vehicles and vehicles newer than 7 years are exempt
from Smog Check inspections. This exemption requires additional estimation to develop the VMT distribution for
early vintages.
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estimated distribution of VMT for each vehicle at each vintage. The distribution provides represen-

tative VMT estimates for each vehicle class, fuel type15, and vintage. The classes in EMFAC2007

are more highly aggregated than the classes in the CALD-GEM model, so it is assumed here that

each vehicle class that could reasonably be called a “passenger car” has the same VMT, regardless

of fuel type.

Unlike EMFAC2007, which uses a set of static VMT values over time (User’s Guide), the CALD-

GEM model varies VMT for each class and fuel based on factors that impact travel decisions. The

three VMT factors that the CALD-GEM model addresses explicitly are fuel price, income, and

the rebound effect associated with improved fuel economy (and reduced per-mile travel costs).

Empirical studies have shown that VMT and gasoline demand decrease as fuel price increases,

though the price elasticity of gasoline demand varies by study (Espey, 1998). Rather than being

merely a function of elasticities, total gasoline demand in the CALD-GEM model is a function

of new vehicle sales, changes in vehicle efficiency, total population of vehicles, VMT (by class,

vintage and fuel-type), and the changing proportion of alternatively fueled vehicles. The estimates

of gasoline demand from the literature are treated as proxies for VMT elasticities, and incorporated

into the VMT module via Equation 3.8.

VMTijkt =
(
(pricetj−price2002)

price2002
· −0.3 + ( incomet−income2002

income2002
) · 0.47

)

× base VMTijk ·ΔMPGijkt · 0.1
(3.8)

The price elasticity used in this VMT calculation is -0.3, implying that a 10% increase in

fuel price leads to a 3% reduction in VMT (all other things equal). This is close to the average

short-run price elasticity of -0.26, from a meta-analysis of 277 empirical studies of gasoline demand

elasticities (Espey, 1998). Similarly, the income elasticity of 0.47 represents the average income

elasticity across the same set of studies (Espey, 1998). These elasticities are also within the range

of values in a more recent literature review from the Victoria Transport Policy Institute (Litman,

2009). Equation 3.8 calculates the VMT for the ith vehicle class (i ∈ {1, 2, ..., 18}), using the jth fuel

(j ∈ {1, 2, ..., 5}), for each of k vintages (k ∈ {1, 2, ..., 32}), in each year of the simulation (t). Since

15EMFAC2007 tracks conventional gasoline, diesel and electric vehicles in the state, although very few electric
vehicles are present in the current version of the model.
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VMT estimates from EMFAC2007 are based on Smog Check data from 2001 to 2003, the change

in prices and income represent changes from a baseline average of prices and income between 2001

and 2003, respectively. The rebound effect, representing additional miles traveled as a result of

increased fuel economy and lower travel costs, is based on work by Small and Van Dender (2007)

and Litman (2009) and is assumed to be 0.1 (the Final Regulatory Impact Analysis of the new

federal fuel economy program assumes the same rebound value (National Highway Traffic Safety

Administration, 2010)). This implies that a 10% increase in fuel economy will lead to a 1% increase

in travel.

3.6 Benchmarking and validating the CALD-GEM model

Rather than relying entirely on historical data, this model starts with a baseline vehicle population

built from historical data and dynamically creates the fleet in each future year based on responses

to fuel price, vehicle offerings, and policy. In the course of the simulation, the model starts with a

baseline vehicle population and economic characteristics from (the end of) 2009, then evolves based

on internal relationships and exogenous assumptions. The primary metric used for benchmarking,

gasoline consumption, involves not only the vehicle fleet (consisting of multiple vehicle technology

classes that age and are retired over time), but the fuel economy distribution across the fleet and

the aggregate VMT model (Equation 3.8) as well. While data are unavailable to benchmark the

validity of each of these relationships over time in the context of the model, the most influential of

them were developed empirically from data and have been tested independently (described above).

Using gasoline sales data taken from the Federal Highway Administration, but collected by the

California State Board of Equalization, we compared the model-calculated gasoline consumption

to actual gasoline sales between 2000 and 2009. Starting with a year 1999 California vehicle

population, as estimated by the EMFAC2007 model (based on data from the California Department

of Motor Vehicles) and disaggregated into the model’s vehicle class and age resolution, we use

historical annual gasoline prices in California16, California GDP and unemployment rate17, personal

16Source: U.S. Energy Information Administration.
17Source: California Department of Finance.
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income, and annual change in Consumer Price Index to provide the economic context in which

the vehicle fleet evolves and is utilized over the course of the simulation. Since not all vehicles

are subject to the policies considered here (some medium-duty trucks, for example), a correction

factor representing the gasoline consumption of these vehicles has been added to the gasoline

consumption calculation in each year. The value is assumed to remain constant throughout the

length of the simulation and is based on the EMFAC2007 estimate of vehicle population for the

excluded classes (including motorcycles, light heavy-duty trucks, and motor homes) and non-LDV

gasoline consumption estimates from the California Energy Commission (Schremp et al., 2009).

Additionally, a tuning parameter was added to the fuel economy (which is assumed to be a weighted

average of city and highway fuel economy) to account for the discrepancy between EPA estimated

fuel economy and true on-road fuel economy. Although EPA has modified its testing procedure in

recent years, and developed historical scaling factors for converting older test results to the new

testing format18, true on-road fuel economy can still vary for a number of reasons. To the extent

that driving behavior is different from testing, differences will appear. However, additional factors

like the true proportion of city to highway miles traveled, average amount of on-road congestion,

or proper vehicle maintenance can all affect the average fuel economy assumption. This factor is

estimated to be 0.97 and is carried as a constant throughout all of the simulation years.

Over the ten year validation period, the CALD-GEM model differs (in absolute value) from

historical observations of California gasoline sales by an average of about 2% per year. Table

3.6 illustrates the year-by-year comparisons. The largest single year difference is in 2009, when

the so-called “Great Recession” in the United States was at its highest level of influence19. It

seems likely that the macroeconomic environment in California created challenges for residents

that not only reduced vehicle sales, which is accurately captured in the model, but affected VMT

through mechanisms that are not captured. For example, high unemployment could have reduced

commuter traffic when workers no longer had to engage in daily travel. This could also have

reduced congestion, increasing average speed, and thus fuel economy. The combination of these

18These scaling factors were used to update the historical EPA testing results that form the fuel economy distri-
bution of the baseline vehicle population in the CALD-GEM model.

19Despite the severity of the recession, some scenarios described in the next chapter resemble prolonged challenging
economic conditions, if not quite as severe.

92



Table 3.6: Model validation results using historical California gasoline sales

Year Historical salesa Model salesa Ratio = Model/Observed

2000 14.58178119 14.18710203 0.9729
2001 14.96670538 15.00199271 1.0024
2002 15.68694572 15.46707642 0.9860
2003 15.68626362 15.27815374 0.9740
2004 15.99295408 15.39779124 0.9628
2005 15.95354429 15.51878403 0.9727
2006 15.84468666 15.81148765 0.9980
2007 15.69779423 15.71748299 1.0013
2008 15.05192892 14.92774488 0.9917
2009 14.83153612 15.84301120 1.0682

a - In billion gallons per year (bgy)

Source: California Board of Equalization

factors could have produced the discrepancy in gasoline consumption between the model and the

actual sales.

In addition to the historical comparison in Table 3.6, the performance of the CALD-GEM model

was compared to the ARB’s emissions model for further validation. As Table 3.6 shows, despite

EMFAC2007’s reliance (entirely) on historical data (VMT data derived from recent Smog Check

records, current DMV records of registered vehicles for both new and retiring vehicles), it fared

no better than the CALD-GEM model (California Air Resources Board, 2009a) as an estimator of

historical fuel consumption.

Table 3.7: Model validation - CALD-GEM model compared to EMFAC2007
Year Gasoline Sales EMFAC Ratio CALD-GEM ratio

2000 14.58178119 0.9935 0.9729
2001 14.96670538 0.9631 1.0024
2002 15.68694572 0.9980 0.9860
2003 15.68626362 0.9388 0.9740
2004 15.99295408 0.9416 0.9628

Source: California Air Resources Board, California’s 1990 – 2004 greenhouse gas emissions inventory and 1990 emissions
level: Technical support document, 2009.

The most recent VMT data in EMFAC2007 is taken from 2001-2003 Smog Check records, and

the fleet composition data dates back to 2005 (Tong; User’s Guide). The discrepancy between
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EMFAC2007’s estimated gasoline consumption and observed gasoline usage has grown in recent

years, and the ARB currently relies on fuel sales from the Board of Equalization to develop its

estimates for the state’s Greenhouse Gas Inventory, despite the fact that EMFAC2007 generates

estimates of both CO2 and CH4 emissions20. The validation periods of the two models only overlap

from 2000 – 2004, and Table 3.6 summarizes this comparison for the overlapping years. Despite

having significantly less spatial resolution (the CALD-GEM model treats the state as a single entity

rather than a collection of heterogeneous counties, as EMFAC2007 does), and limited access to data,

the CALD-GEM model performs comparably well over that period. The fact that CALD-GEM

performs well when compared to both historical gasoline sales observations (an average difference

of about 2%) and the state’s emissions model suggests that it can be useful tool for estimating

greenhouse gas emissions in California.

3.7 Modeling the effects of California’s light-duty vehicle policies

3.7.1 Complying with the Pavley Standards, California’s GHG emissions stan-
dards for new vehicles

The Pavley Standards can only affect the efficiency the vehicle fleet by impacting the efficiency of

the new vehicles as they enter. The new federal program (developed jointly by NHTSA and EPA,

and finalized on April 1, 2010) calls for GHG reductions at the national level that parallel the

requirements of California’s Pavley Standards. Furthermore, as part of a three party agreement

between regulatory agencies, automobile manufacturers and California policy-makers, between 2012

and 2016 California’s applicable standards will still be enforced but manufacturers may choose to

comply by averaging per-mile GHG emissions within all of the states that adopted California’s

standards, so-called Section 177 states (referring to the provision in the Clean Air Act that allows

states to adopt California air quality standards in place of federal standards). In the absence of

new national standards, it is possible that manufacturers would have simply balanced fuel economy

gains in California by increasing sales of less efficient, but more profitable, vehicles in other states

— a phenomenon known as “leakage” (Goulder et al., 2009). The new policy developments and

20, last accessed September 2011.
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aggregation methods make it less likely that California consumers will bear a disproportionate share

of the cost increases associated with additional fuel economy technology.

The CALD-GEM model uses federal standards as the fuel economy policy baseline, and assumes

that auto manufacturers will choose to comply with California’s standards by ensuring that per-

mile GHG emissions of vehicles sold in California meet the state’s standard in each year. This

is a simplifying assumption that ignores flexibilities built into the national program (that target

alternatively fueled vehicles and air-conditioning improvements, for example) and the potential

for averaging emissions across states that have adopted California’s standards. However, since

compliance flexibilities are a small portion of the national program and manufacturers are each

building a single fleet to be sold nationally, it is not an egregious one. Additionally, this assumption

more accurately reflects the intention of the Pavley Bill when it became law in 2002. California’s

greenhouse gas standards enter the model as a target that average per-mile GHG emissions must

meet. While the option of paying fines exists in the planning stages of vehicle production models,

the auto industry is modeled in aggregate within the CALD-GEM simulation model and industry

compliance is forced as a constraint21.

In the absence of policy intervention, the proportions of new vehicles enter the fleet through

a combination of exogenous factors (that determine market shares of alternatively fueled vehicles)

and the share equations estimated in Equation 3.6 and Equation 3.7. However, California’s GHG

emissions standards impose constraints on the mix of vehicles sold — forcing the average per-mile

GHG emissions to meet the targets in Table 2.5. This introduces two new constraints to the

estimation, since the regulations specify different targets for passenger cars and light-trucks.

Both the market shares and vehicle class allocations occur exogenously for all technologies other

than conventional gasoline vehicles. The numbers and relative proportions of these alternative

vehicles impact the per-mile GHG calculation, since they are included in the average. The two

policy constraints that must be met are given by Equation 3.9. Let k be the compliance category,

21While this assumption seems restrictive, very few manufacturers have chosen to pay penalties for the national
fuel economy program, CAFE, in the past. Domestic manufacturers have historically treated the CAFE target as a
binding constraint on production and sales, while foreign manufacturers either exceeded the standard (like Toyota
and Honda have historically done) or produced luxury vehicles and treated the CAFE penalties as a tax (like Daimler
and BMW).
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where k=1 for passenger cars and k=2 for light-trucks, Ck = 1 if class i is in category k and 0

otherwise, and Tkt the GHG target for compliance category k at time t. Then the two constraints

are given by,

∑
x

∑
i

(s̃ixt ·GHGixt)Ck ≥ Tkt (3.9)

where x is an index over alternative fuel technologies (e.g. PHEV, FEV, FFV, diesel), s̃ixt is the

share of Qt for class i and technology x in time t, and GHGixt is the per-mile GHG emissions of

class i and technology x at time t.

Since the market shares of non-gasoline vehicles are exogenous, the only short-term compliance

strategy available is “mix-shifting” for conventional vehicles, where manufacturers affect the mix

of vehicles they sell in order to meet a standard (typically increasing fuel economy). In practice,

manufacturers could also engage in mix-shifting with the alternative technology vehicles, although

their small production volumes up to this point have not supported such a strategy. In order to

model mix-shifting behavior, the original share equations (Equations 3.6 and 3.7) are modified to

include a mix-shifting parameter, βt, that increases the relative share of those conventional vehicles

whose per-mile GHG emissions are below the target, Tkt. In Equations 3.10 and 3.11, βt is the

coefficient of the ratio of per-mile GHG to the appropriate Pavley GHG target and sit is the share

of the ith conventional vehicle class at time t just as it is in Equations 3.6 and 3.7. In instances with

large market shares for alternative technology vehicles, mix-shifting will have little effect due to

the relatively smaller proportion of conventional vehicles in the total, Qt. However, these are also

conditions in which mix-shifting is unnecessary, since the alternative technology vehicles typically

have lower (sometimes much lower) per-mile GHG emissions than conventional vehicles.

sit =
exp (αi + α1 · (fuel pricet/MPGit) + βt · ln(GHGit/Tkt))

1 +
∑15

j=2 exp(αj + α1 · (fuel pricet/MPGjt) + βt · ln(GHGjt/Tkt))
(3.10)

s1t =
1

1 +
∑15

j=2 exp (αj + α1 · (fuel pricet/MPGjt)βt · ln(GHGjt/Tkt))
(3.11)

In Equations 3.10 and 3.11, βt is not estimated, but rather represents the result of an opti-
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mization procedure. In the absence of policy, we assume that industry sells the most profitable

mix of vehicles that it is able, accounting for factors like fuel price variation. Thus, the objective

in mix-shifting is to meet the policy constraints imposed by the GHG standards, while deviating

from natural conventional vehicle market shares (as governed by Equations 3.6 and 3.7) as little as

possible. So the CALD-GEM model chooses βt such that Equation 3.9 is satisfied and βt minimizes

the sum of squared differences between the natural and mix-shifted class market shares,

17∑
i=1

(sit − s̃it)
2

where s̃it represents the constrained share of gasoline vehicles for class i at time t and sit represents

the share that would have occurred naturally, in response to gas prices and vehicle fuel economy. In

each year, the CALD-GEM model calculates βt and uses the modified share equations (Equations

3.10 and 3.11) to allocate conventional vehicles to classes when California’s GHG standards are

active.

3.7.2 Modeling industry’s technology response to fuel efficiency policies

While CAFE standards were static for nearly two decades, the national sales-weighted fuel economy

of new vehicles actually decreased between 1987 and 2004, after peaking in 1987 (EPA, 2008).

Although fuel economy has decreased slightly during that time period, the increases in weight,

horsepower, and acceleration suggest that technological progress has continued apace during the

CAFE “freeze” and manufacturers have elected to allocate efficiency increases to other vehicle

characteristics — improving power and acceleration rather than fuel economy (Knittel, 2009).

American consumers seem to have a greater preference for larger more powerful vehicles, which

makes compliance with current CAFE standards a binding constraint on some manufacturers and

explains their inclination to reallocate efficiency gains to weight and performance. In addition to

changes in vehicle characteristics, light-trucks have been growing as a percentage of new sales since

1990 — growing to about 50% of new sales nationally by 2007.

Both the federal program and the Pavley standards are likely to affect two aspects of new vehicle

purchases in particular: price and fuel economy. Compliance with vehicle regulations, whether for
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safety, in the case of airbags, or pollution, in the case of catalytic converters, has created new

production costs that were reflected in vehicle prices. Emissions from conventional pollutants, like

CO or NOx, can be addressed through emissions control technologies like catalytic converters or

post-combustion traps or treatments (Chen and Sperling, 2004). But the only way to reduce CO2

emissions from a vehicle during travel, without altering the type of fuel, is to improve its fuel

economy22. Developing strategies to meet new fuel economy and emissions requirements will force

manufacturers to consider both the engineering and opportunity costs of increasing fuel economy.

Manufacturers are most likely to improve fuel economy by the addition of technology to existing

vehicle models, rather than reducing vehicle weight or compromising performance (Greene et al.,

2005).

In the modeling framework used here, policies are set before the simulation begins and producers

respond by creating product plans for the years 2010 – 2020 that maximize expected profits and

comply with the regulations articulated in the policy module (e.g., the national joint EPA/NHTSA

fuel economy program with California Pavley compliance targets). While many existing studies

make the assumption that manufacturers can add technology instantaneously in order to adapt

to market conditions (Austin and Dinan, 2005; Kleit, 2004; Jacobsen, 2008), this is an unrealistic

assumption. In most cases, manufacturers add new technology to vehicle offerings by modifying

production facilities over a period of several years in order to comply with emissions or fuel economy

standards (Chen et al., 2004; National Research Council, 2002). Additionally, new technologies are

often phased in across the models in a manufacturer’s fleet — starting as a small percentage of

production models and increasing over time. These fixed product plans provide the set of vehicles

with which manufacturers and consumers respond to external economic conditions in order to

determine the quantities and types of new vehicles sold in California in a given year.

In order to develop the fleet of vehicle offerings that manufacturers supply under different fuel

economy policies, the CALD-GEM model imports annual fleet characteristics, aggregated at the

class level, from a database. This database was developed using the Department of Transportation’s

22The majority of non-CO2 GHG (such as sulfur hexa-flouride) emissions result from vehicle air conditioning
systems and can be reduced without modifications to fuel economy. Although these non-CO2 greenhouse gases are
much more potent, they represent a very small percentage of total GHG emissions from LDV.
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Corporate Average Fuel Economy Compliance and Effects Modeling System, more commonly known

as the “Volpe Model”, after the Volpe National Transportation Systems Center, where it was

developed23. The Volpe Model utilizes a study from the National Academy of Sciences (National

Research Council, 2002) that estimates the costs and incremental fuel economy gains associated with

existing vehicle technologies. Using nominal assumptions about future fuel prices (from the Energy

Information Administration’s Annual Energy Outlook fuel price forecasts), consumer demand, and

materials costs, manufacturers attempt to meet fuel economy targets by adding new technologies to

existing plans for vehicle offerings from 2010 – 2020. The Volpe Model uses a database of planned

vehicles for each major manufacturer, as well as estimated costs, fuel economy, and other attributes

like gross vehicle weight and footprint. Based on expected sales of each model (in each year), vehicle

plans are updated with the technology necessary to meet the standards (or pay fines). Within each

simulation, costs for new technologies decrease over time as a result of learning (Van Schalkwyk

et al., 2010). Because the Volpe Model outputs vehicle offerings for each year at the model level,

it was necessary to aggregate these models into classes once again. Each vehicle model is placed

into a class and then the representative vehicle for each class and technology is created by taking a

weighted average across the models. The weights are determined by the 2009 California new vehicle

market share of each brand, normalized to account for the fact that not all brands offer models in

every class. The CALD-GEM model draws from a database of these aggregate vehicle offerings for

every year in the simulation, implying that they are not changed once the simulation begins.

Part of the compromise brokered by the Obama White House between automakers, EPA, and

the state of California was the ability for manufacturers to build a single fleet of vehicles that would

comply with all policies, rather than being forced to build a subset of vehicle offerings specifically

for sale in California. This has a practical implication for modeling purposes; both the federal

baseline policy and Pavley I (modeled as a state-level per mile GHG emissions target) result in

the same set of vehicle offerings. This implies that the economies of scale and learning processes

present in the Volpe model are appropriate facets of the response to both policies. Table 3.8

summarizes the changing vehicle offerings between 2010 and 2020 in response to these policies. The

23The Volpe model is publicly available through the U.S. Department of Transportation at
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averages in the table represent a simple average across all vehicle classes (including all passenger cars

and light-trucks), but not all technologies are represented. Under ARB assumptions, representing

the most favorable assumptions about fuel economy improvement and costs, the Volpe model

constructs a fleet containing no PHEVs or FEVs, suggesting that these vehicles are not necessary

for manufacturers to comply with regulations. This is further justification to treat the growing

presence of these vehicles exogenously; they may increase in market share for a number of reasons

(e.g., increasing environmental awareness, extensions of federal tax credits, breakthroughs in battery

technology), but fuel economy policy is not one of them.

California intends to implement a second set of per-mile GHG emissions standards when the

current set expires in 2016. The ability to develop and implement its own future standards was a

concession that California won in negotiations with automakers and federal regulators. The third

fuel economy policy, Pavley II, results in a set of vehicle offerings that is distinct from the set

generated by Pavley I and the new federal program (which are identical). The resulting vehicles

exhibit high technology costs (as well as high fuel economy improvements), but these costs are

based on assumed economies of scale that may not develop in the absence of a similar federal

program. As such, the resulting cost estimates for the vehicle fleet emerging in response to Pavley

II are likely conservative.

Table 3.8: Summary of vehicle offerings generated by the Volpe model in the nominal case
Technology Fuel 2010 Avg MPG 2020 Avg MPG 2020 Models

Conventional Gasoline 25.07 31.48 897
HEV Gasoline 38.22 46.17 17
HEV Diesel 36.26 3
Flex Fuel Gasoline 25.07 31.48 0
Flex Fuel E85a 18.07 23.61 0
PHEV Gasoline 0
PHEV Electricity 0
FEV Electricity 0
Diesel Diesel 27.4 38.18 60
CNG Natural Gas 0

a - FFVs running on E85 are assumed to get 75% of the gasoline fuel economy.

Ideally, the CALD-GEM model would represent multiple producers and model the compliance

constraints faced by each. For example, the large Japanese automakers, Honda and Toyota, have
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consistently exceeded the federal CAFE standards, giving them more time and flexibility in adapting

product plans to meet new fuel economy targets. However, domestic automakers, notably the Big 3,

have historically treated the federal CAFE standards as a binding constraint that is barely met every

year. The unavailability of historical sales data in California by manufacturer made modeling the

heterogeneous compliance strategies of individual automakers impossible. Although the production

plans and national sales data (to some degree) are publicly available, without California-specific

sales data that level of disaggregation could not be utilized. Hence, this model represents these

heterogeneous producers as a single industry. The primary impact of this simplification is that it

precludes an analysis of these new standards on manufacturers’ welfare.

3.7.3 Inspection and Maintenance efficiency program

The smaller of the two vehicle efficiency policies, which aims to reduce rolling resistance through

proper tire inflation and improve engine efficiency through the use of lower-friction lubricants will be

tied to regular vehicle maintenance. Although this initiative has the potential to affect all on-road

vehicles in the state, compliance is entirely voluntary and will certainly be less than 100%. While

it is reasonable to assume that such measures can (and likely will) be tied to regular smog-check

inspections, these inspections are only required every two years. Fortunately, the impacts of these

measures on fuel economy are fairly well documented (Pearce and Hanlon, 2007; van Beukering and

Janssen, 2001; Taylor and Coy, 2000), suggesting that the larger question will be one of adoption

rate. These efficiency measures enter the model as a scalar applied to the fuel efficiency of the

vehicle fleet (in a single year) that affects overall fuel consumption.

3.7.4 The Low Carbon Fuel Standard

One likely side effect of the Low Carbon Fuel Standard is a compliance cost for fuel providers,

which will be passed along to gasoline and diesel consumers as an additional cost. This increase

in fuel cost will impact both vehicle usage and purchasing decisions. Although the LCFS creates

standards for both gasoline and diesel fuels, diesel substitutes and fuel consumption are limited to

heavy-duty vehicles, so the diesel regulations are not included in this analysis.
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The LCFS regulates the existing major suppliers of transportation fuels in the state, but will

likely expand to include smaller producers of boutique biofuels as well as suppliers of electricity and

natural gas. The model treats compliance at the industry level, despite significant heterogeneity

among regulated parties, particularly in the later years as larger quantities of electricity are expected

to be used for transportation and more stringent LCFS targets create incentives for a diverse group

of energy providers to “opt-in” to the regulations24. This is a simplifying assumption, but modeling

the complex interaction among fuel providers — particularly with respect to the availability of

diverse fuel pathways and the trading market for compliance credits — is beyond the scope of this

work. Instead, we assume that any credits purchased by liquid fuel providers from natural gas

or electricity providers represent a transfer payment between California residents, and thus carry

no net cost to the state. However, compliance with the LCFS will carry some costs to California

residents. To the extent that low carbon ethanol is more expensive than a cheaper, higher carbon

alternative, California fuel providers are expected to pass on the additional cost to consumers

through higher prices for gasoline and diesel fuel (Montgomery et al., 2010).

The penalties for noncompliance are essentially civil penalties, treated as a health code violation,

and are assessed on a daily basis but can be rectified within a single quarter. The annual timestep

of the model prohibits compliance on any but an annual basis. Additionally, since the penalties

are civil penalties, they are not assessed in the model. If the LCFS is implemented in a simulation

run, LCFS compliance is forced. It may be the case that individual fuel providers would choose to

pay penalties rather than alter the mix of fuels beyond a certain point, but the model assumes the

industry, as a whole, complies. The remaining facets of the policy are modeled faithfully. The LCFS

regulations allow for some flexibility in credit accounting from one year to the next. In particular,

fuel providers (industry, in this case) may carry credits over from one year to the next. This is also

a feature of the model, so that over-compliance in one year can offset a shortfall in some future

year. The regulations also allow for a small deficit to be carried over for a single year, up to 10%

of the credit total (California Air Resources Board, 2009d), and this compliance flexibility is also

implemented in the model, but arises as an artifact of scale: Ethanol is re-blended (substituting

24Small-scale fuel producers are exempt from the regulations, but may choose to opt-in to the LCFS regulatory
program to participate in the permit trading market.
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lower carbon gallons for higher carbon gallons) in one million gallon increments. This creates over

and under compliance in some years that is approximately equal to compliance, and is likely to be

observed in real-world implementation where liquid fuel providers are balancing the carbon content

of hundreds of millions of gallons of motor fuels. Forcing exact compliance (in years where naturally

occurring fuel consumption — i.e. fuel consumption that results from motorists’ fuel consumption

decisions in the absence of policy — must be altered to comply with standards) is no more realistic

an implementation than the one presented in the CALD-GEM model.

Of critical importance to fuel providers are the estimated carbon intensities of fuel pathways,

energy densities of the various fuels, and the specific fuel types that may serve as gasoline and

diesel substitutes under the regulations. The energy densities and carbon intensities used in the

CALD-GEM model, presented in Table 3.9, are taken directly from the LCFS regulations25. The

LCFS regulations stipulate that diesel fuel cannot displace gasoline in light-duty vehicles for LCFS

consumption, despite the fact that ultra-low sulfur diesel has lower carbon intensity on an energy

equivalent basis and is burned more efficiently. The regulations assume that diesel is consumed

only by heavy-duty and off-road vehicles, and may be displaced by biodiesel, natural gas, electricity

or hydrogen. Although the CALD-GEM model tracks diesel consumption by light-duty vehicles,

the LCFS compliance module ignores that consumption, generating neither credits nor deficits.

Motorists naturally consume fuel when they accrue vehicle miles traveled in the CALD-GEM

model, responding to fuel prices and Equation 3.8, which determines statewide VMT. When the

LCFS policy is in effect, the CALD-GEMmodel checks to see if this natural fuel consumption (across

all fuels consumed by light-duty passenger vehicles, except diesel) complies with the standard. If

so, then the model proceeds to the next year and checks policy compliance there. This continues to

the end of the simulation run. However, if natural fuel consumption does not comply with LCFS

regulations, then the model attempts to force compliance by “backfilling” low carbon ethanol

gallons, displacing higher carbon gallons in the process. The model uses a single year timestep and

25One exception to this is the estimated carbon intensity of lignocellulosic ethanol (LCE). The fuel pathways for
advanced ethanol are still under development, but are critical to compliance — particularly in later years when the
standards get tighter. The carbon intensity of LCE, regardless of feedstock, is assumed to be 22 gCO2e/MJ based
on an ARB study estimating the carbon intensity of LCE made from farmed poplar trees (California Air Resources
Board, 2009b). Heterogeneity among feedstocks will likely play an important role in the emerging cellulosic ethanol
market, but was a necessary simplification here.
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Table 3.9: Energy densities and carbon intensities of gasoline and diesel substitutes

Fuela Carbon Intensityb Energy Density

CARBOB 95.86 119.3 MJ/gal
Ultra-low sulfur diesel (ULSD) 94.71 134.47 MJ/gal
Compressed natural gas (CNG) 67.7 0.98 MJ/scf
Electricity 124.1 3.6 MJ/kwh
Midwestern corn ethanol 99.4 80.53 MJ/gal
California low-CI corn ethanol 80.7 80.53 MJ/gal
Sugar-cane ethanol 73.4 80.53 MJ/gal
Lignocellulosic ethanol 22 80.53 MJ/gal

a - The LCFS regulations contain a more nuanced definition of midwestern corn ethanol, distinguishing
between production technology and power source. The version represented in this model is an average,
and represents a simplification.
b - Measured in grams CO2-equivalent per mega joule (MJ)
Source: California Air Resources Board, Proposed Regulation to Implement the Low Carbon
Fuel Standard Volume 1, 2009

iterates to convergence, so this backfilling represents a shift within the fuels industry to provide

lower carbon ethanol for blending to ensure compliance. In a model with a monthly timestep, this

shifting behavior would be visible over time, as the fuels industry estimates compliance potential.

This monthly representation more closely matches the behavior that is likely to occur when the

LCFS standards are fully implemented. However, with an annual timestep, all fuel consumption for

each year takes place instantly, in a single step. By backfilling low carbon ethanol and iterating each

year, it is as if the new mix of fuels had been used continuously throughout the year (if necessary) in

the model. Natural ethanol consumption is based on the mix of ethanol types that meets demand

at the lowest cost, regardless of carbon intensity. If backfilling must occur, then lower carbon

ethanol is added in one million gallon increments, starting with the million gallons that provide

the most compliance credits at the lowest cost (on a credits/dollar basis). This calculation is a

function of ethanol price, annual carbon intensity standard, and the carbon intensity and energy

density of the respective fuel. Equation 3.12 generates this cost-effectiveness ranking, where the

difference between the carbon intensity target (CILCFS) and the carbon intensity of fuel i (CIFueli)

is multiplied by one million gallons times the energy density of the fuel, divided by the per gallon

cost.
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(CILCFS − CIFueli)× 1, 000, 000 gallons× EDi × .000001/Pi × 1000000 (3.12)

It is worth noting that this cost is based on either exogenous market prices or production costs

estimated from the literature (described in greater detail in the following section). California is

assumed to be a price taker in the ethanol market (for all types) so that statewide consumption will

not affect market price. In the case of LCE, this may be an unrealistic assumption — particularly

if California is purchasing the majority of domestically produced LCE in order to comply with the

Low Carbon Fuel Standard. In that case, the marginal price will depend upon the cost of non-

compliance, at which point fuel providers would be indifferent between purchasing more expensive,

but lower carbon, ethanol and paying a penalty. Since compliance is forced, and penalties are

excluded from the model, the assumption that California is a price taker is somewhat distortional,

but necessary.

3.7.5 The ethanol market module

The CALD-GEM model treats the ethanol market at a reduced resolution. The real ethanol fuel

market will have dozens of large and boutique fuel providers that are competing to meet California’s

demand in terms of both cost and carbon intensity. Even the market for corn ethanol is as nuanced

as the number of well-defined fuel pathways will allow. The CALD-GEM model accounts for this

nuance in some small measure by distinguishing between Midwestern corn ethanol and California

corn ethanol, which benefits from California’s relatively low carbon electricity supply and generates

LCFS credits even in the later years of the program.

The ethanol market module is driven by five assumptions:

1. Midwestern corn ethanol will always exist in sufficient supply to meet California ethanol

demand (approximately 3 billion gallons per year).

2. Brazilian sugarcane ethanol is available up to an exogenously specified quantity.

3. The California fuels industry can purchase Midwestern corn and Brazilian sugarcane ethanol

to meet demand without affecting price (i.e. California is a price taker in those markets).
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4. California’s corn ethanol production facilities operate at capacity, producing 240 million gal-

lons per year (mgy).

5. Lignocellulosic ethanol is a composite of LCE produced from a variety of feedstocks, and

increases in price with changing feedstock availability and cost.

The first assumption is supported by the Energy Information Administration, which estimates

that the majority of domestic ethanol consumption in 2020, nearly 15 billion gallons, will still be

Midwestern corn ethanol (Energy Information Administration, 2010). With the EPA’s recent deci-

sion to increase the ethanol blend wall (which governs the percentage of ethanol that may be blended

into conventional gasoline) for newer model vehicles26, it seems likely that production capacity will

increase further to support higher demand when the blend wall increase is eventually adopted for

all vehicles. Based on estimates from Brazil’s own energy ministry, Brazilian sugarcane ethanol

imports to the U.S. are expected to increase over the next decade, to nearly 800 million gallons per

year by 2017 (Schremp et al., 2009). Currently, over 40 Brazilian mills, with an annual production

capacity of nearly 800 million gallons, have registered with the California Air Resources Board

to export ethanol to California (Sugarcane Industry Association, 2011). Similarly, the Brazilian

mills that have registered with the United States EPA to import ethanol (for compliance with the

federal Renewable Fuel Standard program) have a capacity of about 1.6 billion per year. For any

given year, the CALD-GEM model assumes that California can purchase and consume half of all

Brazilian ethanol imported to the United States. Given California’s percentage of overall national

fuel consumption, and its position as a coastal state with easy port access, and existing registra-

tions and agreements, this assumption is not unreasonable27. Ethanol prices for corn ethanol and

Brazilian sugarcane ethanol are based on the same assumptions that the ARB used in its proposed

regulations for the LCFS (California Air Resources Board, 2009d). These prices have been scaled

to reflect both the different real dollar ($2008, rather than $2007) and the higher World Oil Price

in 2010. Corn ethanol is assumed to cost $2.11 per gallon and Brazilian ethanol $1.85, without

26

27The actual amount of Brazilian ethanol that is available to California’s fuel industry in any given year is treated
as an uncertainty in the next phase of the analysis. Such treatment further reduces the importance of this assumption.
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taxes28.

Although California’s ethanol facilities have a collective maximum capacity of 240 mgy, challeng-

ing economic circumstances and a national oversupply of ethanol forced many facilities to suspend

production (Schremp et al., 2009). The idle facilities were expected to resume production in 2010,

and this analysis assumes full capacity operation throughout the next decade. The national ca-

pacity to produce large quantities of lignocellulosic ethanol (LCE) is still evolving, perhaps slower

than anticipated. The supply of LCE is linked to western production capacity, which is expected to

grow from 70 mgy in 2010 to 6.7 bgy by 2015, a nearly 100-fold increase in just five years (Parker

et al., 2008a). Though the ARB relied on Parker et al. (2008a,b) to develop the LCFS regulations,

experience since its publication has provided reasons for caution. The capacity estimates for the

early years, 2010 – 2013, have been updated to reflect facility data from the United States De-

partment of Agriculture that accounts for all built and permitted plants over the next three years

(Coyle, 2010).

The annual LCE curves used in the ethanol market module are shown in Figure 3.8. The supply

curves grow to accommodate new supply as production capacity increases. Costs are expected to

decrease over the next decade due to two factors: increasing facility size and improving conversion

technology. Current plants are only “pilot scale”, less than 10 mgy. As plant capacities grow, the

average cost of production will decrease steeply up to about 50 mgy then slow down, but continue

to decrease before leveling off after 150 mgy capacity (Parker et al., 2008b). Conversion technology

costs are expected to decrease over the next decade as the technology matures, although there

are currently many competing varieties under development. The slope of the LCE supply curve

is constant over time, and represents a linearized version of the 2015 LCE supply curve generated

by Parker et al. (2008b) that evolves over time with decreasing production costs and increasing

capacity. Figure 3.8 displays the supply curves for LCE in each year of the simulation. As the figure

shows, the first gallon of LCE produced in each year decreases in cost to account for increasing

economies of scale (for new facilities) and improvements in conversion technology. However, it is

still subject to linear unit cost growth as supply increases.

28These costs are also varied in the scenario analysis presented in the next chapter.
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Figure 3.8: Annual LCE supply curves

In each year, for each run of the model, an initial cost curve is generated that represents a

composite of the three ethanol types29. The curve in Figure 3.9 represents the lowest cost gallon

at each quantity. The units are in million gallons, and the cost represents the per-gallon cost

at that quantity, including all taxes and credits. For each year, the corn and sugarcane ethanol

costs are assumed to be constant, regardless of quantity, but the LCE costs increase linearly with

supply. This curve represents the lowest cost ethanol mix and is used to fill natural (i.e., lowest

cost, without consideration of carbon intensity) ethanol consumption.

Ethanol use and capacity constraints

The LCFS relies on alternative fuels to provide a buffer that will allow the fuels industry to meet the

LCFS carbon intensity targets with existing fuels and technology. The consumption of other fuels

29Although there are three feedstocks, the model treats the low-carbon corn ethanol produced in California as a
separate fuel. For computational purposes, there are really four types.
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Figure 3.9: Annual ethanol supply curves (all types)

that displace gasoline in the LCFS (electricity, natural gas, and hydrogen) cannot be increased

by any means the fuel industry possesses. Electricity may eventually displace large volumes of

gasoline, but the fuels industry cannot increase the number of electric vehicles on the road. The

industry can encourage utilities to install advanced metering systems that would allow utilities

to track transportation electricity consumption and generate credits, but even this may not spur

electric vehicle purchases. These vehicles have very new technology and incremental technology

costs significantly higher than even the first generation of hybrid-electric vehicles (National Research

Council, 2009) that makes the rate of adoption highly uncertain. Similar arguments can be made for

natural gas and hydrogen consumption; the fuel industry cannot significantly increase the number

of vehicles using these fuels. To the extent that the LCFS can reduce the price of alternatives,

relative to gasoline, owners of dual-fuel vehicles like PHEVs may choose to consume more electricity.

However, given the large incremental costs associated with new vehicles featuring these technologies,

merely reducing the relative price of alternative fuels is unlikely to spur market share growth
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(see the discussion of the LCFS in Chapter 5). To the extent that these vehicles do see market

penetration, it is very unlikely to be a result of the LCFS. Regardless of the potential benefits of

diesel fuel to displace gasoline, diesel fuel consumption (even passenger diesel vehicles operating on

biodiesel) cannot generate LCFS credits for light-duty vehicles. This means that the majority of

reductions must come from ethanol blending and, as Table 3.9 illustrates, from blending ethanol

other than Midwestern corn ethanol. Therefore, the CALD-GEM model assumes that the only

LCFS compliance strategy for the fuel industry is blending low-carbon ethanol.

Some percentage of the increase in ethanol consumption, both in California and nationally, will

come from blending ethanol into gasoline as an oxygenate — typically about 10%— creating E10, or

“gasohol”. As Methyl tert-butyl ether, MTBE, continues to be phased out due to concerns about

groundwater contamination (Government Accountability Office, 2002), domestic corn ethanol is

likely to replace it, making E10 increasingly common across the US. California has largely adopted

a form of E10 in its revised reformulated gasoline specifications (determined by ARB), and expects

E10 to be used exclusively throughout the state starting in 2010. So the only two ways to increase

ethanol consumption in the state is by either: increasing the ethanol blend wall or increasing

statewide consumption of E85. Though emerging studies suggest that ethanol blends up to 15%

ethanol may safely be used in conventional vehicles (Knoll et al., 2009), the EPA recently ruled

that only newer vehicles could safely operate on a 15% ethanol blend. More work is needed to

justify full-scale increase in the blend wall. If the blend wall is not increased to 15%, the only way

to increase ethanol consumption in California beyond the 10% present in reformulated gasoline will

be through increased use of E85.

California’s E85 retail infrastructure is relatively under-developed; fewer than 50 pumps state-

wide allow public access. The majority of vehicles equipped to run on ethanol blends of more than

10% run exclusively on gasoline because E85 is not generally cost competitive or available. In 2008,

of the nearly 27 million LDV on registered in California, less than 2% were FFVs. Though the

number of FFVs in the state has increased roughly 20% since 2001, most of this growth is likely a

result of federal CAFE credits for producing flex fuel vehicles30 and not a true demand for FFVs

30The federal CAFE program provides incentives for vehicle manufacturers to produce flex fuel vehicles, particularly
in the case of larger trucks. This takes the form of a mpg credit, added to their CAFE attainment for a year. The
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or E85. However, if E85 becomes cost competitive in the CALD-GEM model, FFVs consume E85

exclusively. If the retail infrastructure exists to satisfy demand, then consumption is bounded by

the total amount of E85 consumed by all FFVs traveling exclusively on E85. However, if the retail

infrastructure doesn’t exist, it is built and the cost averaged into the E85 price in the following year.

The cost of retail expansion is averaged across the total number of E85 gallons in the following

year, and generally results in small price impacts. Although the costs of true retail expansion would

be depreciated over several years, this model forces the infrastructure costs to be recovered in a

single year to ensure that the costs are contained within the 11-year timeframe of the model. It

is also possible that the fuel industry is unable to reach compliance with LCFS regulations, and

must increase ethanol consumption by selling subsidized E85. If additional retail infrastructure is

needed, it is built and the cost averaged into the gasoline price in the following year. The total

cost of the subsidized E85,

(gas price− E85 price

1.3
)× number subsidized gallons,

is also averaged into the gasoline price in the following year. All infrastructure and fuel subsidy

costs are modeled to be resolved in a single year.

3.8 Limitations of the CALD-GEM model

While the CALD-GEM model accounts for a wide variety of policy environments and behavioral

responses, not all elements of passenger transport are represented. Some policies, like California’s

Zero Emission Vehicle (ZEV) program have been omitted as a simplification, due to the relatively

small number of vehicles affected by the program. The ZEV program is part of a larger California

emissions program, the Low Emissions Vehicle Program, that is omitted in its entirety. Although

the ZEV program is not explicitly addressed as a policy instrument, the quantities and types of

alternatively fueled vehicles that enter the vehicle fleet as a result of the mandate are represented

within the scenario ensemble described in Chapter 5.

credit is currently capped at 1.2 mpg and may be phased out in the future.
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A group of important policy instruments within the state’s implementation authority are those

that explicitly affect vehicle prices to create incentives for consumers to choose more fuel efficient

or technologically advanced vehicles. For example, a state-level tax credit for PHEVs or FEVs, in

addition to existing federal tax credit for those vehicle technologies, could spur demand if gasoline

prices are too low by themselves to motivate buyers. Similarly, a feebate program could differentially

impact vehicle prices based on fuel economy and provide incentives for consumers to choose smaller,

more efficient vehicles over larger, less efficient vehicles if cross-class improvements in fuel economy

and low gasoline prices lead to a resurgence in the relative market share of light-trucks. Aggregation

at the vehicle class level masks most of the impact of such policies; vehicles may have similar sizes

and fuel economies, but drastically different prices and the historical data was unavailable. Future

analyses could incorporate such policies and resolution changes if data availability improves.

The notion that the costs of E85 retail infrastructure expansion are recovered in a single year is

an unrealistic, but necessary simplification. E85 has seen very little use outside of the Midwest, and

determining how (and when) expansion would occur is challenging. The model assumes that even

a single cent difference in price (on an energy-equivalent basis) between gasoline and E85 would be

sufficient to encourage owners of FFVs to switch to E85. However, E85 may have to be significantly

less expensive to encourage the majority of motorists to switch to a new fuel, particularly one that

requires more frequent trips to the pump. Additionally, assuming that sufficient retail access

will exist to satisfy demand in every year that E85 is cost competitive is unrealistic. There is a

geographic component to retail expansion that cannot be evaluated by this model — some areas

(such as Los Angeles) would need denser, more rapid retail expansion than rural areas and the

FFVs in those areas would likely be under-served. Those considerations imply that the assumption

used here is conservative.

Finally, the relationship among fuel economy, fuel price and VMT was only implicitly considered

in the benchmarking analysis. While the VMT module included elasticities for fuel price, income

changes, and a rebound effect for changes in fuel economy, more than a decade of static fuel

economy (by class) obscured the relationship between fuel price changes and fuel economy changes.

So the VMT impact of simultaneously rising fuel prices and fuel economies may underestimate the

112



impact of increased fuel economy on VMT. Furthermore, there is no way to estimate the VMT

impact of drivers who switch vehicle classes or technologies at the current level of resolution. For

example, a driver who replaces a conventional gasoline powered pick-up truck with a hybrid-electric

compact car would experience a huge increase in fuel economy and may drive significantly more

as a result. However, at the aggregate level this change is undiscernible. The increase in VMT

(due to the rebound effect) will only reflect the change in fuel economy from the compact hybrid

vehicle in 2010. While this limitation is likely to be exacerbated by fuel economies that increase

over the course of the simulation, the fact that all classes and technologies experience fuel economy

increases of similar (though not identical) magnitudes should minimize the bias.

3.9 Summary

This chapter described the modular structure of the CAlifornia Light-Duty Greenhouse gas EMis-

sions (CALD-GEM) model and provided the details of the relationships that drive transportation

energy consumption. The model was benchmarked to both historical data and the California Air

Resources Board’s EMFAC2007 estimates of gasoline consumption for the previous decade. Policy

compliance is modeled and explained, as is the ethanol market module.
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Chapter 4

New methods for evaluating
California’s light-duty transportation
policies

4.1 Introduction

This chapter describes the reasons for applying a new analytical approach to evaluate the effec-

tiveness of California’s transportation GHG policies. It gives a brief overview of Robust Decision

Making (RDM) and describes the specific application of RDM to this problem. This approach re-

duces the importance of problematic assumptions about the state of the world that must be made

in order to evaluate GHG policies for passenger transportation in California in the next decade.

Rather than evaluate the performance of transport policies in the “most likely” future state of the

world, this analysis explicitly considers multiple future states of the world that are not necessarily

“most likely”, yet represent plausible ranges of estimates. This framework defines the scope of

analysis and outlines the analytical process that generates the results of this study.

4.2 Limitations of existing research supporting AB 32

The state of California’s Legislative Analysts’ Office (LAO) offered a strong critique of the ARB’s

Assembly Bill 32 Scoping Plan, particularly its analysis of the transportation policies to reduce

GHG emissions (Taylor, 2008). Across all sectors, the majority of both costs and benefits were

the result of the Pavley Standards — which have since been supplanted by a federal program. To
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the extent that assumptions about technology costs and manufacturer compliance strategies are

violated, the entire suite of policies to implement AB 32 might possibly no longer meet the cost

effectiveness threshold. The LAO emphasizes the fact that a comprehensive sensitivity analysis

of assumptions was lacking from the supporting analysis, and found that some of the estimates,

particularly those related to the cost and emissions benefits of the Low Carbon Fuel Standard, were

weaker as a result.

In order to comply with the AB 32 emissions goals, the ARB targeted reductions from its

2020 “business-as-usual” projection, in which the state takes no action to reduce its greenhouse gas

emissions. The state’s GHG emissions standards (Pavley I and II) were expected to result in savings

of 31.7 MMTCO2e, and the combination of the Low Carbon Fuel Standard and efficiency measures

were expected to generate an additional 21.3 MMTCO2e in savings. This represented over 30%

of total estimated GHG reductions throughout the state across all sectors. Although California

expected the Pavley standards to account for the majority of these reductions, new federal fuel

economy/GHG-emissions regulations have made the Pavley Standards redundant and are likely to

obscure the effects of the state-level regulations.

The tailpipe targets dictated by the Pavley standards represent an aggressive response to GHG

emissions, yet the ARB has (and others have) made several critical assumptions when estimating

the program’s impacts. Significantly, manufacturer compliance costs are assumed to be relatively

small (initially less than $20 per car, though increasing to about $650 in 2016 when the Pavley I is

fully implemented) and resulting in a net benefit of approximately $30 per month for consumers as

a result of reduced per mile travel costs (CARB, 2008b). This assumption is based on two sources:

a modeling study conducted by Northeast States Center for a Clean Air Future (NESCCAF) that

expects auto manufacturers to make small efficiency improvements in engines and drivetrains to

meet targets (NESCCAF, 2004), and previous experience with California’s Low Emission Vehicle

program. Naturally, automakers have argued that these cost estimates are unrealistically low

(NERA et al., 2007).

The standards rely on the turnover of California’s vehicle fleet, replacing existing vehicles with

newer models subject to GHG emissions standards, in order to reduce GHG emissions. The ARB
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has assumed that consumers will purchase vehicles at rates comparable to those of the early 2000’s,

and the fleet mix (as a rough percentage of passenger cars to light-duty trucks) will remain fairly

constant between 2002 and 2020 (CARB, 2008b). In addition to the impact of new vehicles entering

the fleet, the estimated impact of the Pavley Standards are likely sensitive to assumptions about

age distributions of the vehicle fleet and mileage accruals as well (Kear and Niemeier, 2007). The

impact of vehicle retirement on fleet emissions is often over-estimated (Dill, 2004), and this is Cal-

ifornia’s most aggressive policy option for reducing GHG in the transport sector. There may also

be a discrepancy between the expected vehicle offerings and the actual vehicles that manufacturers

choose to produce. Manufacturers may respond to the regulations by choosing to increase both

fuel economy and power (or size), rather than holding all other vehicle characteristics constant and

allocating the efficiency gains from all new technology to fuel economy improvement. The National

Research Council’s recent study of technologies to improve the fuel economy of passenger vehicles

found that the costs associated with many of the technologies are much less certain than the po-

tential fuel economy increases associated with each (Committee on the Assessment of Technologies

for Improving Light-Duty Vehicle Fuel Economy, 2011). How consumers will respond to the chang-

ing dynamics of this market in the face of changing vehicle offerings, emerging technologies, and

uncertain fuel prices is an open question.

Some of the ARB ’s assumptions may be vulnerable to changes in economic conditions, or merely

to unpredictable consumer behavior. New vehicle purchases are a function of several uncertain

factors: vehicle prices, fuel prices, household income, broader economic conditions, and financing

costs (Abeles et al., 2004). Changes in these factors make predicting consumer response to changes

in vehicle prices and operating costs very difficult (CARB, 2004). The ARB assumed that a long-

run fuel price of $1.74/gal is applicable over the sixteen-year life of a model year 2009 vehicle

(Johnson, 2007), but fuel prices over the last few years illustrate the limitations of reliance on

long-term predictions. Even the best developed models cannot accurately predict the future, and

models focused on both economic conditions and energy markets have rather poor track records of

doing so (Bezdek and Wendling, 2002; Rossi and Sekhposyan, 2008).

Using a single set of values for vehicle miles traveled (VMT) over time, emissions intensity
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of the vehicle fleet (modeled by EMFAC2007, the California Mobile Source Emission Inventory

and Emission Factors model), and an implementation level of new “efficiency measures” implicitly

assumes a set of economic conditions and demographic trends that govern responses to California’s

strategy by both consumers and manufacturers (CARB, 2004). Between 2000 and 2006 total VMT

increased by nearly 27 billion miles in California despite a small decrease in per-vehicle VMT (for

registered vehicles) (BTS, 2007).

Finally, unexpected choices by both consumers and automobile manufacturers can result in a

future state of the world that the ARB (and others) have not sufficiently considered. For example,

manufacturers may choose compliance strategies that impose costs significantly higher than CARB’s

estimates (such as an increase in hybridization or dieselization of vehicle offerings), particularly in

later years when regulations become more stringent and compliance costs are expected to increase

anyway. The technical analysis on which CARB based its assumptions of manufacturer costs and

consumer benefit-cost calculations assumed relatively low growth in the market for hybrid-electric

and diesel light-duty vehicles during the next decade (NESCCAF, 2004). However, in 2009 there

were 24 different hybrid-electric models offered for sale in the U.S. (eight times the number offered

in 2003) and national sales totaled nearly 300,000 units (nearly four times the number sold in

2004)1. Although there are conditions under which hybrid-electric vehicles are “cost-effective” for

consumers, these are sensitive to assumptions about technology costs and fuel prices (Keefe et al.,

2008).

4.3 Robust Decision Making (RDM)

When important aspects of a policy problem are uncertain (e.g., the price of oil in 2020), using a

best-estimate case with limited sensitivity analysis can lead to faith in model results that is both

unwarranted and deceptive (Bankes, 1993). In a problem like the one addressed in this research

— with a dynamic system evolving over the course of a decade in response to both policies and

uncertain factors — a conventional sensitivity analysis, that holds all other elements constant and

considers changes in a single one, is unlikely to be of value. A conventional sensitivity analysis

1U.S. Department of Energy, Alternative Fuels & Advanced Vehicles Data Center, HEV Sales by Model
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ignores the possibility that multiple assumptions are likely to be violated simultaneously, and that

combinations of errors can have a greater impact than a simple sum of individual errors. Both issues

are likely to be relevant in a system as complex as passenger transportation. Choosing a policy

whose success ultimately relies on sensitive assumptions can lead to under-performance when those

assumptions are violated. A more comprehensive approach involves considering multiple views of

the future, and hedging against the negative consequences that occur when the “most likely” future

does not occur.

Robust Decision Making (RDM) provides a framework for conducting a comparative policy

analysis under deep uncertainty. RDM has been applied to policy problems in the fields of water

resources management, climate change, flood risk management, energy resource development, and

others (Groves, 2005; Lempert and Groves, 2010; Lempert, 1996; Fischbach, 2010; Popper et al.,

2009). This analysis represents the first application of these methods to an analysis of policies to

influence transportation energy.

The RDM framework uses multiple views of the future to support a thorough investigation of

modeling results that helps to identify a strategy (or strategies) that may not perform optimally in

any single future, but performs “well enough” across a broad range of plausible futures (Lempert,

Popper, and Bankes 2003; Groves and Lempert, 2007). RDM has five basic steps (Lempert et al.,

2006):

1. Scoping — determine the analytical scope of the analysis by identifying exogenous uncertain-

ties, policies, key relationships and performance metrics,

2. Simulation — run many computational experiments to create an ensemble of scenarios against

which a policy is evaluated, and identify candidate strategies that are robust or relatively

insensitive to most or all exogenous uncertainties,

3. Scenario discovery — identify vulnerabilities of these candidate strategies (i.e., which combi-

nations of exogenous uncertainties, and in which ranges, cause candidate strategies to under-

perform),

4. Adaptation — suggest hedging strategies (modifying existing policies or defining new ones)
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to address these vulnerabilities. Repeat steps 2 and 3 after incorporating hedging strategies,

5. Characterization — characterize the trade-offs associated with implementing hedging strate-

gies.

The application of these techniques will help to identify early indicators of challenges for California’s

strategy and articulate hedging strategies that can be employed to improve strategy effectiveness

in unexpected conditions.

These methods are designed to incorporate stakeholder involvement repeatedly throughout the

process: articulating policy objectives, selecting policies for consideration, defining performance

metrics, identifying thresholds for acceptable outcomes, and assigning subjective probabilities to

groups of scenarios in order to explore tradeoffs when candidate strategies struggle.

This analysis is intended as a representation only, and does not accurately reflect the preferences

of any particular stakeholder group or regulatory agency. While this is an important limitation, it

does not prevent the application of techniques demonstrated here to future problems, nor nullify

the conclusions of the analysis. Despite evaluating a set of policies that includes both current plans

and controversial augmentation actions, the type of analysis presented in this dissertation could be

used to inform future planning processes and to develop agreement among disparate stakeholder

groups; rather than fighting about forecasts or models, stakeholders can fight about future values

of key uncertainties that drive bad outcomes for policies they like.

4.4 Scoping the analysis

Policy analyses frequently start with problem scoping, where analysts, stakeholders, and decision-

makers determine the key research questions, develop definitions to be used throughout the analysis,

and gather and organize key information. As a fundamental part of the scoping exercise for RDM

analyses, the relevant aspects of the problem are grouped into four categories (Lempert, Popper,

and Bankes, 2003):

• Exogenous uncertainties (X) represent the quantifiable aspects of the problem that are

beyond the control of decisionmakers, the state of California in this case, but will inevitably
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impact a policy’s effectiveness. These can be factors (such as the World oil price, or federal

policies) to which the state is subjected, that may impact the effectiveness of a policy by

duplicating effort or changing costs.

• Policy levers (L) are actions or options that decisionmakers can use to achieve policy

objectives — in this case reducing greenhouse gas emissions from passenger transportation.

These policy levers need not be implemented individually, and may be combined to form more

complex strategies that act on multiple elements of a system (like fuel economy and VMT)

or adapt over time to changing conditions.

• Measures (M), or performance metrics, are used by decisionmakers and stakeholders to

evaluate the performance of strategies, and rank desirable outcomes.

• Modeling Relationships (R) defines the key relationships between exogenous factors and

policies, and calculates the values of performance metrics — contained in the CALD-GEM

model (see Chapter 3).

This exercise not only serves to organize the analytical structure of the problem (illustrated in

Table 4.1), but can also be instrumental in structuring discussions with stakeholders.

4.5 Exogenous uncertainties

As detailed earlier in this chapter, the ARB and other analysts have made assumptions about

many (or all) of the uncertainties listed above — assuming either static values, inappropriately

narrow ranges, or probability distributions based on the assumption that the coming decade will

look nearly identical to its predecessors. Some of the uncertainties in Table 4.1 are parameterized

in the analysis to represent the changing nature of a time series over the next decade. For the

majority of time series variables, best possible or consensus forecasts are taken as a time series

and modified by a parameter to create sets of plausible forecasts for any single variable. Table 4.2

groups the uncertainties into categories and describes the uncertainty, its type, the parameterized

variable and the ranges considered in the analysis. For each uncertainty, Table 4.2 provides values
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Table 4.1: Key factors that define the scope of the analysis
(X) Exogenous Uncertainties (L) Policy Levers

Per capita income current policies:
Inflation Federal CAFE/GHG emissions regulations
Unemployment in California Pavley I
California GDP Low Carbon Fuel Standard
Gas and diesel prices Inspection and Maintenance Program
Automaker compliance strategies Current fuel taxes
Fuel economy technology cost
Alternative fuels costs Additional Policies:
Advanced biofuel availability Pavley II
Federal fuel and tax policies Gasoline, Diesel tax increases
Inspection program effectiveness Carbon tax/Cap-and-trade
Alternative fuel market shares

(R) Relationships (M) Metrics for Evaluating Policies

Contained within CALD-GEM model Annual GHG emissions
Annual consumer cost of CA policies
Cost-effectiveness of GHG reductions
Total CA fuel consumption
Total vehicle miles traveled
Net savings to consumers

for the upper and lower bounds of the range, as well as a nominal value, representing the most

likely possibility. These exogenous factors, and their representations, are described in detail below.

4.5.1 Economic uncertainties

Chapter 3 discusses the details of the CALD-GEM model and the impact of economic conditions

on the sales of new vehicles. The empirical model that determines the number of new vehicles sold

in a given year depends on California GDP, personal income, the California unemployment rate,

and the annual change in the consumer price index. The model uses each of these variables in every

year of the simulation so it is necessary to consider each variable as a time series, where the values

in any single year are consistent with the preceding values. This is true for other variables in the

set of uncertainties as well, and they are treated in much the same way.

Future economic conditions are difficult to predict, and accuracy decreases with the length the

of forecast and degree of precision (Rossi and Sekhposyan, 2008). However, in order to properly

evaluate greenhouse gas reduction strategies, it is necessary to provide the economic context in
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Table 4.2: Uncertainties used to construct policy relevant scenarios
Uncertainty Type Parameter Low Nominal High

Economic

CA GDP time series gdp growth scalar -0.95 1.0 1.75
Income time series income gdp correlation 0.75 1 1
CPI change time series cpi growth trend -0.1 0 0.2
CA unemployment rate time series ue rate scalar 0.5 1 1.5

Vehicles

Vehicle tech costs discrete tech cost low med high
Fuel economy pct discrete fuel economy pct low med high
FFV share 2020 scalar Pct FFV 2020 0.02 0.04 0.15
Diesel mkt growth scalar diesel mkt rate 0.5 1.0 2.0
FEV mkt share 2020 scalar Pct FEV 2020 0.0 0.005 0.07
PHEV mkt share 2020 scalar Pct PHEV 2020 0.0 0.02 0.10
PHEV electric travel scalar PHEV elec pct 0.25 0.5 0.85

Fuels

CA gas price time series fuel price scalar 0.9 1 1.08
CA diesel price time series fuel price scalar 0.9 1 1.08
Brazil sugar imports time series sug supply scalar 0.97 1.0 1.1
Brazil ethanol price time series sug cost increase -0.15 0.0 0.2
corn ethanol price time series corn cost inc -0.15 0.0 0.2
LCE cost time series LCE cost scalar 0.5 1.0 2.0
LCE capacity time series LCE cap scalar 0.25 1.0 1.5

Policy

Blend wall increase integer blend wall year 2011 2014 2021
Ethanol blenders’ credit time series blenders credit on 0 0 1
Ethanol import tariff time series tariff on 0 0 1
I & M program effect scalar IM effect 0.05 0.15 0.25

which these strategies are implemented. Thus, we use an approach that makes use of current

forecasts and has two important features: (1) it generates a wider range of possibilities in the distant

future, when today’s forecasts are more likely to falter, and (2) preserves the characteristics of near-

term forecasts, where current estimates expect these variables to follow general trajectories over

the next decade. The emphasis of scenario creation is developing plausible futures, and considering

economic scenarios that are obviously already infeasible is an inefficient use of resources.

The current baseline forecasts on which the uncertainties are based were developed for the

California Department of Transportation, and reflect the recent experiences of the Great Recession

(The California Economic Forecast, 2010). While The California Economic Forecast (2010) does
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not explicitly forecast California gross domestic product (GDP), we use the 2010 – 2011 GDP

growth forecast from the UCLA Anderson Forecast for the early years and then the growth in

Total Taxable Sales as a proxy for GDP growth thereafter. Rather than varying the actual values

of California GDP, the scenario describes a time series of growth rates (with negative values implying

contraction) that build from the observed 2009 California GDP (in 2005 chained dollars). Figure

4.1 illustrates the nominal scenario, and the upper and lower bound scenarios for CA GDP growth

rate. The nominal GDP growth scenario forecasts a period of rapid rise in the near term while the

economy recovers from recession, then a period of declining growth rates as the economy stabilizes.

The method of scenario generation preserves the characteristics of this scenario, while creating

additional permutations that consider alternative possibilities.
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Figure 4.1: California GDP growth scenarios

In order to create these GDP growth scenarios, the gdp growth scalar acts as a multiplier on

the year-to-year percentage changes in GDP growth rates in the nominal forecast. For example,

between 2011 and 2012, the change in growth rate (from 2.3% to 4.89%) is 1.12 (112%). These

annual changes are multiplied by the gdp growth scalar to create a new set of GDP growth rates
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over time. When the gdp growth scalar is less than 1, the time series of GDP growth rates is less

optimistic than the nominal case. When the gdp growth scalar is zero, California GDP growth is

flat at 1.7% from 2010 to 2020. At the scalar’s lower bound, California GDP growth is essentially

zero over the next decade — indicating a prolonged period of challenging circumstances where

economic contraction ceases, but real growth does not occur. This method of growth rate scaling

is used with several other uncertainties throughout the scenario generation process.
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Figure 4.2: Historical CA GDP and income growth rates
Source: State of California, Department of Finance

The nominal forecast for California per-capita income assumes a growth trend similar to the

nominal GDP growth forecast, with accelerated growth in the near to mid-term and positive, but

decreasing, growth toward the end of the decade. Income growth rates are closely tied to GDP

growth (see Figure 4.2), historically moving in the same direction. The nominal per capita income

forecast, also taken from The California Economic Forecast (2010), reflects this relationship but

implies lower magnitude growth of income in each year. Since these two important factors are

inherently linked, using a distinct scalar for each (that acts on income growth rate trends in the

manner described above) could lead to implausible scenarios where income declines sharply over a
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long period despite growth in California GDP or increases sharply despite very low GDP growth.

In an effort to preserve the link between income growth and GDP growth, but still introduce

uncertainty into the forecasts, we use an uncertain correlation parameter, income gdp correlation.

This parameter acts as a scalar on the product of gdp growth scalar and the year-to-year changes in

income growth rates under nominal assumptions. Since the upper bound is 1, income growth rate

cannot be higher than the GDP growth rate in any single year, but it cannot be much less either.

The objective was to preserve the historical trend where income growth moves in the same direction

as GDP growth, but typically has a smaller magnitude growth rate — a condition that shrinks in

magnitude for smaller growth rates to match the historical data. The upper bound income scenario

occurs when the gdp growth scalar is 1.75 (its upper bound) and the income gdp correlation is 1.

Similarly, the lower bound scenario occurs when the gdp growth scalar is -0.95 (its lower bound)

and income gdp correlation is 0.75. This lower bound represents a prolonged period of stagnant

GDP and income growth.

The third key factor in the equation that determines total new vehicle sales is California unem-

ployment rate. Like the other economic variables, the nominal forecast comes from The California

Economic Forecast (2010) and permutations are generated by scaling the year-to-year change in

CA unemployment rate in the nominal case. Figure 4.3 illustrates the effect of the variable ue rate

scalar when it is multiplied by the year-to-year changes in unemployment rate. The upper bound

unemployment forecast represents a decrease from the current rate of over 12%, but not a return

to full employment. While CA unemployment rates have fluctuated between 5% and 10% over the

last 35 years, a prolonged period of unemployment over 8% or under 5% would be outside of the

recent historical experience. These serve as the bounding cases for unemployment in any scenario.

The final economic uncertainty of interest is the rate at which inflation changes over time,

measured by the annual change in the Consumer Price Index (CPI). Since The California Economic

Forecast (2010) estimates that future CPI changes will fluctuate between 2.1% and 2.2% over the

next decade, we generate alternative CPI growth forecasts by introducing a small linear trend. The

uncertainty, cpi growth trend, adds a small linear growth trend to the annual CPI percentage change

over the next decade starting from an estimated 2010 CPI change of 2.0% (The California Economic
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Figure 4.3: California unemployment rate scenarios

Forecast, 2010). The nominal value of the uncertainty parameter is zero, which just produces the

nominal forecast of consistent 2.1% growth in the CPI. At the lower bound, the annual change in

CPI reaches 1% by 2020, while the upper bound reaches 4%.

4.5.2 Vehicle uncertainties

While currently available technologies have the ability to improve the fuel efficiency of vehicle

offerings, California lacks the ability to mandate which of these technologies is added to existing

vehicles, or how this improved fuel efficiency is used. During the nearly two decades that federal

CAFE standards were “frozen”, vehicle fuel efficiency, as measured in miles per gallon per ton

(mpg/ton) has steadily increased, despite little or no improvement in fuel economy (measured in

miles per gallon) over this time period (United States Environmental Protection Agency, 2009a).

In that time, passenger cars have become heavier, faster, and more powerful. Manufacturers have
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all improved the efficiency with which their vehicles use the energy in motor fuel; they have merely

allocated those gains to attributes other than fuel economy. They have done so, not as part of

some insidious plot to increase U.S. oil consumption, but to respond to consumer preferences. The

primary goal of these companies is to sell automobiles, and responding to consumer preferences for

increased speed, size and power is the best way to do so.

In the analysis used by the ARB to support the implementation of the Pavley Standards, a

common assumption was that manufacturers would hold all other vehicle attributes (such as torque,

acceleration and weight) constant while incrementally adding new “off-the-shelf” technologies to

existing vehicle models to improve their fuel economy (Cooper et al., 2004). In light of past

experience, and American consumer preferences, it is possible that manufacturers will choose to

allocate some portion of the increase in fuel efficiency to attributes other than fuel economy. This

possibility is reflected in the fuel economy pct uncertainty and applies to the industry as a whole,

despite the fact that individual manufacturers will have different sets of priorities and constraints

based on the efficiency of their existing vehicle offerings (Jacobsen, 2008). The range of potential

fuel economy improvement for each incremental vehicle technology is taken from estimates by the

Committee on the Assessment of Technologies for Improving Light-Duty Vehicle Fuel Economy

(2011), and the value of the uncertainty parameter, fuel economy pct, represents either the lower

bound, midpoint, or upper bound of this range for each technology. This change in technology

effectiveness changes the industry’s choice as to which fuel economy technologies to add, and when

to add them — creating a different set of offerings for each instance of possible fuel economy

preference.

The uncertainty surrounding the auto industry response is partially driven by the difficulty in

accurately predicting the industry’s response to new fuel economy regulations, given its objective

to produce vehicles with characteristics most valued by consumers. Another component of this

uncertainty is the incremental cost of each technology. Naturally, these costs will vary by platform

(some vehicles will already have necessary precedent technologies), vehicle class (larger vehicles

may require more expensive components to achieve the same percentage fuel economy gains), and

stage of development (newer technologies may cost more to integrate than anticipated, or become
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cheaper (through gained experience) at a faster rate than anticipated). The National Research

Council acknowledges that the cost of these technologies, rather than the potential efficiency im-

provements, is the most uncertain influence on the effect of the new fuel economy/GHG emissions

regulations (Committee on the Assessment of Technologies for Improving Light-Duty Vehicle Fuel

Economy, 2011). As described in the previous chapter, ranges of cost estimates for individual tech-

nologies come from the updated fuel economy technologies study by the National Research Council

(Committee on the Assessment of Technologies for Improving Light-Duty Vehicle Fuel Economy,

2011). The parametric uncertainty, tech cost, uses the lower bound, midpoint, or upper bound of

these ranges for each technology in any given scenario. Just as changing the fuel economy pref-

erence of industry changes the decisions about which technologies to add to the vehicle fleet, the

cost parameter forces similar changes. Considered in tandem, these two uncertainties span a set of

scenarios where industry preference for fuel economy is high and costs are low — a low cost, high

efficiency scenario — and a low efficiency, high cost scenario. These two uncertainties are used to

modify the costs and fuel economy improvement values in the Volpe Model, and lead to different

sets of vehicle offerings in each case. The cost-effectiveness of policies to improve fuel economy

are sensitive to assumptions about manufacturer fuel economy preferences and compliance costs.

Considering multiple scenarios, rather than a single assumption, will determine the degree to which

cost effectiveness is impacted by these two uncertainties.

The vehicle fleets of the future are constructed with the Volpe model, in which manufacturers

add technologies to their existing vehicles in ways that will allow them to comply with the fuel

economy/GHG emissions regulations. Interestingly, in all but one scenario (and for only one policy)

no advanced electric vehicles are produced. In particular, manufacturers determine (within the

Volpe model) that they do not need to produce PHEV or FEV vehicles in order to comply with

emissions standards. However, these vehicles are going to be produced and sold to consumers

in California anyway. Plug-in hybrid vehicles and full electric vehicles are starting to enter the

marketplace, and are not likely to be produced in large numbers for several more years. There

is no way to determine how the market shares of these vehicles will evolve over time, regardless

of economic conditions. Since the incremental technology cost is as much as 5 times that of an
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existing hybrid-electric vehicle, the plausible national market share for PHEV by 2020 is only about

1%-3% of the annual new vehicle market (National Research Council, 2009). Similarly, the National

Research Council (2009) estimates new vehicle market share for FEV in 2020 between 0% - 2%.

By contrast, the Energy Information Administration’s 2010 Annual Energy Outlook (AEO 2010)

forecasts a national PHEV market share of 0.8%, though the majority of these vehicles are assumed

to be PHEV-102 , rather than the PHEV-40. The AEO further forecasts a zero percent national

market share for FEV in 2020, further evidence of the consensus belief that these vehicles will have

a difficult time achieving significant market penetration in the near-term.

The recent experience with hybrid-electric vehicles over the last decade can provide some in-

sight into the speed at which these new technologies might penetrate the marketplace, though the

magnitude of the technology costs associated with plug-in hybrid and full electric vehicles make

a direct comparison less appropriate. Over the last decade, national hybrid sales have increased

from just over 9,000 vehicles in 2000 to approximately 300,000 in 20093. Historically, 23% - 26% of

these hybrid sales have been in California, where consumers have demonstrated preferences for both

new technology and fuel efficiency4. The market share of hybrid vehicles in California reached two

times the national market share during the oil price spikes of 2008, so it is possible that the upper

bounds estimated by the National Research Council may be too conservative in California. Rapid

cost reductions, federal purchasing incentives (like the current tax credits available for PHEVs and

FEVs), or unexpected increases in gasoline prices could further encourage California consumers to

purchase these vehicles. Based on the NRC baseline and California’s history with HEV technology

adoption, the upper bound of 2020 FEV market share is set at 7% and the upper bound of PHEV

market share is set at 10%. After setting the 2020 market share, annual market shares are linearly

interpolated from zero in 2010.

Plug-in hybrid electric vehicles, like flexible-fuel vehicles, require an additional consideration

2A PHEV-10 is a plug-in hybrid electric vehicle that can travel 10 miles using only electric power. A PHEV-40 is
a plug-in hybrid that can travel 40 miles between charges.

3U.S. Department of Energy, Alternative Fuels & Advanced Vehicles Data Center,
www.afdc.energy.gov/afdc/data/vehicles.html

4The Zero Emissions Vehicle (ZEV) program, compels automakers to produce and sell small quantities of zero emis-
sions vehicles in the state (or purchase offsetting credits from companies that do—like Tesla motors, a manufacturer
of exclusively electric vehicles).

129

http://www.afdc.energy.gov/afdc/data/vehicles.html


when estimating the GHG emissions from their use in passenger travel: drivers will decide which

of two fuels to use. In the case of FFV’s, it is reasonable to assume that drivers use E85 whenever

it is cheaper to do so. Electricity is already less expensive on a per-mile basis, but PHEVs have

an additional limitation that arises with the nature of the technology; refueling “on the go” is

complicated by long charge times and limited refueling infrastructure. This implies that long

trips must necessarily rely on gasoline for some portion of miles, and short trips that in tandem

could exhaust the energy stored in the battery and require gasoline as well. The PHEV elec pct

uncertainty accounts for this consideration by exogenously determining the percentage of plug-in

hybrids’ VMT that uses only electricity for propulsion. The upper bound of 85% reflects the fact

that a portion of VMT occurs on trips that would be long enough to exhaust the energy stored

in the battery (based on the data from the 2001 National Household Travel Survey) and require

supplemental energy from gasoline. The lower bound reflects the limited recharging capacity to

which some owners may have access, and a general uncertainty about the use of a vehicle technology

that has yet to experience mass market acceptance.

Unlike PHEVs and FEVs, the Volpe model constructs vehicle fleets with increasing numbers of

models using “clean diesel” technology. Modern diesel passenger vehicles have only been available

for a few years, and not in significant numbers. California’s stringent tailpipe standards kept diesel

models out of dealers’ showrooms until manufacturers were able to meet the per-mile emissions

standards for oxides of nitrogen (NOx), a particular challenge for diesel vehicles. The National

Research Council estimates the national market share of clean diesel vehicles to be between 6%

and 12% by 2020 (National Research Council, 2009). However, since the number of diesel model

offerings change based on the values of the fuel economy pct and tech cost uncertainties, and the

policy environment, the market share must change in a way that is consistent with the scenario and

the policy for each run of the model. To account for the changing prevalence of diesel technology, we

model the diesel market share to be a simple function of the percentage of diesel models. It seems

reasonable to expect the diesel market share to grow in proportion to the percentage of offerings,

and the diesel market growth scalar acts as a multiplier on the rate in a way that is consistent

with the changing percentage of vehicle offerings with diesel engines. At the upper bound, a value
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of 2 implies that the diesel market share is twice the proportion of diesel vehicles being offered.

Although the National Research Council estimates diesel market share to be no more than 12%

nationally by 2020, the diesel market share here is specific to California and is bounded by 25% in

the CALD-GEMmodel. Annual diesel market shares from 2010 – 2020 are computed by multiplying

the diesel market growth scalar by the percentage of new vehicles with diesel engines in that year.

4.5.3 Fuels

The prices of gasoline and diesel over the next decade will fluctuate with the World Oil Price, as

they always have. Although World Oil Price estimates from the Energy Information Administration

represent a “best-guess” estimate of future prices, they have historically been inaccurate in periods

of high volatility. In 2003, the EIA reference oil price forecast, representing the “most likely”

future price, estimated the World Oil Price in 2007 to be about $27/barrel (in 2007 dollars) (EIA,

2003). The actual average price for the year was $72/barrel (EIA, 2008). Since that time, world

oil prices have peaked at nearly $150/barrel and averaged over $100/barrel for more than a year

before retreating to the $60 – $80/barrel range again. In fact, EIA’s 2003 “high” price forecast

for 2007 was only about $37/barrel — an estimate off by nearly 100%. As developing countries

like China and India demand more of the world’s limited oil supply, prices may remain high, or

increase, even if the United States drastically reduces its demand over the next decade.

Gasoline and diesel prices are modeled with the same uncertainty, fuel price scalar, since these

prices will tend to move together with the world oil price. This is a simplification; gasoline and diesel

prices may indeed move together, but at different rates depending on relative demand, available

refining capacity, and the cost of fuel additives like ethanol and biodiesel. However, this effect is

likely to be temporary (as we saw when the diesel formulation recently changed to ultra low-sulfur

diesel). Future states of the world in which the price of either fuel significantly changes in the

opposite direction of the other will be under-represented in the scenario ensemble.

To reflect increasing uncertainty over time, the price scalar acts on a baseline forecast similarly

to the GDP uncertainty described above. The nominal case uses California-specific price forecasts

for each fuel based on forecasts from the California Energy Commission Schremp et al. (2009),
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Figure 4.4: California gasoline price scenarios

which were developed using the reference World Oil Price forecast from the EIA’s 2009 Annual

Energy Outlook. Figures 4.4 and 4.5 show the low, nominal, and high price scenarios for CARBOB

(California Reformulated Gasoline Blendstocks for Oxygenate Blending, essentially raw California

gasoline before oxygenates are blended)5 and diesel considered here. By sampling this scalar across

its full range we are able to generate many sequences of gasoline prices and diesel prices between

the cases in Figure 4.4 and 4.5, but these represent the boundary cases.

Uncertainty in the ethanol market

In addition to the price uncertainty of petroleum-based motor fuels, the ethanol market is expected

to undergo significant changes over the next decade. Not only are prices expected to fluctuate, but

5While the CEC forecast estimates future prices of California Reformulated Gasoline (CARFG), they have been
modified to reflect both the lower initial price in 2010 and the varying price of ethanol blending which is determined
endogenously in each run of the CALD-GEM model.
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Figure 4.5: California diesel price scenarios

the supplies of various sources and types of ethanol are expected to change as well. As California’s

Low Carbon Fuel Standard creates demand for increasingly lower carbon ethanol in California, the

Federal Renewable Fuels Standard sets blending mandates for advanced biofuels (cellulosic ethanol

and some sugarcane ethanol in the short term) that will have a similar effect at the national

level. The two sources of low carbon ethanol considered in this analysis are Brazilian sugarcane

ethanol, which is based on a well-established conversion process and over three decades of production

experience, and cellulosic ethanol, which is still only being produced at the pilot scale (in very

limited quantities) in the United States. As explained in the Ethanol Market section of the previous

chapter, these two sources, and corn, define the set of ethanol types available for blending in the

CALD-GEM model.

The mix of ethanol types is likely evolve over the next decade, reflecting the policy objectives

of the Renewable Fuels Standard and the evolving production technologies for cellulosic biofuels.
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Although the current ethanol market in the U.S. is dominated by Midwestern corn ethanol, this

dominance is expected to diminish over the next 25 years as corn ethanol production levels off and

consumption of other biofuels increases (Energy Information Administration, 2010). The Energy

Information Administration expects the contribution of cellulosic ethanol to be small in the near

future, even as far out as 2022. Similarly, imports are expected to make a small contribution to

RFS compliance before 2035. However, this is a rapidly changing market.

The elimination of the Ethanol Import Tariff (discussed below) and rapidly increasing pro-

duction capacity could mean large increases in Brazilian sugarcane ethanol imports over the next

decade (Schremp et al., 2009). To account for this potential increase in the supply of Brazilian

ethanol to California’s fuel providers, we assume that U.S. imports increase in the manner esti-

mated by the Energy Planning Agency of the Ministry of Mines and Energy of Brazil (Empresa

de Pesquisa Energética, EPE). However, UNICA (the Brazilian Sugarcane Industry Association)

estimates much larger increases in ethanol exports — nearly twice as much (over 3 bgy) by 2015

and more than 4 bgy by 2020. Brazil has export obligations to other regions that must be met,

and exports to the U.S. are expected to be about 800 mgy by 2017. We assume that California can

acquire up to half the total import amount without affecting the price (a necessary simplification,

since other domestic consumers are not explicitly modeled). Figure 4.6 illustrates the bounding

cases for the imported gallons of Brazilian ethanol to which California fuel providers have access in

each year. The upper bound is more representative of the UNICA estimate, and the lower bound

accounts for the uncertainty of sugar prices and growing conditions. It is also possible that a rapid

increase in demand within Brazil could decrease the amount of ethanol available for export.

Supplies of LCE are also expected to grow over the next decade, although the range of ex-

pectations varies widely and tends to fluctuate over time. For example, the Western Governors’

Association study on which the ARB based its development of the LCFS regulations, Parker et al.

(2008b), expected LCE production capacity in the western U.S. to be 70 million gallons in 2010,

and more than 2.3 billion gallons in 2013. However, production capacity has not increased that

rapidly and estimates by both industry and policy organizations have been revised downward since

the study was completed. The EPA revised the 2010 cellulosic biofuel requirement, the amount of
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Figure 4.6: Brazilian sugarcane ethanol supplies available to California blenders

fuel that must be consumed nationally, downward from 100 million gallons to 6.5 million gallons

(United States Envionmental Protection Agency, 2010). The United States Department of Agricul-

ture, in a survey of all built and permitted next-generation biofuels facilities in the U.S., estimates

maximum cellulosic biofuel production capacity at 291 mgy for 2012 and beyond (Coyle, 2010).

Since the USDA estimates are more recent, and better reflect the current realities of the market-

place, the nominal forecast of LCE production capacity uses these values for the early years of the

next decade before interpolating to reach long-term production capacities similar (though lower)

to Parker et al. (2008a). Figure 4.7 illustrates the bounding scenarios of domestic LCE capacity

considered here. The LCE cap scalar acts as a simple multiplier on the nominal case. In later

years, this can be interpreted as the degree to which the industry has developed. In the shorter

term, the interpretation is one of operational capacity. Current capacity is 10 mgy if all facilities

operate at 100% of their maximum capacity, which is unlikely to happen. Actual production will

be lower at each facility than the maximum capacity rating.

While the nominal case and upper bound may both seem optimistic in light of recent experience,
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there is value in minimizing the deviation from assumptions made in the regulatory analysis beyond

those which have already been invalidated. The development of this market is of critical importance

to California’s ability to meet LCFS requirements, and using a similar set of assumptions, at least

in the nominal case, will facilitate comparisons to the state’s estimates and help highlight scenarios

to which California’s policies are vulnerable.
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Figure 4.7: LCE supplies available to California blenders

Corn ethanol prices and Brazilian sugarcane ethanol prices are based on the assumptions in

California Air Resources Board (2009d). The baseline prices in 2010 differ from those assumed

by the ARB in that they reflect the current higher value of the World Oil Price. Rather than use

gallon-gas-equivalent units, the analysis preserves the price-per-gallon specification and uses scaling

factors within the CALD-GEM model to appropriately adjust for the lower energy density of the

fuel. The Proposed Regulation for Implementing the Low Carbon Fuel Standard (California Air

Resources Board, 2009d) assumes that ethanol prices will rise over time commensurate with the

increase in World Oil Price. This percentage price increase is extrapolated from the LCFS analysis,

136



so that ethanol prices change with the percentage change in World Oil Price (implied by changes in

the price of CARBOB within the model). Production costs of so-called “first-generation” biofuels

(made from feedstocks like grains, seeds, or sugar), are sensitive to price fluctuations in their high-

cost feedstocks, as well as changes in the World Oil Price (Larson, 2008). For corn-based ethanol,

the cost of feedstock can account for more than 60% of the total cost of fuel production. So even

if production costs and efficiencies continue to improve, prices could still rise based on the global

demand for the corn. A similar tale can be told for sugarcane ethanol, which benefits from a more

efficient and less expensive production process, but is subjected to similar price volatility for its

sugarcane feedstock.

2010 2012 201� 201� 2018 2020

0
1

2
�

�
5

�
7

Year

20
08

� 
�e

r �
al

lo
�

low
�o�i�al
hi�h

Figure 4.8: Corn ethanol price cases

Figure 4.8 illustrates the three bounding cases (including the nominal) for corn ethanol price

between 2010 and 2020. It is worth noting that ethanol prices for all three types will vary with

the fuel price scalar uncertainty that acts as a proxy for changing World Oil Price (and refining
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capacity uncertainty). In scenarios with very high gas and diesel prices, corn ethanol, which uses

those fuels as production inputs for cultivation of the feedstock and transportation and distribution

of the product, will be similarly expensive. Of the three ethanol types considered here, corn ethanol

is the most fossil intensive — using the greatest amount of fossil fuel to bring ethanol to market

— and will be most effected by increases in World Oil Price. The price uncertainty parameters for

corn ethanol and Brazilian sugarcane ethanol operate the same way: each represents a year-to-year

increase that results in a 2020 price that is either half the 2010 price (at the lower bound) or twice

the 2010 price (at the upper bound). Figure 4.9 contains the three bounding cases for Brazilian

sugarcane ethanol, including the impact of the appropriate World Oil Price scalar.

2010 2012 201� 201� 2018 2020

0
1

2
�

�
5

Year

20
08

� 
�e

r �
al

lo
�

low
�o�i�al
hi�h

Figure 4.9: Brazilian sugarcane ethanol price cases

The price uncertainty for LCE operates in a simpler way, but on a more nuanced component of

the ethanol market module. The LCE cost scalar acts as a multiplier on the values of the nominal

case. The price of LCE is expected to decrease over time as the technology to produce it matures
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and production facilities increase in size, improving economies of scale. However, within any single

year costs will vary with the availability and cost of feedstocks, which exist in limited quantities and

are not uniformly well-suited to cellulosic ethanol production (Parker et al., 2008b). The LCE cost

scalar scales the vector of lowest cost million gallons of LCE in each year. Figure 4.10 shows the

bounding cases for the per-gallon price of the first million gallons of ethanol. Prices are assumed

to increase linearly from this point for every million gallons as a function of feedstock availability

and suitability (see Chapter 3). One observation to draw from Figure 4.10 is that, unlike the other

fuel prices, the first year exhibits a wide range of uncertainty in cost. At the moment, there are

a number of small facilities producing LCE in small quantities (pilot scale or smaller) so there is

no single value to use for the cost of production. It likely varies widely by facility and feedstock

conversion method, and producers themselves may not have a stable average production cost until

a particular conversion process (or small set of them) become the industry standard in the coming

years.
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Figure 4.10: Per-gallon price of the lowest cost million LCE gallons available to California blenders
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4.5.4 Policy uncertainties

Although California has the authority to implement an aggressive set of policy actions, there are

simultaneously implemented policies at the federal level about which California can do very little.

These federal policies can have a profound impact on the effectiveness of California’s policies, and

must be considered in a comparative policy analysis. The federal policy with the most signifi-

cant impact on California’s transportation GHG emissions is the updated CAFE/GHG emissions

program — which serves as the baseline context in which all state-level policies are implemented.

However, the federal government has in place a number of policies that change the dynamics of

both the biofuels market and the mix of fuels consumed.

The largest federal biofuels policy is the Federal Renewable Fuels Standard, but rather than

creating uncertainty, this policy ensures a guaranteed market for domestic biofuel producers. Since

California’s “fair share” blending requirement6 will vary based on its percentage of national fuel

sales (historically 10% - 12%), estimating the consequences of forcing California’s fuel industry

to meet these requirements is beyond the scope of this analysis. Since California’s reformulated

gasoline already has 10% ethanol blended as an oxygenate, compliance with the RFS2 really just

determines whether or not California fuel providers are forced to choose between increasing E85

sales (either through subsidy or marketing) or paying fines (Schremp et al., 2009). However, other

federal biofuel policies play a similarly important role in the evaluation of strategies for California,

yet are uncertain at the moment.

The Low Carbon Fuel Standard relies on ethanol blending to achieve carbon reductions from

transportation fuels, particularly in the early years when electricity consumption for transportation

is negligible. Since California’s E85 retail infrastructure has been slow to develop7, fuel providers

might prefer to blend more ethanol into reformulated gasoline to lower its carbon content. However,

the blend wall is set by the U.S. EPA and blend wall increases have been under review for several

years. In October 2010, EPA ruled that fuel providers could increase the blend wall from 10% to

6The RFS2 mandates biofuel blending volumes at the national level. The “fair share” provision represents Cali-
fornia’s share of this blending requirement based on its percentage of total gasoline and diesel consumption.

7As of November 2010, the state had fewer than 50 pumps with public access for its nearly 400,000 flexible fuel
vehicles. Los Angeles, a city of nearly 4 million people, has the highest density of flex-fuel vehicles in the state
(Schremp et al., 2009), but just one E85 pump.
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15% (creating E15), but only for vehicles MY2007 or newer. It seems reasonable to assume the

increased blend wall will eventually be approved for most or all older model vehicles — and over

the course of the next decade the majority of on-road vehicles will be MY2007 or newer as older

vehicles are retired and replaced. Exactly when this change will occur in California is uncertain.

Until older vehicles are cleared by EPA to use higher ethanol blends, retail outlets are unlikely to

modify facilities or force consumers to choose between 10% and 15% ethanol blends. Additionally,

once the EPA makes a final ruling on older vehicles, individual states will still have to respond

by approving the use of the higher blend within their borders. California will have to modify the

specification of its reformulated gasoline to account for the higher ethanol content, and may be

reluctant to move to E15 due to air quality concerns8. Hence, the blend-wall increase uncertainty

represents the year in which California makes the statewide switch from E10 to E15. The earliest

this change could happen is 2011, but is still relatively unlikely to happen before 2014 (though some

regions may phase in the new fuel before full statewide adoption). In addition to changing the total

quantity of unblended gasoline (CARBOB) consumed in a given year, increasing the blend wall

lowers the energy density of reformulated gasoline. Based on the energy lost by increased ethanol

blending, the CALD-GEM model introduces a 2% fuel economy penalty on all gasoline powered

vehicles once the blend wall is increased to 15%.

In addition to the blending mandates of the Federal Renewable Fuels Standard, federal tax

policy has provided aid to the domestic biofuels industry in the form of tax credits for ethanol

blending ($0.51 per gallon of neat ethanol), and both a $0.54 per gallon tariff and 2.5% ad valorem

tax on imported ethanol (from Brazil, for example). Since the Blender’s Tax Credit applies to

all ethanol blended into motor fuels, the Ethanol Import Tariff essentially offsets the tax credit

in order to protect domestic ethanol producers. These taxes are set to expire at the start of

2011, but have been a staple of federal biofuels support for nearly three decades and may well be

renewed before their expiration. The removal of the Blender’s Tax Credit and import tariff would

dramatically change the relative cost competitiveness of different ethanol blends. For example,

8The GREET model, developed and maintained by Argonne National Labs, estimates that carbon monoxide
increases 0.4% with E15 over a comparable vehicle running on the current formulation of California’s gasoline.
Estimates of urban NOx and volatile organic chemicals (VOCs) increase even more; 8.6% and 2.4%, respectively.
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although Brazilian sugarcane ethanol costs less to produce, federal tax policies reduce the price

of Midwestern corn ethanol and raise the price of Brazilian ethanol. The renewal of these taxes

is uncertain, and the two uncertainties, blenders credit on and tariff on, in Table 4.2, refer to

the renewal or expiration of these tax policies in 2011. Since they are set to expire, the nominal

assumption is that the tax/credit cease to exist in January 2011.

4.6 Policy levers

In the RDM literature, policy levers are typically thought of as individual actions that may taken to

achieve a policy objective. These levers can be, and typically are, combined to form “strategies”.

For example, one policy lever identified in the scoping exercise is an increase in the California

state gasoline excise tax. This policy lever can be considered independent of other policies (as a

strategy of its own), or may be combined with additional policy levers, like the LCFS, to create

a strategy that impacts both the level of fuel consumption (through the tax) and the carbon

content of fuels (through the LCFS). If we are able to add policy levers to an existing strategy

as a response to observable conditions, we can create adaptive strategies. For example, if we find

that rapidly increasing fuel economy and a speedy economic recovery are failing to sufficiently

reduce GHG emissions, an increase in the gasoline tax can induce reductions in VMT and thus fuel

consumption. It is politically challenging to modify fuel taxes, and the political will to increase

fuel taxes has been absent in the U.S. for decades. However, the price increase modeled in this

study can be achieved through other mechanisms; a lower carbon cap for the transportation sector

in California’s cap-and-trade program would increase the cost of permits and drive up the price of

gasoline. One objective of this study is to identify the level of increase necessary to achieve the

desired GHG reductions, even in challenging circumstances. Identifying which types of strategies

are sufficient to achieve greenhouse gas targets under challenging circumstances is a useful starting

point for a discussion of what steps Californians are willing to take to accomplish the desired

reductions.

The policy levers considered in this analysis can be grouped into three broad categories based

on the element of GHG emissions that they affect: (1) fuel economy, (2) vehicle miles traveled, and
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Table 4.3: California policy options to reduce GHG emissions from passenger travel

Fuel Economy Levers VMT Leversa Carbon Intensity Leversb

Federal CAFE/GHG emissions program Gas Tax LCFS
Pavley I Diesel Tax
Pavley II Carbon Tax
I & M program

a - Fuel tax increases are modeled to take effect in 2016.
b - The blend wall also changes fuel carbon intensity, but is modeled as an uncertainty.

(3) carbon intensity of motor fuels. Table 4.3 illustrates this categorical grouping of levers, which

are discussed in greater detail below.

4.6.1 Fuel economy levers

Since the federal CAFE standards have been increased and merged with the EPA’s GHG emissions

regulations, this policy (subsequently referred to as the federal program) serves as the baseline

to which others are added (both the ARB’s policy set as well as the additional transport policies

listed in Table 4.1). This policy is always active at the national level and currently specifies fuel

economy targets for new vehicles through 2016, at which point they can be increased further or

frozen at 2016 levels, as were the targets of the CAFE program for nearly two decades. California’s

GHG emissions standards, Pavley I, create an additional policy constraint that manufacturers must

meet in addition to the national targets: a state-level average per-mile GHG emissions across all

vehicles sold in the state9. However, manufacturers will attempt to meet this target using the same

fleet that they will use to meet the federal policy objectives. The implementation of Pavley II, a

more stringent set of state-level GHG emissions standards that begin in 2017 and extend through

2020, not only adds a state-level emissions target (as Pavley I does), but results in a fundamentally

different set of vehicle offerings as well, since manufacturers will need to sell more efficient vehicles

in California to comply with the regulation. The final lever is a vehicle Inspection and Maintenance

program that can be linked to the existing Smog Check program and regular maintenance at service

9The California regulations have been modified to compute the average GHG emissions on the vehicles delivered
for sale, rather than the vehicles sold, as a concession to the auto industry. In this analysis, the average is calculated
based on the sales rather than vehicles delivered for sale as a necessary simplification
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facilities across the state. The impact of the I&M program is likely to be small, as is its incremental

cost.

4.6.2 VMT levers

An effective way to reduce fuel consumption is to increase the price of fuel. There are several

policy levers that can accomplish this increase, though the mechanism is always the same. For

example, if motor fuels are included in a carbon management regime, a carbon tax of $50 per ton

will increase gasoline prices by about $0.45/gallon (Sperling and Yeh, 2009). Similarly, including

transportation fuels in a statewide cap-and-trade program would subject fuel prices to fluctuating

taxes and increase fuel price volatility. However, California’s early scoping of the carbon permit

market omits transportation fuels’ combustion and includes only the industrial emissions of fuel

refineries under the cap (California Air Resources Board, 2010b). Transportation fuels are likely

to enter the state’s cap-and-trade program in some capacity by 2016, but the precise accounting

methodology by which the passenger transportation sector complies with a carbon cap has yet to

be defined. As a simplification, all of the potential VMT levers are modeled as fuel tax increases

— above the current California fuel excise tax of $0.355/gallon and federal fuel excise tax of

$0.184/gallon. These policies are implemented in 2016 and are fixed at the same level until the end

of the simulation in 2020.

Since some scenarios have large increases in the share of new diesel vehicles, one policy lever only

increases diesel taxes. If the increase in diesel vehicles leads to more VMT (diesel vehicles are more

efficient) and diesel fuel consumption, then a policy lever that specifically targets diesel fuel prices

can more efficiently address increases in GHG emissions resulting from the changing characteristics

of the vehicle population. Although a tax policy that exclusively increases diesel fuel taxes would

disproportionately impact the freight industry, and be nearly impossible to implement politically,

it is intended to identify the extent to which such an action might improve emissions performance

if the market for new vehicles develops in unexpected ways.
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4.6.3 Carbon intensity levers

The only policy lever in this analysis that reduces carbon intensity is the Low Carbon Fuel Standard.

Once the EPA releases a final ruling on the maximum safe ethanol blend for combustion in all

vehicles, it may be possible to increase the percentage of ethanol in blended gasoline. This would

lower both the carbon intensity and energy density, but may lead to some reduction in GHG

emissions. However, in the absence of this final ruling, the ability to reduce the carbon intensity of

gasoline through higher ethanol blending is an uncertainty (discussed above).

When the LCFS is implemented, all fuel providers (treated in aggregate, as an industry) must

maintain a positive or zero credit balance, relative to the annual standard. The standard mandates

a life-cycle carbon intensity target that decreases over time, so fuels must become less carbon

intensive over time. Fuels that have carbon intensities below the annual target generate credits and

those above generate deficits. The sum of these is the industry’s balance in a given year.

The LCFS forces reductions in the life-cycle carbon intensity of the transportation fuels used in

the state, but in the early years the majority of reductions will come from ethanol. Interestingly,

statewide GHG emissions are not calculated on a life-cycle basis, so transportation fuels’ contri-

bution to statewide GHG emissions only considers combustion. In the case of ethanol, a gallon of

cellulosic ethanol releases just as much carbon as a gallon of corn ethanol. They are both merely

“neat” ethanol. So while the LCFS may indeed lead to reductions in life-cycle carbon emissions, if

compliance relies heavily on ethanol, statewide GHG (as calculated in the California GHG Inven-

tory) are likely to be largely unaffected. The majority of GHG reductions would occur at a higher

stage of the life-cycle — where feedstocks are grown and act as carbon sinks, removing carbon

from the atmosphere — and would lead to emissions reductions in the states where feedstocks are

grown and ethanol produced, rather than in California. This positive leakage effect is relevant to

the state’s larger goal of reducing GHG emissions, but is not counted in the state’s emissions total

and is beyond the scope of this analysis.
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4.7 Strategies

The analysis will evaluate a set of strategies in an effort to calculate more rigorous (and realistic)

estimates of effectiveness, and to identify alternative paths that California might pursue to reach

its greenhouse gas targets. Each strategy is composed of policy levers from at least one, and

possibly all three, of these categories. Table A.1 summarizes the strategies initially considered in

this analysis, with Strategy 1 (the AB 32 Scoping Plan strategy, implemented against the federal

fuel economy policy) being the currently implemented suite of policies. The current strategy is

likely to augmented later in the decade with a second set of Pavley Standards, making Strategy

13 a likely, but not guaranteed, future strategy. The strategies represent a mix of approaches and

provide sufficient diversity to consider the relative impacts of each policy lever independently, as

well as combinations of levers that may achieve emissions reductions at greater or lower cost by

addressing a different component of transportation GHG emissions.

The choice of including Pavley I in a strategy creates an additional policy constraint that

manufacturers must meet in addition to the national targets: state-level average per-mile GHG

emissions. However, manufacturers will attempt to meet this target using the same fleet that they

will use to meet the federal policy objectives. It is uncertain if Pavley II will be implemented (in

2017), and would add a further state-level emissions target (as Pavley I does) that continues to

2020 and forces manufacturers to offer a different set of vehicles in California over that period.

The strategies vary from “do nothing” (Strategy 0), merely letting the federal fuel economy/GHG

emissions program induce emissions reductions in the state, to aggressive strategies that combine

fuel taxes with state-level GHG emissions standards and fuel regulations. While more aggressive

policies are likely induce greater reductions in GHG emissions, they will also impose higher costs

and may be politically challenging to implement.

In particular, strategies that rely on increases in fuel taxes (or some other mechanism, like a

carbon tax, that achieves similar increases in fuel prices) to control VMT would probably be very

unpopular politically. However, persistent growth in statewide VMT over the next decade will lead

to increases in GHG emissions, regardless of the efficiency achievements that fuel economy policies

are able to achieve. In this context, fuel tax increases serve two purposes: (1) represent uncertainty
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Table 4.4: Strategies to reduce GHG emissions from passenger travel

Strategy ID Fuel Efficiency VMT Carbon Intensity

0 Federal program

1 Federal program, LCFS
Pavley I, I & M program

2 Federal program LCFS

3 Federal program,
Pavley I

4 Federal emissions program,
I & M program

5 Federal program Gas Tax + $0.50

6 Federal program Gas, Diesel Taxes + $0.50

7 Federal program Diesel Tax + $0.50

8 Federal program Gas Tax + $1.00

9 Federal program Gas, Diesel Taxes + $1.00

10 Federal program Diesel Tax + $1.00

11 Federal program Gas Tax + $2.00

12 Federal program Gas, Diesel Taxes + $2.00

13 Federal program, LCFS
Pavley I, I & M program, Pavley II

14 Federal program, Gas, Diesel Taxes + $0.50 LCFS
Pavley I, I & M program, Pavley II

15 Federal program, Gas Tax + $0.50 LCFS
Pavley I, I & M program

16 Federal program, Gas, Diesel Taxes + $1.00 LCFS
Pavley I, I & M program, Pavley II

17 Federal program, Gas, Diesel Taxes + $0.50 LCFS
Pavley I, I & M program

18 Federal program, Gas, Diesel Taxes + $1.00 LCFS
Pavley I, I & M program

19 Federal program, Gas, Diesel Taxes + $2.50 LCFS
Pavley I, I & M program

a - Fuel tax increases are modeled to take effect in 2016.
b - The blend wall also changes fuel carbon intensity, but is modeled as an uncertainty.
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about the state’s cap-and-trade program, and (2) illustrate the GHG consequences of VMT control

measures. When transportation fuels enter the cap-and-trade program, the transportation sector

will be “capped” — meaning that all emissions from the sector must have a permit associated with

them to avoid fines. Both the costs of the permit and fines (if they occur) will be passed along

to motorists as increases in the price of gasoline. The stringency of the cap, the accounting of

fuel emissions, and the relationship to emissions in other sectors is still uncertain so estimating

the price impacts of the program are impossible. Additionally, strategies that include large fuel

tax increases are meant to illustrate the difficulty of meeting the state’s greenhouse gas targets

under certain conditions, and provide additional ways to address vulnerabilities that affect current

policies. Fuel tax increases affect preference for fuel economy and hybrid electric vehicles in the

model, but the largest impact is on VMT. By understanding the levels that VMT must reach in

order to respond to challenging conditions, more nuanced policies can be developed that either

provide political cover while still increasing fuel prices (such as a carbon permit market with a low

cap on the transportation sector) or that rely on travel demand management strategies at the local

level (such as rideshare programs and public transit incentives) to control VMT. While it may be

politically impossible to enact a $2.00/gallon gasoline tax increase in the next decade, there is value

in understanding how doing so would affect greenhouse gas emissions and costs for the state.

4.8 Metrics to evaluate strategies

While there can often be great disagreement about the appropriate metrics used to determine a

policy’s effectiveness, the ARB has been explicit in its criteria. Both the AB 32 reduction goals

for the transportation sector and the stipulation that new vehicle standards be “cost-effective”

from the consumer’s perspective serve as reasonable yardsticks by which to evaluate California’s

strategies. The metrics listed in Table 4.1 are not limited to these, as there are many ways in

which an outcome may be measured. For example, it may be of interest to consider the mobility

impacts of particular strategies. However, the primary metrics discussed below are emissions and

costs. Chapter 7 moves beyond the technical considerations of emissions reductions and cost, and

addresses the potential political acceptability of strategies and costs.
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Table 4.5: Combustion factors associated with fuel consumption
Greenhouse Gasa

Fuel CO2 N2O
b CH4

CARBOB 8.8 .000012 .000015
Diesel 10.04 .000012 .0000026
Ethanol 5.5 b b
Electricityc 0.2767 0.00000167829 .00000303907
Natural Gasd 0.05338 0.0001009 .001009

a - Units for each gas are in kg per gallon for gas, diesel and ethanol; per kwh for electricity;
per standard cubic foot for natural gas.
b - N2O and CH4 emissions are an artifact of travel rather than fuel consumption, and are in kg/mile.
The values were estimated using the GREET model, but are fairly consistent with United States Environmental Protection
Agency (2008a). Ethanol emissions of these gases are included in the gasoline calculation.
c - The emissions associated with each kwh of electricity in California are from Energy Information Administration (2002).
d - The emissions associated with natural gas combustion are from the ARB Greenhouse Gas Emissions Inventory Data, years
2000 – 2008.

Given the policy objective to reduce GHG emissions from transportation, total GHG emissions

from light-duty passenger travel is the most obvious metric in the study. The state expects its cur-

rent policies to result in 2020 emissions of 112.3 MMTCO2e from passenger travel. The calculation

of total GHG relies on fuel consumption to estimate GHG emissions, the same method used in the

most recent California Greenhouse Gas Inventory (covering 2000 – 2008) conducted by the ARB10.

Each fuel creates a fixed amount of each greenhouse gas per unit of combustion, kgCO2 /gallon for

example. Table 4.5 lists the emissions associated with the combustion of each fuel in this study.

These combustion factors (and per-mile estimates for conventional fuels emissions of N2O and

CH4) are multiplied by the total number of units consumed of each fuel to estimate GHG emissions

in each year. Equation 4.1 represents this emissions estimate, and converts the emissions of all gases

into CO2 -equivalent units using the conversion factors from Intergovernmental Panel on Climate

Change (2007), based on the global warming potential of each gas relative to CO2 . It is worth

noting that GHG emissions are measured from combustion, rather than over the full life-cycle of

the fuels, despite a life-cycle perspective in some policies (LCFS, for example).

10Available at
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GHG Emissions =
∑i CO2 Factorsi × Consumptioni

+VMTgas, diesel × (310 ·N2O Factorsgas, diesel + 21 · CH4 Factorsgas, diesel)

+Consumptionelec, NG × (310 ·N2O Factorselec, NG + 21 · CH4 Factorselec, NG)

(4.1)

There are intermediate metrics that are necessary to calculate GHG emissions, that may be of

interest in their own right. For example, fuel consumption, by type and over time, can be used to

identify shifting trends in consumption patterns and determine how strategies are affecting motor

fuel use in the state. Similarly, some strategies impact VMT to induce GHG emissions reductions.

By measuring the total statewide passenger VMT, one may consider the mobility impacts of a

particular strategy in addition to its GHG effectiveness.

The other important class of metrics (as defined by the state) pertain to consumer costs that

result from the implementation of these policies. California consumers will bear new costs when

purchasing vehicles, the result of emissions regulations, and additional per-gallon fuel costs that

result from fuel or VMT policies. To the extent that the LCFS alters the relative prices of motor

fuels, California motorists will pay more at the pump. These costs are captured individually, as

total technology cost and total fuel cost, but are also combined to get a better sense of the overall

cost impact of the strategies. Net savings is defined as the difference between these costs and the

costs incurred in the absence of state-level policies (with only the federal program). These metrics

are used to compare the relative effectiveness of the strategies considered.

Many studies of transportation policies rely on conventional benefit-cost analyses that monetize

all benefits and costs and discount them over time to determine the present value of net benefits,

or benefit-cost ratios. In such studies, the uncertainty component is rarely the focus, despite the

importance of assumptions about the monetization of benefits and costs. Sensitivity analyses are

typically used to determine the importance of individual factors, but not combinations of factors

across their ranges. This study eschews the conventional benefit-cost framework in favor of a

scenario framework that explicitly addresses the uncertainty in the observable factors that lead to

the costs and emissions outcomes from passenger travel in California over the next decade. While

reasonable readers may disagree about the most likely value of a particular uncertainty, there is no
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ambiguity about its value in the scenario definition. The key uncertainties impact the effectiveness

of the strategy, rather than its valuation. But in a benefit-cost framework, there may be a set of

uncertainties that impact the valuation of strategy performance, rather than the performance itself.

As a practical consequence of this study’s bias toward observable metrics, the chosen cost metric

represents incremental technology costs and fuel costs but omits commonly included benefits such

as the present value of discounted fuel savings that accrue to consumers over the life of the vehicle

— which are extremely sensitive to choices about discount rates and/or payback periods. Such

assumptions introduce unobservable uncertainty into the calculation of the metrics themselves.

While the cost metric defined above limits the inclusion of some economic costs and benefits (such

as the value of savings in refueling time or the morbidity impact of criteria pollutant emissions

from travel), it reduces the uncertainty in the calculation of metrics.

4.9 Identify key relationships

The most important relationships in the analysis translate uncertainties and strategies into metrics.

These relationships are described in detail in the description of the CALD-GEM model, but are

briefly listed again below.

• The characteristics of vehicle offerings depend upon manufacturers’ preference for fuel econ-

omy (versus weight and performance) and the technology cost uncertainty (determined by

the VOLPE model and imported into CALD-GEM model).

• Total new vehicle sales depends upon the economic uncertainties.

• The mix of vehicle classes depends upon fuel price, changing vehicle class characteristics, and

policy constraints.

• Fuel prices change in response to exogenous uncertainties and fuel policies.

• Alternative fuels consumption is driven by both uncertainties and policy levers, which then

affect the cost of conventional fuels.
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• Per vehicle VMT depends upon fuel prices, changing vehicle fuel economy, and economic

uncertainty.

4.10 Run many computational experiments to assess the perfor-
mance of strategies and identify candidate robust strategies

Once the relevant uncertainties, strategies, and metrics are defined, the experimentation process

begins. In the first step, we construct many representations of the future using combinations of the

uncertainties in Table 4.2, “scenarios”. These scenarios provide the contexts in which strategies

are implemented in the model. We then conduct computational experiments where we evaluate the

strategies by implementing each of them in every one of the scenarios we have defined (Lempert,

Popper, and Bankes, 2003). For example, if we have 3 strategies and want to consider 3 scenarios

(say, a low, medium, and high cost future), then we must implement strategy 1 and run the CALD-

GEM model 3 times — once for each scenario. We then implement strategy 2 and repeat. So for

an experiment with 3 strategies and 3 scenarios, we run 9 experiments, 3 for each strategy.

In this phase we identify exactly how the scenarios will be constructed. For some combinations

of variables, it is sufficient to sample across the space defined by the ranges of the uncertainties.

For example, each of the economic uncertainties is a continuous variable, whose range can be easily

sampled. In contrast to a Monte Carlo framework, which would impose distributions (normal,

or otherwise) and sample from those distributions, in an RDM analysis it is more common to

assume a uniform distribution over the range of each uncertainty. This assumption facilitates the

creation of more extreme scenarios, where each uncertainty may be at (or near) its maximum value,

and imposes no weighting on the scenarios. At this point, there is no judgment made about the

“likelihood” of any particular scenario; each strategy is evaluated against the uncertainties of every

scenario as if it is a true the state of the world.

In this analysis, some of the exogenous factors are defined discretely and are likely to be im-

portant as combinations — the blending credit and import tariff, or the technology cost and man-

ufacturer fuel economy preference, for example. In these cases, merely sampling across the values

of the uncertainties may omit combinations of interest from the scenario ensemble. In order to
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capture these combinations of interest, it uncertainties are split into two groups: a sample group

and a factorial group. The factorial group consists of the Blenders’ Tax Credit, the Ethanol Import

Tariff, technology cost, and manufacturer fuel economy preference. The first two variables have

two possible values, the second two each have three (see Table 4.2). A full factorial across these

four uncertainties creates an ensemble of 36 scenarios (2 x 2 x 3 x 3) that captures all possible

combinations of the four uncertainties. For the remaining uncertainties, all of which are continuous

except for the blend wall uncertainty (which is integer valued), we sample across the ranges of each

using a 85 element orthogonal Latin Hypercube sample. This sampling technique has been used

in other RDM analyses (Groves, 2005; Lempert et al., 2006) and provides an efficient space-filling

sample. The Latin Hypercube sample is created by dividing the range of each uncertainty into an

equal number of segments, of length that is inversely proportional to the number of samples, then

all samples are chosen simultaneously to ensure that all subregions of the sample space are sampled

with the same density.

The final scenario ensemble is the product of the factorial ensemble and the Latin Hypercube

ensemble. So for each element of the factorial ensemble, of which there are 36, every sample from

the Latin Hypercube is appended. This creates a final scenario ensemble of 36 x 85 + nominal

scenario, for 3061 distinct scenarios. Each of the 20 strategies defined in Table A.1 is then evaluated

against each of the scenarios in the ensemble. In this way, it is possible to assess the performance

of two strategies, A and B, against an identical set of stresses to identify which of the two performs

better in challenging circumstances. This scenario ensemble is combined with the strategy set in

the CALD-GEM model to generate outcomes for the metrics defined above.

Unlike a traditional optimization approach, which seeks to identify the strategy that maximizes

a desirable outcome, or minimizes an undesirable one, under a set of assumptions, this analysis

seeks a strategy that is robust to uncertainty and performs well under the widest range of uncer-

tainty (Lempert, Popper, and Bankes, 2003). In the next step, the results of the computational

experiments from the CALD-GEM model are used to identify strategies that are completely domi-

nated by others. The strategies that are least sensitive to the exogenous uncertainties in the scenario

ensemble are chosen as candidate robust strategies, and further evaluated to identify vulnerabilities.
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The criteria for choosing candidate strategies is based on the ideas of thresholding and satis-

ficing. Rather than seeking the strategy that achieves the best outcomes for any single scenario,

we identify a value for each metric at which a strategy can be said to perform “well enough”.

The satisficing approach essentially trades optimality (in some scenarios) for robustness to a wider

range of conditions. For example, strategy A may significantly outperform strategy B in 10% of

the scenarios, but if strategy B meets the satisficing threshold in more scenarios, it is deemed more

robust. One way to compare strategies from the perspective of robustness is to consider regret. Sim-

ply stated, given the set of conditions defined by a single scenario, regret measures the difference

between the performance of the best policy available and the one that was implemented for each

metric of interest (Lempert, Popper, and Bankes, 2003). Equation 4.2 describes this relationship

more formally. For a single metric, m, regret for each strategy, j, in each scenario, s, is given by

regretjs = Max[Performancem(j′, s)]− Performancem(j, s) (4.2)

where j′ searches over all j strategies to determine the best performance in scenario s. Another

way to think of regret is as a measure of the difference between the performance of each strategy

that was implemented and the strategy that should have been implemented in hindsight. When

the implemented strategy and the hindsight strategy are the same, then regret is zero — even

if the outcome is undesirable (implying that no strategy achieves an acceptable result). After

choosing a candidate robust strategy (or strategies), it is necessary to understand more about its

vulnerabilities.

4.11 Identify vulnerabilities and develop hedging strategies

One goal of this analysis is to identify “signposts” that will indicate challenges for California’s AB

32 goals. In particular, if we observe certain events or thresholds (either in one of our metrics or

in one of the uncertainties) it may indicate that additional policy actions are required to achieve

the objective (Dewar, 2002). The key to identifying signposts is understanding the vulnerabilities

of each strategy. Rather than merely counting the number of scenarios in which the candidate
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strategy fails to achieve the objective, or using a probability weighting to estimate a probability

of failure, RDM uses scenario discovery tools to “unpack” the scenarios where the policy fails and

identify the key drivers of failure (Lempert et al., 2008). For example, the scenario space in this

analysis has over 20 uncertainties, and it may be the case that a candidate strategy is robust in all

but 10% of the scenarios. Each of those scenarios has 20 dimensions, but the failure may be driven

by only two of them. The ability to identify the most important drivers of failure for a strategy is

critical to identifying the signposts that will signal the need for adaptation.

Once vulnerabilities are identified, typically as subsets of the ranges of a small number of uncer-

tainties, one can consider policy levers that might mitigate the harm posed by these circumstances.

These levers can be incorporated into a given strategy to hedge against the challenging scenarios.

For example, if rapid economic growth causes GHG emissions to rise rapidly, a policy lever that in-

creases the cost of travel (like an increase in the fuel tax) can hedge against the emissions increases

from economic growth. In order to be an adaptive strategy, and to minimize the regret caused by

doing more than is necessary, a hedging strategy can be constructed to implement policy levers

only when conditions call for such action. After the first round of analysis, candidate strategies are

modified to incorporate these hedging strategies.

4.12 Summarize key tradeoffs

A given strategy is unlikely to be robust to the conditions of all scenarios in the ensemble, and

for any given scenario one may wish to switch strategies if those conditions occur. Furthermore,

incorporating hedging strategies may increase regret in some scenarios in exchange for improved

robustness across the ensemble. A final step in the RDM process is the quantitative comparison of

tradeoffs between strategies. We are then able to summarize the vulnerabilities of strategies in a way

that allows a decision maker to impose subjective probabilities on the scenario ensemble to choose

between strategies. For example, if the only scenarios in which strategy A is preferred to strategy

B seem extremely unlikely, then strategy B can be considered a stronger candidate despite possibly

having more vulnerabilities than strategy A. RDM is a methodology that facilitates comparative

policy analysis, and the framework described here illustrates the conditions in which a policy can
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be expected to perform adequately.

4.13 Summary

This chapter outlined the application of the Robust Decision Making (RDM) methodology to the

problem of greenhouse gas emissions reduction in California. The scope of the analysis was defined

and the key elements of the policy problem were described in detail. The chapter defined the set

of strategies to analyze, summarized the steps of RDM, and described how they are used in this

study.
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Chapter 5

California greenhouse gas emissions in
2020 and the evolving reference case

5.1 Introduction

This chapter reviews the evolution of the Air Resources Board’s (ARB) estimated baseline emissions

forecast for California’s transportation sector in 2020, with a particular focus on emissions from

passenger travel, and discusses the ways in which it has evolved since the state’s transportation

policies were first proposed. It is worth noting that this no-action forecast for on-road transporta-

tion emissions has changed nearly 20% over just a few years. The demonstrated volatility of these

estimates provides further justification for an approach that considers multiple views of the future

(next chapter). Rather than rely on static forecasts of the future, which quickly become irrelevant

as they are updated or replaced entirely, this study provides insights that are not invalidated if

the single, presumed future does not come to pass. However, evaluating the set of strategies in a

single-scenario context can help provide some policy insight and a useful comparison to existing

studies. In particular, it allows us to frame the results of this study in the context of the expected

outcomes for each policy individually, and as a set.

A discussion of the estimated reductions from California’s policies, and their evolution in re-

sponse to changing economic conditions and regulatory actions at the federal level, is followed by

an evaluation of strategy performance against a single scenario. We develop aggregate and com-

posite metrics for GHG emissions and cost to evaluate the performance of strategies for a single

scenario, the nominal scenario — which assumes the central forecast values for all of the uncertain-

157



ties considered in the CALD-GEM model. Using the nominal scenario, we review the outcome of

all 20 strategies and draw comparisons between the ARB GHG reduction estimates and outcomes

from this analysis. This is done to contrast the modeling approach in this study to state’s analysis

— using similar assumptions about the state of the world, but a more detailed and appropriate

simulation model — and to illustrate how a single scenario analysis can lead to a set of conclusions

that may be quite different from an analysis that considers many scenarios.

5.2 Carbon accounting in statewide emissions inventories and Cal-
ifornia’s cap-and-trade program

The methodology used to estimate statewide carbon emissions is still evolving and being integrated

into the regulatory definitions of the state’s cap-and-trade program, which will also be administered

by the Air Resources Board. This creates ambiguity about the carbon accounting methodology for

transportation fuels, which are scheduled to enter the cap-and-trade program in 2015. Since elec-

tricity and natural gas are primarily associated with the electricity sector (despite the potential for

increasing use by the transportation sector), their carbon emissions are based on the methods used

to calculate GHG emissions for the electricity sector (essentially just the greenhouse gas emissions

of fuel combustion on a per-kWh basis). For liquid transportation fuels, the ARB intends to follow

previous statewide GHG inventories (California Air Resources Board, 2009a) and calculate CO2

emissions from fuel consumption based on the molecular weight of CO2 generated by combustion.

This is true for gasoline and diesel fuels and, in the past, ethanol as well. However, ethanol con-

sumption has increased steadily over the last decade with its increased use as a blended oxygenate,

raising important questions about the broader implications of biofuel consumption. In particular,

the ARB intends to consider carbon accounting methodologies that address carbon sinks in earlier

stages of the fuels’ life-cycles, thus reducing the GHG emissions attributed to fuels like ethanol and

biodiesel.

It is not presently clear whether the full life-cycle of biofuels will be represented in the accounting

methodology under the cap (like the estimates developed for the Low Carbon Fuel Standard), or

if some subset of early-life-cycle sinks and emissions will be used in the final cap calculations
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(California Air Resources Board, 2009c). Using out-of-state sinks without also using corresponding

out-of-state emissions (from transportation of raw feedstocks, refining/distilling feedstocks into

ethanol and biodiesel, and final distribution of the fuels) is problematic, and inconsistent with the

previous statewide GHG inventories conducted by the ARB and the California Energy Commission.

The accounting methodology used in the 2008 GHG Inventory relies solely on greenhouse gas

emissions resulting from combustion of biofuels, and that convention is adopted here as well. As

future decisions change the accounting practices for biofuels, this analysis can be updated to reflect

those changes.

5.3 New federal policies and changing economic circumstances
have altered the 2020 forecasts

Since the original Assembly Bill 32 Scoping Plan was developed in 2008, a federal fuel economy

program has supplanted the Pavley Standards as the driver of improved fuel economy, the World

Oil Price topped $140/barrel (then receded below $30/barrel only a few months later), and a

severe economic recession precipitated large reductions in national gasoline consumption and GHG

emissions. In light of these changing conditions, the ARB’s forecast of GHG emissions in the absence

of policy intervention, the no-action forecast, and the expected reductions from transportation

policies have changed. In the most recent greenhouse gas inventory (California Air Resources

Board, 2010a), the Air Resources Board estimated the on-road transportation emissions for 2008

to be approximately 163 million metric tonnes of CO2 equivalent (MMTCO2e), nearly 35% of the

state’s total. The original no-action forecast for 2020 projected statewide transportation emissions

of 225 MMTCO2e under “business as usual” (in the absence of policies to reduce GHG emissions), of

which 209 MMTCO2e were expected to come from on-road transportation (California Air Resources

Board, 2008). The ARB has since updated its 2020 emissions forecast and the reductions that the

state’s set of policies is expected to produce.
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5.3.1 The no-action forecast for 2020

The ARB’s no-action forecast estimates California greenhouse gas emissions in 2020 assuming that

no further state-level policy actions are taken1. The updated no-action estimate of 2020 emissions

from transportation is 183.9 MMTCO2e, with 168.1 MMTCO2e coming from on-road travel. Most

relevant to this study, which considers only light-duty transportation emissions, the corresponding

estimate from passenger vehicles in 2020 is 127 MMTCO2e
2, 25% of the state’s projected total

emissions. The ARB’s current estimate is based on fuel consumption forecasts from the California

Energy Commission (CEC) that were generated as inputs to the 2009 Integrated Energy Policy

Report (IEPR) (CEC, 2010). The CEC acknowledged the uncertainty inherent in such long-range

forecasts, and chose to generate bounding cases — low and high demand cases for gasoline demand,

the most important driver of GHG emissions from passenger travel. The ARB estimate represents

a simple average of the two demand estimates, rather than an average based upon their underlying

assumptions.

Transportation energy demand forecasts are complicated by the level of policy and regulatory

activity in this area. Since 2007: the federal Renewable Fuel Standard has been updated, increasing

the national blending mandate for biofuels; new fuel economy standards (and tailpipe greenhouse

gas regulations) have been implemented at both the federal level and within California; the Low

Carbon Fuel Standard is set to influence the mix of conventional and alternative fuels, and their

relative prices, used in passenger transport; and a California cap-and-trade program is set to incor-

porate transportation fuels in 2015, further impacting the relative prices of petroleum alternatives.

For the no-action forecast, only the first set of Pavley Standards (which take effect in 2009 and run

through 2016) are assumed to be in place. Although the federal standards will have a greater im-

pact on technology adoption as automakers build a single fleet of vehicles to offer nationally, these

two policies induce similar levels of fuel economy improvement. This increased light-duty vehicle

efficiency is represented in the CEC forecasts, and thus the no-action forecast, but the impact of

complying with the remaining policies listed above is not.

1The most recent version of the no-action forecast assumes that the Pavley standards are implemented and in
place from 2010 – 2016.

2The current 2020 GHG emissions forecast, as well as data sources and methods, can be found at
http://www.arb.ca.gov/cc/inventory/data/forecast.htm.
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The CEC assumed that California’s Gross State Product would recover from the economic

recession and return to positive growth in 2010 and eventually increase to over $2.65 trillion (in

$2008) by 2020. The California population is expected to increase to approximately 45 million over

that same period, a 1.1 % average annual growth rate. Similarly, California real personal income is

expected to increase to about $2.1 trillion, representing an annual growth rate of about 2.9% over

the next decade (Schremp et al., 2009). The CEC also assumed that the percentage of California’s

population that is employed would continue a downward trend over the next two decades. The

gasoline demand cases are largely determined by the influence of fuel price (for gasoline and diesel)

in the specified economic and demographic context. Figure 5.1 shows the fuel price cases used by

the CEC to generate fuel demand forecasts for the 2009 Integrated Energy Policy Report.

Figure 5.1: Fuel price forecasts generated for the 2009 Integrated Energy Policy Report

Source: California Energy Commission.

The two fuel price cases considered in the CEC forecasts are derived from the World Oil Price

forecasts contained in the 2009 Annual Energy Outlook (Energy Information Administration, 2009),

with the high price case based upon the Energy Information Administration’s “Reference Case”

which assumes a World Oil Price of $117/barrel (in $2008). The CEC anticipated that these

factors would lead to a continued increase in demand for travel in California. The combination of

economic and demographic conditions with the two fuel price cases led to the CEC high demand
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and low demand cases for gasoline consumption in California, which were then averaged by the Air

Resources Board.

Embedded within this forecast are assumptions about the penetration of alternative fuels and

vehicle technologies as well. The baseline forecast assumes that the number of registered Flex-Fuel

vehicles (FFVs) in California hits 2 million vehicles by 2020 (a more than four-fold increase from

current registrations). Similarly, the number of plug-in hybrids is expected to reach 1.5 million

registered vehicles by 2020, but the number of full electric vehicles is expected to remain small

over the next decade (approximately 100,000). In light of the technology costs associated with

these vehicles, such a large number of registered PHEVs in such a short time seems an optimistic

assumption. A decade after the first hybrid-electric vehicles hit the market, California still had

fewer than 500,000 registered light-duty hybrids — even with much lower associated technology

costs.

To the extent possible, an identical set of assumptions was input in the CALD-GEM to generate

comparable estimates of GHG emissions in 2020 in both the presence and absence of the state’s

policies. However, there are important differences between the Energy Commission’s model and

the CALD-GEM model that either require additional assumptions, or endogenize responses that

are represented by fixed quantities in the CEC forecasts. Despite these differences, the CALD-

GEM model is able to reproduce the CEC’s bounding cases of gasoline consumption within about

3%. However, since the ARB’s no-action forecast represents a simple average of these two cases,

rather than an internally consistent set of modeling assumptions, the nominal scenario that is the

focus of this chapter produces outcomes that are slightly different (within about 5% of total GHG

emissions) than the ARB forecast.

5.3.2 California estimates of policy effectiveness

The Air Resources Board’s original emissions reduction estimates have changed in recognition

of both the changing economic context and the implementation of federal GHG emissions/fuel

economy standards that will reduce national fuel consumption. Table 5.1 illustrates the evolution

of estimates that has occurred over the last three years. These estimates provide context for the
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discussion of strategy performance in the nominal scenario, though small differences should be

expected due to differences in the two estimation methods. The ARB had originally targeted a

reduction from “business-as-usual” in 2020 of 31.7 MMTCO2e based on Pavley (I and II), and an

additional 15 MMTCO2e and 4.5 MMTCO2e based on the Low Carbon Fuel Standard and vehicle

efficiency measures, respectively (California Air Resources Board, 2008). The expected effect of

these programs has been revised down, except for the Low Carbon Fuel Standard, which is still

expected to reduce emissions from passenger travel by 15 MMTCO2e. However, only a portion of

the expected reductions will come from passenger travel, with the remainder coming from decreases

in diesel consumption by heavy-duty vehicles. The policy’s impact on emissions from passenger

travel is based on the assumption that the carbon emissions associated with gasoline consumption

decrease by 10% between 2010 and 20203. Using only combustion (the so-called “tank-to-wheels”

perspective, which ignores carbon emissions and sinks in other stages of the life-cycle), the ARB

estimates savings of 12.1 MMTCO2e in 2020 from the impact of the LCFS on gasoline consumption.

Removing 1.8 MMTCO2e that the ARB anticipates will result from the ZEV program4 leaves 10.3

MMTCO2e in reductions from light-duty passenger travel as a result of the LCFS. This makes the

2020 emissions target from passenger travel 112.3 MMTCO2e once the three policies in Table 5.1

are implemented.

Table 5.1: Estimates of 2020 emissions reductions for California policies

Policy Scoping Plana Current ARB estimatea Estimated Costc

Emissions Standards 31.7 3.8 -11.4
Vehicle Efficiency Measures 4.5 0.6 - .074
Low Carbon Fuel Standardb 10.3 10.3 0

Total 46.5 14.7 -11.4

a – Emissions measured in MMTCO2e
b – Gasoline-only portion of reductions to account for light-duty travel focus of this study.
c – Billion ($2008)

The definitions of the policies in Table 5.1 have evolved over the last two years as well. The

3Although passenger vehicles will consume diesel fuel as well, the LCFS does not provide compliance credits, or
debits, for diesel fuel consumed by light-duty vehicles.

4The ZEV program GHG benefits will accrue to light-duty vehicles almost exclusively, and will be evident in the
greenhouse gas emissions calculations for gasoline.
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“Advanced Clean Cars” program refers to the California GHG emissions standards, Pavley I and

II. In the updated estimates, the ARB calculated only the emissions savings. This analysis assumes

that the Clean Car program constitutes only the first set of Pavley emissions standards, and

that the implementation of the second set, Pavley II, is not a foregone conclusion. However,

the reduction estimate in Table 5.1 represents the incremental increase in GHG reductions over

the federal policy. Additionally, the inspection and maintenance program has been downscaled (for

now) to a tire pressure program — the impacts of which have been well-estimated in the literature.

The estimated effectiveness of this program, for the vehicles to which it applies, is drawn directly

from the literature.

In addition to summarizing the expected emissions reductions associated with each policy, Table

5.1 also summarizes the (large) expected savings to California residents as a result of reducing

greenhouse gas emissions from passenger travel. These cost estimates are taken from the AB 32

Scoping Plan Appendices (California Air Resources Board, 2008b), and embedded within them

are a number of assumptions about technology costs (for the emissions standards), compliance

potential (for the vehicle efficiency program), and the emerging biofuels market. It is important to

consider the cost impacts of these policies, and determine the extent to which these estimates are

reliable. Despite strong similarities between the economic assumptions in the nominal scenario and

the CEC forecasts generated for the Integrated Energy Policy Report, and the faithful reproduction

of the two bounding cases, this study finds California’s policies to be less effective at reducing GHG

emissions than the Air Resources Board, and considerably more expensive.

5.4 Greenhouse gas emissions in the nominal scenario

Since the greenhouse gas policy target is focused on 2020, the emissions that occur in the intervening

years are not policy relevant. It is entirely possible to have a short-term increase in GHG emissions,

followed by dramatic drops closer to 2020. Thus, “GHG emissions” represents statewide greenhouse

gas emissions from all light-duty passenger travel in 2020. Figure 5.2 summarizes the passenger

travel greenhouse gas emissions in 2020 when each of the 20 strategies is implemented. The red

line represents the 2020 policy target of 112.3 MMTCO2e for statewide passenger travel, and the
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black line represents 2008 emissions (the most recent year for which the inventory is complete).

Figure 5.2: Greenhouse gas emissions in 2020 (all strategies)

The name beneath each bar is a shorthand summary of the strategy (whose ID is at the top

of the bar), and is used in graphics throughout this chapter and the next. These shorthand names

provide a useful summary of the strategy across the three dimensions of light-duty emissions affected

by policy actions: fuel efficiency, VMT, and fuel carbon intensity. One goal of this research is to

understand how variations of the current plan (denoted “SP”, for ”Scoping Plan”) fare under a

variety of conditions. Thus, the Scoping Plan actions form the basis for several of the strategies.

The others use various pieces of the Scoping Plan strategy (Pavley I, LCFS, or I/M program) as

well as additional actions like gas/diesel fuel tax increases (e.g. G50, is a $0.50/gallon increase

in the state gasoline tax, D50 would be a similar increase in the diesel tax, GD50 increases both

taxes by $0.50/gallon). All strategies incorporate the federal fuel economy/emissions program,

which exists outside of California’s regulatory authority and control. Additionally, any strategy
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that incorporates the second set of Pavley standards, “Pav2”, automatically includes the federal

program and Pavley I.

As Figure 5.2 illustrates, in the nominal scenario, only strategies that incorporate a gas tax

increase greater than $1.00/gallon (either $2.00 or $2.50 in the set of policies considered here)

achieve the greenhouse gas target (112.3 MMTCO2e in 2020), regardless of the other policies in

the strategy. In particular, the strategy outlined in the Scoping Plan fails to meet the target,

even if the second set of Pavley standards is implemented (Strategy 13). Only when augmented

with a gas tax of $2.50 does the Scoping Plan strategy achieve the emissions target. However,

in that case the target is handily met, suggesting that achievement could be accomplished with a

gasoline tax smaller than $2.50, but higher than $1.00 (which narrowly fails to meet the emissions

target). Although the market share of diesel passenger vehicles grows throughout the decade in

the nominal scenario, the population is still too small to be a significant driver of GHG emissions.

Thus, strategies that focus on a diesel tax increase, without a corresponding increase in the gasoline

tax, may indeed achieve emissions reductions from heavy-duty vehicles, but account for only small

reductions from passenger travel.

Although the larger goal of this study is to understand and address the weaknesses of the state’s

emissions strategy, it is valuable to consider the impact of the individual policies that comprise the

Scoping Plan strategy — namely the Low Carbon Fuel Standard, Pavley Standards, and vehicle

efficiency program. Several strategies (e.g., Strategy 2 — the federal policy and LCFS only) were

modeled to evaluate the impact of individual policies. Table 5.2 compares the reductions achieved by

each (over the federal-only baseline) with the ARB reduction estimates. Despite small differences

between the nominal scenario used here, and the single scenario that the ARB considered, the

impact of the Pavley standards and the vehicle efficiency program appear comparable, if slightly

smaller. However, the impact of the Low Carbon Fuel Standard is dramatically lower, and is

discussed at length below.

The principal driver of greenhouse gas emissions from transportation, both now and in the

future, is fuel consumption. While it is possible that a large-scale shift to electric vehicles will reduce

consumption of liquid motor fuels, the nominal case is characterized by liquid fuel consumption
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Table 5.2: Nominal 2020 emissionsa reductions for California policies, using CALD-GEM model
Policy Current ARB estimatea Nominal Emissionsa

Emissions Standards 3.8 3.6
Vehicle Efficiency Measures 0.6 0.4
Low Carbon Fuel Standardb 10.3 0.4

Total 14.7 4.4

a – Emissions measured in MMTCO2e
b – Gasoline-only portion of reductions to account for light-duty travel focus of this study.

comparable to current levels. Figure 5.3 shows the light-duty vehicle consumption of liquid fuels —

gasoline (which includes ethanol blended as an oxygenate), diesel, and E85 — in 2020. Although

the quantities of E85 and diesel fuel consumed increase from their current negligible levels to a

small percentage of total liquid fuel consumption in the absence of any state policies (about 3%

and 5%, respectively), the vast majority of liquid fuel consumption in 2020 is still gasoline. The

implementation of a second set of Pavley standards (acting from 2017 through 2020) appear to

increase both the quantity of diesel fuel consumed by passenger vehicles and diesel’s percentage of

total liquid fuel consumption. In contrast, the quantity of E85 consumed in 2020 remains fairly

consistent across strategies, but does represent larger or smaller percentages of total liquid fuel

consumption depending on how other components of the strategy impact gasoline consumption.

This suggests that attempts to diversify the mix of California transportation fuels may begin in

the next decade, but will still be in its infancy. Under nominal assumptions about electric vehicle

adoption, transportation electricity consumption is still small — and its overall contribution to

mobility is dwarfed by the more conventional fuels, particularly California reformulated gasoline

(CARFG). Even In light of this, it should not be surprising that strategies that reduce fuel con-

sumption by affecting VMT (reducing the amount of travel) are more effective than strategies that

only increase the efficiency with which travels occurs or attempt to diversify the state’s mix of fuels.

5.5 Strategy costs in the nominal scenario

Any additional costs that a strategy imposes on California consumers between the initial date of

implementation (2010) and 2020, when the GHG emissions are compared to the target, should
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Figure 5.3: Total liquid fuel consumption in 2020

be attributed to the strategy as its “cost”. The total cost associated with each strategy has

two components: (1) consumer expenditures on transportation fuels (including all taxes), and (2)

consumer expenditures on technology to improve fuel economy (over the 2010 baseline). Strategies

incorporate policies that act over multiple years (like the federal fuel economy/greenhouse gas

regulations, which set standards for new vehicles made between 2012 and 2016), and for each of

the cost components, actual consumer expenditures will vary from year to year. Unlike the GHG

emissions metric, which need only consider statewide GHG emissions in 2020 to measure progress

toward the policy goal, costs accumulate over the course of the next decade in a meaningful way.

Summing the expenditures from each year between 2010 and 2020, the time between strategy

implementation and evaluation of performance, gives a total cost metric that accounts for annual

variation.
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This is not the only possible, or even practical, definition of cost, merely the one used in this

analysis. It is also possible to consider the long-term benefits of fuel-saving technologies added to

new vehicles. By considering only the portion of fuel savings that occur between 2010 and 2020,

these costs are more likely to exceed the savings in fuel expenditures than if the entire useful life of

the vehicle were considered. However, since the fuel economy policy with the largest impact (the

federal program) is included in every strategy, and accrues a large percentage of its fuel savings

from model year vehicles built and purchased under the standard before 2020, the cost metric used

here will not distort the strategy rankings. Similarly, costs could be discounted over the decade

to determine a net present cost. This would serve to down-weight future expenditures on fuel and

technology. However, since there are no benefits to discount similarly, the total cost metric uses

undiscounted costs over the decade.

While this total cost metric accurately captures the relevant policy costs of each strategy, it

obscures the interaction of the two cost components. Strategies with aggressive fuel economy/GHG

emissions policies will naturally have higher technology costs than comparable strategies without

them, but the increases in fuel economy should also reduce fuel costs for consumers who purchase

the new, more efficient, vehicles. Figure 5.4 illustrates the interaction of the two cost components, as

well as the relative contribution that each makes to total cost. Although the incremental technology

costs are significant over the decade, they are small compared to fuel expenditures (which includes

expenditures on all light-duty transportation fuels). One trivial observation is that no strategy is

less expensive than the federal-only strategy, in which the state takes no additional action.

The federal-only strategy is important to consider because the primary driver of the technology

cost is the set of federal standards that will force manufacturers to add fuel saving technologies to

their slate of vehicle offerings (unless the strategy incorporates the second set of Pavley standards,

which would force additional technology into new passenger vehicles). As Figure 5.5 illustrates, the

largest single component of technology cost is the expenditure on more fuel efficient conventional

vehicles. However, if the second set of Pavley standards is implemented (or a similar set of further

standards at the national level), Californians’ expenditures on hybrid-electric vehicles and diesel

vehicles double, as manufacturers increase the number of such models offered in order to comply
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Figure 5.4: Total costs for all strategies under nominal assumptions

with the new regulations. The strategies that incorporate the second Pavley standards also exhibit

higher expenditures on diesel-powered hybrid-electric vehicles (DHEV), though all strategies have

at least $3 billion as manufacturers attempt to push existing hybrid technology to achieve greater

efficiency gains. In addition to the expenditures on existing alternative fuel technologies like HEVs

and diesels, the nominal case features about $3 billion worth of expenditure on electric vehicles

(plug-in hybrids and full electric vehicles). These costs are constant across strategy, and are based

on the underlying assumptions of the nominal scenario.

Although the breakdown of technology expenditures varies by strategy, the largest driver is still

fuel economy policy at the federal level. In some cases, strategies increase the cost of fuel — thus

encouraging consumers to purchase more fuel efficient vehicles. However, these expenditures should

be offset (to some degree) by savings in fuel costs. Indeed, as Figure 5.4 illustrates, adding the
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Figure 5.5: Technology costs under nominal assumptions

second set of Pavley standards to the Scoping Plan strategy (Strategy 1) reduces fuel costs by $8

billion over the decade, but results in an additional $13 billion on fuel saving technologies. However,

technology-forcing policies like emissions standards fundamentally change the vehicle population

and will continue to have an impact throughout the useful lives of the vehicles purchased under

their regime. In the case of the second Pavley standards, the costs may be entirely known by

2020 (unless future versions extend to the years beyond 2020), but the fuel savings will continue

to accrue for another decade or more (as will the technology costs associated with new vehicles

affected by the regulations). The construction of the total cost metric puts strategies like that at

an acknowledged disadvantage. Since (most of) the costs associated with the federal-only baseline

are going to occur regardless of actions at the state-level, looking at the incremental cost of each
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strategy is a more useful measure of total cost performance. Figure 5.6 illustrates the incremental

total cost associated with each strategy.

Figure 5.6: Incremental total costs over the federal-only strategy baseline

If the most important objective is meeting the emissions goal, then only three strategies (possibly

four, since Strategy 16 is close) have relevant costs, and the best strategy would be the one that

met the emissions target at the lowest cost. Figure 5.7 shows the performance of each strategy

relative to both emissions and incremental cost in the nominal scenario. In this case, Strategies

11 and 12 (federal-only plus a $2.00/gallon gasoline tax increase) and Strategy 19 (the Scoping

Plan measures plus a $2.50/gallon gasoline tax increase) would be relevant. Strategy 11 meets the

target at the lowest cost, and includes no technology-forcing policy beyond the federal fuel economy

standards. While much more expensive than the baseline strategy, the strategy actually saves $1.5

billion over the Scoping Plan (the state’s preferred strategy) and $6.7 billion over the Scoping Plan

with Pavley 2 (the most likely path for state-level action), neither of which achieve the emissions
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goal.

Figure 5.7: Scatterplot of GHG emissions and incremental strategy costs

Although these strategies achieve the greenhouse gas target for passenger transportation, they

do so at a higher cost. There is both a monetary cost, as drivers spend more money on fuel, and

a mobility penalty, as drivers travel less in the face of steeper fuel costs. Of the three strategies

that meet the target, the least expensive (in terms of total cost over the next decade) is Strategy

11. While the most aggressive strategy, Strategy 19, handily meets the emissions target, there is

no obvious benefit to achieving reductions beyond the target. The largest benefit of achieving the

policy target in California is demonstrating that such achievement is possible at an acceptable,

or even negative, cost. Additional reductions beyond the target will have negligible impact on

global GHG emissions, and do little to demonstrate the value of climate change policies if costs are

correspondingly large as well.
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5.5.1 Effectiveness of the Low Carbon Fuel Standard, two perspectives

There are two reasons why estimates of emissions reductions from the Low Carbon Fuel Standard

vary significantly between the ARB analysis and the results in the nominal scenario. The first, and

more significant, reason for the discrepancy results from the ARB’s failure to accurately consider

the means by which fuel providers may comply with the standard, thus attributing naturally occur-

ring emissions reductions to the implementation of the policy. The ARB analysis (California Air

Resources Board, 2009d) considers four “scenarios” that lead to LCFS compliance for light-duty

vehicles (which are used to meet the carbon intensity requirements for gasoline and its substitutes).

However, as one reviewer noted, the reductions in these scenarios are attributed to the policy

despite a lack of modeling (or justifying) the mechanism by which the policy forces these scenar-

ios (Reilly, 2009). For example, the ARB’s “scenario 4” has high penetration of electric vehicles

(plug-in hybrids and full electric vehicles), while another (“scenario 2”) has massive increases in

E85 consumption (California Air Resources Board, 2009e). But in neither case is there justifica-

tion for the assumption that these outcomes are the result of the LCFS. Scenario 2 attributes the

consumption of alternative fuels (in particular, electricity and hydrogen) to the LCFS, despite its

acknowledgement that dedicated alternative fuel vehicles enter the fleet as a result of the state’s

Zero Emissions Vehicles program (which requires automobile manufacturers to produce a small

number of advanced clean vehicles for sale in California), rather than the LCFS. Once in the fleet,

these dedicated vehicles must use the alternative fuels for which they are designed, regardless of

their cost relative to gasoline. Other scenarios include large increases in lignocellulosic ethanol con-

sumption, in which the LCE becomes cheaper than corn ethanol. In these conditions, presumably,

the cheaper (and, coincidentally, lower carbon) ethanol would have been consumed anyway by fuel

providers seeking to meet oxygenate blending requirements at the lowest cost. Similar scenarios are

considered in this study (described in the previous chapter, with the results discussed in the next),

but emissions reductions from mechanisms other than the LCFS are not attributed to the policy.

They are determined exogenously and are deemed no more or less likely to occur in the presence,

or absence, of the LCFS.

The only way that the LCFS policy can induce changes in the technology composition of the
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vehicle fleet is by altering the relative prices of transportation fuels through the credit market and

direct subsidization. On a per-mile basis, vehicles using electricity already have lower travel costs

than comparable gasoline vehicles. The LCFS can make electricity further cost competitive with

gasoline, but that is the limit of its ability to incentivize the purchase of electric vehicles (or vehicles

using other alternative fuel technologies). The regulated parties — liquid fuel providers, initially

— have no means to increase the vehicle fleet’s capacity to consume electricity. So if the emissions

reductions from electric vehicles (PHEVs and FEVs) entering the vehicle population are attributed

to the LCFS, one must make two assumptions: (1) the price of electricity is a deterrent to consumers

who want to buy electric vehicles, and (2) by changing the relative prices of transportation fuels,

the LCFS can make the purchase of these vehicles economical.

The first of these assumptions seems unlikely to be correct, but is related to the second. If

indeed these vehicles are made more economical by the LCFS, then providing consumers with

information about potential cost savings may lead to increasing consideration of electricity prices

in vehicle purchasing decisions. To investigate the validity of the second assumption, we use a

private perspective benefit-cost model described in Keefe et al. (2008) with cost assumptions from

The National Research Council (Committee on the Assessment of Technologies for Improving Light-

Duty Vehicle Fuel Economy, 2011) for the various technologies. It seems reasonable to assume that

the comparable vehicle in the case of a plug-in hybrid or battery vehicle is not a conventional

gasoline vehicle, but rather a hybrid-electric vehicle like the Toyota Prius or Ford Fusion. Since

incremental technology costs occur at the time of purchase, but fuel cost savings accrue over the

life of the vehicle, it is necessary to consider the appropriate method for valuing future savings.

Based on a survey finding that consumers typically desire a short payback period (2.8 years) for

fuel-saving technology investments, National Research Council (2002) and Greene et al. (2005)

use a three year, un-discounted payback period to estimate the present value of fuel savings from

increases in fuel economy. The same discounting approach is used here.

While it seems unlikely that the LCFS would make transportation electricity free to users,

there is value in considering the extreme case. In order to break even with a hybrid, gasoline would

have to cost over $7/gallon (in constant $2008) for passenger car purchases. For larger vehicle
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classes (like sport utility vehicles and pick-up trucks), which accrue more fuel savings, but also

carry higher technology costs, the cost of gasoline must top $8/gallon. If the LCFS fails to make

transportation electricity free, but results in it being less expensive5 ($0.10/kWh), then gasoline

will need to cost over $8/gallon for passenger vehicles and over $9/gallon for larger vehicle classes.

This suggests that the primary obstacle to electric vehicle penetration is not the cost of electricity,

but the cost and availability of the technology. Vehicle offerings are limited and expensive; the

electric drivetrain technology costs are estimated between $14,000 and $25,000 (Committee on the

Assessment of Technologies for Improving Light-Duty Vehicle Fuel Economy, 2011). Certainly,

some consumers will choose to purchase these vehicles anyway, and a limited number of them will

receive federal tax credits as a result of their purchase (which will reduce the break-even fuel price to

$6/gallon). However, due to the unfavorable economics of such purchases, even with free electricity,

it is spurious to attribute market share gains to the LCFS, which changes the relative prices of the

fuels and, even in the most extreme case possible, can only make transportation electricity free.

The second reason for the large discrepancy in estimated impact is an accounting problem.

To the extent that liquid fuel providers are able to comply with the LCFS, they must do so by

purchasing credits from non-liquid fuel providers (like utilities that provide electricity) and blending

low carbon ethanol. Any electricity consumed for transportation in the CALD-GEM model is

automatically credited to the fuels industry (and treated as a transfer between the purchasers of

liquid motor fuels and electricity, bearing no net cost). So the only compliance strategy available

within the model (and arguably, in reality as well), is to blend lower carbon ethanol. The accounting

problem arises from the fact that the state’s GHG inventory and emissions targets are based on

combustion, rather than the life-cycle perspective used in the LCFS. Practically, this means that

a substitute fuel must produce fewer greenhouse gas emissions during the combustion stage than

the one it displaces in order to affect GHG reductions for the inventory targets. While the LCFS

does indeed force fuel providers to blend lower carbon ethanol (either from Brazilian sugarcane

or cellulosic ethanol made from one of many different feedstocks and conversion processes), this

5It is plausible that electricity prices will increase in response to California’s greenhouse gas policies targeting
electricity sector emissions. In particular, the Renewables Portfolio Standard and the cap-and-trade market may
both lead to increased electricity prices — making transportation electricity less, rather than more, cost competitive
with gasoline.
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ethanol is chemically no different from the corn ethanol that is prominent now. Ethanol produces

fewer greenhouse gas emissions through combustion than California’s blended gasoline, but the

low-carbon intensity ethanol is no better than corn in this respect. Emissions reductions do occur

over the life-cycle of the fuel, reducing the total GHG emissions for which California can be said

to be responsible, but these “upstream” reductions accrue in other states — during the cultivation

of ethanol feedstocks and across the transportation and distribution phases of the fuel, rather than

during combustion. These emissions reductions do not contribute to the targets. Only by increasing

the overall quantity of ethanol consumed — for example, by subsidizing the consumption of E85

— and displacing gasoline, can the LCFS affect reductions in GHG emissions. Unfortunately,

the ARB’s estimated emissions savings from the program simply represents a 10% reduction in

the CO2 emissions from the combustion of motor fuels based on the goal of the standards to

reduce emissions by 10% (California Air Resources Board, 2009e). However, one cannot expect fuel

providers to reduce the combustion emissions from motor fuels when the standard allows them to

achieve credits by reducing the CO2 emissions in other stages of the fuels’ life-cycle, even though

they occur beyond California’s boarders. The accounting discrepancy is not a large problem for

electricity, which incurs most of its life-cycle carbon emissions when it is generated, but represents

a considerable challenge for compliance strategies that rely heavily on ethanol blending.

This is a shortcoming of California’s current strategy, and represents an important disconnect

between the accounting methodology used to calculate the state’s Greenhouse Gas Inventory and

the methodology used to estimate savings from the LCFS. Updating the LCFS standards for carbon

intensity so that they are based on the baseline GHG emissions from combustion, rather than the

full life-cycle, could induce the desired GHG savings from combustion, but would change the nature

of the standards. Alternatively, since emissions reductions would occur in other states as a result

of the program, redefining the accounting methodology of the state’s GHG Inventory to account

for the life-cycle emissions generated by California’s industrial, energy, and transportation sectors

would allow the state to preserve the current LCFS regulations and take a broader perspective of

the its responsibility for the GHG emissions involved in consuming its goods and services.

The ARB’s estimate that the LCFS creates no net cost appears to be similarly optimistic in the
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nominal scenario, where it costs nearly $33 billion more than the federal-only policy. While that is

certainly larger than the ARB estimate, it is important to consider this cost in the context of the

LCFS compliance strategy. With the exception of electricity credits (discussed above), providers

are forced to sell more ethanol (of sufficient carbon intensity to comply with the standards). When

low carbon ethanol is more expensive than the gasoline used for blending (California Reformulated

Gasoline Blendstocks for Oxygenate Blending (CARBOB)) or cheaper ethanol alternatives, or when

providers are forced to subsidize E85 to increase sales, the cost of gasoline will rise. In the nominal

scenario when only the LCFS is implemented, 148 billion gallons of gasoline are consumed between

2010 and 2020. In order to accrue a strategy cost of $33 billion, complying with the LCFS standards

need only result in an increase of $0.22/gallon in the price of gasoline to accrue such large program

costs. If domestic production capacity of advanced ethanol fails to reach billion gallon per year

production volumes in the next decade, the per-gallon price increase induced by the program could

be much larger. Given the limited number of electricity credits likely to be available in the early

years of the program, and the uncertainty surrounding both the quantity and cost of advanced

ethanol, such a cost increase is not entirely unlikely.

5.6 Cost considerations in the nominal scenario

While the total cost metric used thus far accounts for all expenditures on transportation fuels and

new vehicle technologies, it treats both cost components equally. However, for some strategies, an

important component of fuel cost is the state fuel tax increase mandated by the policy and con-

sidered to be enacted in 2016. Unlike technology costs, which will accrue to vehicle manufacturers

(and other entities along the supply chain who benefit from the associated price mark-up, which is

excluded in this analysis), fuel taxes remain in the state as public funds. This revenue stream is

intended to be used to pay for infrastructure improvements and maintenance, road construction,

and increases in public transit that benefit residents throughout the state (Wachs, 2003). It is a

common practice in benefit-cost studies to treat fuel taxes as a transfer, from some citizens to others

within the state, and to consider the total cost metric net of taxes (Keefe et al., 2008). As Figure

5.8 illustrates, doing so here changes the relative cost performance of the strategies, and provides
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a clearer picture of the tradeoffs associated with choosing one policy instrument over another.

Figure 5.8: Incremental strategy cost net of taxes, nominal scenario

Figure 5.8 shows the incremental total cost of each strategy, net of taxes. We see that two of

the strategies that achieved the GHG target, but had large incremental total cost, Strategies 11 and

12, actually create large savings net of taxes. Strategy 13 has the largest net cost, and represents

the most likely course of action for California. Some of this is caused by the addition of the second

set of Pavley standards — which would create large incremental technology costs between 2017 and

2020, but provide fuel savings for many years into the future as older vehicles are replaced by new

vehicles that are subject to the standards. However, if fuel tax increases are considered a transfer,

then Strategies 11 and 12 become strong candidates for policy action since both achieve the GHG

emissions target and both produce large cost savings over the no-action strategy. These cost and

emissions savings, however, come at the expense of vehicle miles traveled.
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5.7 Other impacts of strategies in the nominal scenario

While the two most important outcomes for the state are greenhouse gas emissions and cost, it

is informative to consider the context in which these outcomes occur for the nominal scenario. It

appears that the most effective strategies incorporate a gasoline tax increase which does two things:

(1) raises the cost of driving, and (2) reduces statewide vehicle miles traveled (VMT). Figure 5.9

illustrates the aggregate statewide VMT from passenger travel in 2020. As one should expect, the

strategies that incorporate the largest fuel tax increases have the lowest statewide VMT. The red

line represents California’s passenger VMT in 2008 of approximately 305 billion miles. Interestingly,

despite strategies to increase the fuel economy of the existing fleet (and an increasingly diverse set

of transportation fuels), only strategies that reduce VMT below the 2008 level were able to achieve

the greenhouse emissions goal. The California Department of Transportation reported VMT growth

of about 13% during the 2000’s, and expected growth of about 26% from 2010 to 2020 (Caltrans,

2008)6. If one assumes little (or no) VMT growth during the recession, then expected 2020 VMT

should be about 384 billion miles. None of the strategies in Figure 5.9 exhibit VMT that high,

despite all strategies incorporating the federal fuel economy standards, which increase total travel

through the rebound effect. The three strategies that meet the GHG target clearly do so by

reducing VMT and, as the population grows, this represents a mobility penalty in addition to the

financial cost associated with higher fuel prices. Although VMT has generally increased over time,

2009 did illustrate that aggregate VMT can decrease in response to high fuel prices and challenging

economic conditions independent of policy changes.

Regardless of which strategy is implemented, large-scale ethanol consumption occurs in Califor-

nia. Some of the increase is due to an increase in E85 consumption over the next decade, compared

to the currently negligible E85 sales within the state. The rest occurs through increased ethanol

blending in conventional gasoline. The nominal case assumes that the blend wall increases in 2014,

allowing fuel providers to blend up to 15% ethanol into gasoline as an oxygenate. For strategies

that incorporate the Low Carbon Fuel Standard, lignocellulosic ethanol consumption represents a

6The California Energy Commission generated similar VMT forecasts for Integrated Energy Policy Report (CEC,
2010). They considered statewide light-duty VMT in both the presence and absence of GHG emissions standards
and generated a range that includes the estimate used here.
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Figure 5.9: Total statewide passenger VMT in 2020, nominal scenario

larger percentage of the total regardless of the amount of total consumption. Figure 5.10 shows

the total ethanol consumption between 2010 and 2020 by type. Although midwestern corn ethanol

still makes a substantial contribution to the state’s total consumption, it represents less than half

of ethanol used. As one should expect, strategies that incorporate the Low Carbon Fuel Standard

exhibit higher quantities of lignocellulosic ethanol than comparable strategies without fuel stan-

dards. However, even in the case of strategies that rely exclusively on fuel taxes (at the state level),

LCE consumption tops 7 billion gallons for the decade. Compared to current domestic produc-

tion capacity (less than 100 million gallons nationally), these levels represent rapid and substantial

increases.

Like the “initial gasoline demand forecasts” in the Integrated Energy Policy Report, the nom-

inal forecast in this study does not force compliance with the federal Renewable Fuels Standard

(RFS2). RFS2 compliance will force California to consume larger quantities of ethanol than would

181



Figure 5.10: Total ethanol consumption by type 2010 – 2020

be consumed naturally either through oxygenate blending, or as a result of naturally occurring

E85 consumption. And while most strategies comply with the mandate to blend California’s “fair

share” of advanced fuels (in most years), the total blending mandate is rarely met. Since the reg-

ulations stipulate specific quantities of renewable fuels to be blended nationally, reductions in fuel

consumption like those seen in California over the next decade may cause the EPA to review the

mandates again in the future.

5.8 Policy implications of nominal results

The analysis of the nominal scenario above uses slightly different assumptions from the ARB anal-

ysis (representing current “best-guess” forecasts), but careful policy modeling yields significantly
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different results for some policies. In particular, the Low Carbon Fuel Standard fails to result in

emissions reductions comparable to the ARB’s expectation and the full set of Scoping Plan actions

fails to lead to any measurable difference over the strategy that takes no action at the state-level,

letting federal fuel economy standards alone reduce GHG emissions. The most likely course of

action in California, Strategy 13 (the Scoping Plan policies plus a second set of Pavley standards

from 2017 – 2020), produces measurable emissions reductions over doing nothing but results in

an additional $45 billion in costs over the decade. The majority of the cost increase (about $30

billion) is the result of the LCFS, rather than the additional set of GHG standards. Given the

limited effectiveness of the LCFS (at least in the nominal scenario), requirements could be altered

and the annual standards relaxed in response to electric vehicle adoption rates and ethanol market

constraints to limit cost increases. In that case, the emissions reductions created by Strategy 13

would at least be less costly.

As the analysis in Chapter 6 illustrates, the performance of every strategy depends on the sce-

nario in which it is implemented. Strategy performance can vary considerably from one scenario to

another based on the importance of factors beyond the state’s control (such as prevailing economic

conditions and oil prices). While the preceding analysis demonstrated generally poor emissions

performance for most of the strategies in the set, in particular for the state’s current plan (Strategy

1) and likely future plan (Strategy 13), the nominal scenario is only one scenario. It is defined

by a specific set of values for more than 20 different uncertainties. Despite the fact that the indi-

vidual value for each uncertainty represents the current “best-guess” future value, the particular

combination defined as the “nominal scenario” is still unlikely to occur. Predicting the future is

very difficult, and basing expectations of policy performance on a single set of assumptions (as

the ARB has done) produces results that can be very misleading. For example, the analysis of

the nominal scenario suggests that California should abandon its current strategy (and the second

Pavley standards) because the emissions target cannot be met while they are in place. Further-

more, such a limited interpretation would suggest that California cannot meet its emissions target

without draconian increases in fuel taxes, and might be well advised to abandon attempts to reduce

emissions from passenger travel. However, as Chapter 6 illustrates, this is not the case. Under some
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conditions California’s strategies perform quite well — meeting the emissions target consistently,

albeit at a higher cost than some of the other strategies. In some scenarios, one of which is the

nominal scenario, California’s strategies struggle to achieve desired levels of emissions.

5.9 Summary

This chapter analyzed the outcomes of all 20 strategies under nominal assumptions about uncertain-

ties (the “nominal scenario”), and compared these results to the estimates that the Air Resources

Board generated. Assuming the current “best-guess” values for each uncertainty, only three strate-

gies met the statewide greenhouse gas target of 112.3 MMTCO2e for passenger travel. No strategy

results in cost savings over the baseline (federal fuel economy standards only), but all lead to lower

than expected VMT and increased ethanol consumption over the decade. Additionally, this chapter

provides a point of reference for the RDM analysis that follows and illustrates the limitations of

relying on a single set of assumptions to develop expectations about policy effectiveness.
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Chapter 6

Identifying robust greenhouse gas
reduction strategies for light-duty
transportation in California

6.1 Introduction

Rather than consider a single “most likely” scenario (representing dozens of assumptions about

macroeconomic conditions, federal policy actions, and technological progress) (comparable to the

nominal scenario described in the previous chapter), this chapter examines the performance of

strategies across many scenarios. This reduces the importance of assumptions about key uncer-

tainties that impact policy performance and makes use of a framework that explicitly addresses the

problem of estimating strategy performance with limited foresight. We introduce a set of perfor-

mance metrics, including regret, and identify strategies that are robust — performing reasonably

well across the ensemble of scenarios, rather than optimal under any single set of assumptions.

This chapter summarizes the performance of 20 strategies across more than 3000 scenarios, and

identifies the candidate strategies that appear most robust. The robustness criteria is useful be-

cause it does not require either the analyst or the stakeholders to make assumptions about the

likelihood of particular scenarios in order to evaluate the relative performance of strategies. It also

helps to ensure that the results of actions taken during a limited policy window are likely to achieve

the desired objective despite having imperfect foresight about future conditions once they are im-

plemented. After the dominated strategies are removed, the remaining strategies are explored to
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identify vulnerabilities, and identify important tradeoffs among them.

As the following analysis demonstrates, there is an inherent tradeoff between emissions reduc-

tion and cost — particularly under uncertainty. While there are multiple strategies that prove to be

robustly low-cost or low-emissions strategies across the full scenario ensemble, no strategy is simul-

taneously robust in both dimensions. Additionally, the scenario in which a strategy is implemented

is critically important. Under some favorable conditions, the state need not take any action at all

to achieve its emissions goals; while in others, even aggressive and costly actions fail to meet the

target. Adapting to prevailing conditions in a scenario can lead to improved robustness. However,

as the analysis demonstrates, even relatively robust strategies can have vulnerabilities. Finally,

this analysis was conducted without direct input from the stakeholder groups that would properly

define the scope and purpose of the analysis. Decisions about thresholds for acceptable outcomes

and adaptive policy actions are intended to demonstrate how such choices can be incorporated into

a RDM analysis for transportation policy, and should not be interpreted to reflect any particular

perspective or agenda.

6.2 Interpreting ensemble scenario analysis results

The purpose of this stage of the analysis is to determine which strategies perform best across

scenarios, to rank them accordingly, and to investigate the tradeoffs associated with choosing

one strategy over another. As this chapter illustrates, the conditions under which a strategy is

implemented can have a significant impact on its performance. There are some extreme scenarios

in which no strategy performs well, and others in which all strategies achieve the desired greenhouse

gas reductions. The regret metric addresses this complication and facilitates comparisons among

strategies over the scenario ensemble. However, in a significant number of scenarios, the ability to

meet the greenhouse gas target is critically dependent upon policy choices at the state level. The

20 strategies considered here are comprised of these state-level policies.

Unlike the analysis of the nominal scenario, the ensemble scenario approach generates a distri-

bution of outcomes, rather than a single outcome for each measure of interest. So instead of using

a single number for each measure to determine a strategy ranking, it is necessary to consider the
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whole distribution of outcomes as a set. This presents a new set of challenges to both analysts

and decisionmakers; in particular, how does one interpret extreme results (both independently

and relative to the rest of the outcomes)? When an analysis produces a single outcome, for a

single measure (e.g., greenhouse gas emissions), developing a strategy ranking is straightforward.

The strategy with the lowest greenhouse gas emissions is the best, followed by the second lowest

emissions, and so on. However, when faced with a distribution of outcomes, the analyst (and/or

decisionmaker) must decide if a strategy that performs optimally in most scenarios but very poorly

in a subset of scenarios is superior to a strategy that merely preforms adequately across the entire

ensemble. Robust decision methods force decisionmakers to explicitly define an “unacceptable”

result (for example, greenhouse gas emissions above the policy target), and then to decide among

competing strategies based on relative performance using that definition. This is essentially a sat-

isficing approach — a robust strategy may not be optimal in any single scenario, but may produce

acceptable outcomes across the broadest possible range of uncertainty. This implicit tradeoff be-

tween optimality and robustness is characterized and investigated at the end of the analysis, so

that decisionmakers can redefine “acceptable” outcomes and adjust preferences if necessary.

While there are useful ways to summarize the distribution, one should not assume that the

mean or standard deviation have any meaningful interpretation. Since the sampling method (a

combination factorial and Latin hypercube) assumes a uniform distribution for each of the key

uncertainties, the outcomes are best thought of as a set of results distributed across the full range,

rather than a true statistical distribution. This has a few practical implications: (1) a percentage of

acceptable or unacceptable outcomes across the ensemble should not be thought of as a probability

of “success” or “failure”; it is not, (2) quantiles are a useful way to characterize the spread of

outcomes, but the percentage of acceptable outcomes that makes a strategy “robust” is subjective,

(3) although the median outcome is associated with a single scenario for each strategy, it need

not be the same scenario across strategies — there is no “median scenario”. This means that it

is often necessary to visualize the whole distribution of outcomes for each strategy in order to

characterize performance under uncertainty, and to develop a ranking scheme. One clear way to

visualize these distributions is with side-by-side boxplot comparisons. These are sorted by Strategy
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ID (by default), but may also be sorted by relevant quantile (e.g., median, or 90th percentile) to

illustrate a potential ranking of strategies.

The objective of the analysis is to identify a strategy (or set of strategies) that meets the

greenhouse gas emissions target in most of the scenarios in which it is implemented, and which

does so at a lower cost than taking no action. Such strategies would have boxplots of outcomes

that are short and compact, with the entirety of the “box” (so at least the 75th percentile) below the

emissions target and, ideally, below the cost of taking no action. In fact, as the following analysis

demonstrates, there are strategies that meet the emissions target in at least 70% of the scenarios,

but none do so at costs lower than the baseline strategy (the federal-only, no-action strategy). And

generally, inexpensive strategies meet the target in less than half of all scenarios, while strategies

that consistently meet the emissions target rank among the most expensive strategies. Since the

conditions of the scenario so strongly influence the cost and emissions outcomes associated with

each strategy, it is often useful to compare strategy outcomes by scenario as well (using regret, or

other relative performance measures), rather than only examining emissions or cost performance

across the scenario ensemble.

6.3 Exploring emissions performance under uncertainty

This analysis uses the same emissions (2020 light-duty greenhouse gas emissions) and cost (all

fuel and technology costs, 2010 – 2020) measures as the previous chapter. Figure 6.1 shows the

distribution of greenhouse gas emissions outcomes for each strategy across the entire scenario en-

semble (3,061 scenarios). The boxplots in this graph follow the standard conventions: the black

line represents the median, the boundaries of the gray box represent the 25th and 75th percentiles,

and the whiskers represent points within 1.5 × the inter-quartile range (of the upper and lower

quartile). In addition to the markers described above, this graph features two lines that cross all

of individual strategy plots — a blue line at 127 MMTCO2e that represents the current no-action

forecast and a red line at 112.3 MMTCO2e, representing the expected GHG emissions under the

actions described in the Scoping Plan (Pavley I, LCFS, and the I/M program). The red-line also

serves as the target emissions level for passenger transportation, and emissions outcomes below that
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level are considered acceptable. These lines provide the context in which to view each strategy’s

distribution of outcomes.
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Figure 6.1: Greenhouse gas emissions outcomes for 20 strategies

Figure 6.1 shows that fewer than half of the median outcomes meet the GHG target (112.3

MMTCO2e) in 2020. Table 6.1 displays the percentage of scenarios in which each strategy achieves

the light-duty emissions goal. In fact, only eight of the twenty strategies meet the target in more

than half of the scenarios: federal-only fuel efficiency policy with fuel tax increases greater than

or equal to $1.00 (Strategies 8, 9, 11, and 12), Scoping Plan with Pavley 2 and fuel tax increases

of $0.50 and $1.00 (Strategies 14 and 16, respectively), and Scoping Plan actions with fuel tax

increases of $1.00 and $2.50 (Strategies 18 and 19, respectively). The figure also shows that even

these strategies, three of which meet the GHG target in approximately 75% of scenarios, still have

some outcomes with extremely high emissions — 150% (or more) of the policy target. No strategy

meets the GHG target in as many as 90% of the scenarios, and only the most aggressive strategy

(Strategy 19, the combination of Scoping Plan actions and fuel tax increases of $2.50) achieves lower
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emissions than the no-action forecast in 90% of the scenarios. This suggests that some scenarios

present challenges for even the most aggressive GHG reduction strategy and lead to increases above

and beyond the emissions level expected to occur without additional policy intervention.

Table 6.1: Percentage of scenarios that achieve light-duty emissions goal
Strategy ID Shorthand referencea Percentage

0 Fed only 38.7
1 Scop Plan 39.5
2 Fed LCFS 39.6
3 Pav1 only 38.5
4 Fed IM 38.7
5 Fed G50 47.9
6 Fed GD50 48.6
7 Fed D50 38.8
8 Fed G100 56.5
9 Fed GD100 57.4
10 Fed D100 38.8
11 Fed G200 71.3
12 Fed GD200 73.4
13 SP Pav2 43.3
14 SP Pav2 GD50 51.0
15 SP G50 48.0
16 SP Pav2 GD100 60.5
17 SP GD50 48.3
18 SP GD100 56.7
19 SP GD250 83.5

a - Shorthand reference names follow the convention established in the previous chapter.

As in the analysis of the nominal scenario, there is value in evaluating the incremental benefit

of implementing each strategy. This answers the question, “How much are emissions reduced

over doing nothing at the state level (i.e., the no-action alternative, Strategy 0)?” Figure 6.2

shows that most strategies reduce emissions relative to the federal-only policy in more than half

of the scenarios. However, Figure 6.2 also shows that the Scoping Plan (Strategy 1), as well

as the individual policies that comprise it (Strategies 2,3 and 4 here), perform no better than

the no-action alternative in at least half of the scenarios. In a small number of scenarios, they

preform worse. Although incremental GHG emissions reductions do occur in some scenarios when

these strategies are implemented, it is clear that many scenarios present challenging conditions
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that reduce their effectiveness. In order to more consistently create measurable reductions over

the no-action alternative, it is necessary to incorporate additional fuel efficiency policies — as in

Strategies 13, 14, and 16 — and to achieve significant reductions, additional fuel taxes. It is clear

that despite a growing presence in the marketplace for passenger vehicles, targeting light-duty diesel

fuel consumption (Strategies 7 and 10) offers little benefit over comparable strategies that exclude

diesel tax increases.
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Figure 6.2: 2020 Greenhouse gas emissions savings over the federal policy baseline

The policy target for light-duty emissions in 2020, 112.3 MMTCO2e, represents a reduction

of 14.7 MMTCO2e over the no-action strategy, represented in Figure 6.2 by a red line. As the

figure illustrates, only seven strategies achieve this level of GHG emissions savings over the no-

action alternative (Strategy 0) in at least half of all scenarios: Strategies 8, 9, 11, 12 (fuel tax

increases of $1.00 and $2.00, respectively), Strategies 16, 18 (SP Pav2 GD100 and SP GD100),

and Strategy 19 (SP GD250). The strategy that represents the most likely course of action for

California policymakers, Strategy 13 (SP Pav2), consistently results in GHG emissions savings
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below the state’s estimate and performs less well than incremental increases to the gas (and diesel)

tax, Strategies 5 and 6, in the absence of other state policies.

6.3.1 Identifying low-regret strategies for greenhouse gas emissions

As Figures 6.1 and 6.2 suggest, 2020 greenhouse gas emissions can be large relative to the pol-

icy target, yet still represent large reductions over the no-action alternative. This suggests that

both performance relative to the baseline and absolute emissions performance (the emissions level

achieved in 2020) depend upon the scenario; in some scenarios, the relative emissions reductions

may be small, even for very aggressive strategies, regardless of the absolute emissions level. This

raises an important question: when conditions hinder or prevent the achievement of the GHG

target, how much would policymakers regret choosing the wrong strategy? A useful measure of

relative performance is regret : for each scenario, the difference between each strategy’s outcome

and the best outcome across all strategies (Lempert, Popper, and Bankes, 2003). More formally,

for a single measure, m, regret for each strategy, j, in each scenario, s, is given by

regretjs = Max[Performancem(j′, s)]− Performancem(j, s) (6.1)

As Figure 6.1 illustrates, strategy performance improves as strategies become more aggressive

with respect to fuel efficiency and fuel tax increases — with the most aggressive strategy (Strategy

19, SP GD250) consistently resulting in low GHG emissions. Figure 6.3 shows the regret outcomes

for each strategy across all 3,061 scenarios. Regret, as a performance measure, has the same units

as the measure from which it is derived. In this case, regret is measured in MMTCO2e that could

have been saved by choosing the best-performing strategy in each scenario. The solid black lines

in each band represent the median outcome and the dotted black lines the 90th percentile. We see

that three strategies result in low regret outcomes much more often than the others: Strategies

11 and 12 (Fed G(D)200) and the most aggressive strategy (Strategy 19, SP GD250). However,

Figure 6.3 adds another important dimension to the regret measure. There is no inherent value

in reducing emissions beyond the policy target; California cannot hope to achieve any meaningful

reduction in global atmospheric CO2 concentrations, or even annual global GHG emissions, by
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its actions. Since the primary objective of these policies is to provide an example of successful,

and cost effective, emissions abatement, meeting the defined targets is sufficient. In this context,

exceeding the emissions target is no better then merely meeting it. Figure 6.3 reflects this fact, and

observations that achieve the target are colored orange while those that fail to do so are colored

blue.

Figure 6.3: 2020 Greenhouse gas emissions regret

Simultaneously considering performance relative to the 2020 target and the true emissions,

supports two critical observations: (1) all but one strategy exhibit high regret outcomes (between

50 and 90 MMTCO2e), and in none of these does the strategy in question achieve the emissions goal,

and (2) although almost all strategies have a large number scenarios in which regret is non-zero, most

strategies meet the emissions target in nearly half of all scenarios (as Table 6.1 illustrated). The

first observation suggests that only one strategy, Strategy 19, is robust across the entire ensemble;
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even though it exhibits outcomes with non-zero emissions regret, these never occur for a scenario in

which it fails to achieve the target. This implies that it either achieves the emissions goal, or has the

lowest emissions when no strategy performs adequately. Despite having some high-regret outcomes,

Strategies 11 and 12 achieve the emission target in the second largest percentage of scenarios (over

70%) and have regret below 11 MMTCO2e in 90% of all scenarios. Based on these characteristics,

Strategies 11, 12, and 19 are strong candidates for robust strategies, and deserve further analysis.

The second observation is also important, and will become more so when considering the cost

of these strategies. For a scenario in which many strategies achieve the emissions goal, the best

strategy should be the one that imposes the lowest costs rather than one that greatly exceeds the

desired emissions savings.

6.4 Exploring strategy cost under uncertainty

As in the analysis of the nominal scenario, total cost represents the combination of all expenditures

on transportation fuels and fuel-saving vehicle technology between 2010 and 2020. Rather than

displaying total cost, a more illustrative measure is the incremental total cost of each strategy

relative to the no-action alternative, Strategy 0. Figure 6.4 shows the distribution of incremental

total cost for all 20 strategies across the scenario ensemble of 3,061 scenarios using parallel box-

plots to characterize the distributions1. Naturally, the strategies that explicitly increase gasoline

prices generally lead to increases in total fuel expenditures, despite leading to reductions in overall

consumption. Although the incremental costs seem large, the overwhelming majority of total cost

consists of expenditures on (all) transportation fuels — the majority of which will occur with or

without state-level policy intervention.

An important difficulty arises when interpreting the incremental cost results; the state has

claimed that each of its light-duty policies will save California residents money over the next decade

(Table 5.1). The expectation is that consumers will spend less money on transportation fuels as

a result of increasingly fuel-efficient vehicles and cheaper low-carbon alternatives, and that these

1Naturally, Strategy 0 has no incremental cost over itself. And Strategy 4, Fed IM, is nearly indistinguishable
from Strategy 0, since the tire pressure program was found to have a small impact on emissions under any scenario
and no net cost associated with implementation.
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Figure 6.4: Incremental strategy cost, 2010 – 2020

savings would offset any cost increases associated with the policies. However, these savings in fuel

costs do not appear to materialize over the timeframe considered here for any strategies. Instances

where strategies produce savings over the federal policy baseline appear below the horizontal line

at zero in Figure 6.4. A quick scan of the figure reveals that no strategy produces savings in at

least half of all scenarios, and that only Strategy 2 (Fed LCFS) appears to do so in approximately

1/4 of all scenarios (though this strategy produces some very high incremental cost outcomes as

well). Additionally, it appears that the three most costly strategies (across their distributions)

are Strategies 11, 12, and 19 — the same three strategies that had the strongest GHG emissions

performance. Thus, it appears that no strategy is simultaneously robust in terms of both emissions

and cost.

One early hypothesis, and the reason for including strategies that exclusively affected diesel

prices, was that differential taxation of diesel fuel might be a way to reduce VMT from new,

efficient diesel vehicles as manufacturers increased their production to comply with fuel economy
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standards — and thus lead to measurable GHG reductions2. However, the analysis has shown

that these reductions are very small, despite the projected increase in diesel market share over the

next decade. Due to the relative ineffectiveness of strategies that focus on diesel fuel prices as a

mechanism to reduce GHG emissions, Strategies 7 and 10 are omitted from the further analysis.

Additionally, strategies that increase only gasoline (but not diesel) taxes perform only slightly worse

than strategies that include a similarly sized diesel tax increase (offering little to no additional

reduction in emissions or costs), and may be more politically challenging to implement3. These

are also omitted from further discussion. Strategy 4 (Fed IM) is omitted from further analysis

since it produces very small incremental GHG savings — as expected — and carries no incremental

strategy cost.

Figure 6.5 shows a scatterplot of the 25th, 50th, 75th, and 90th percentiles for emissions (on the

y-axis) and incremental strategy cost (on the x-axis) for the remaining strategies, with the 2020

GHG target represented by a red line. To improve readability, the strategies are color-coded and

labeled with their Strategy ID, while the relevant percentiles are represented by different shapes. It

is important to note that each percentile for emissions likely represents a different set of scenarios

than the same percentile for cost. These are merely slices of two sets of outcomes, distributed

across their ranges. The ranges themselves, are not tied together. However, using a scatterplot of

the percentiles does illustrates the relative performance of each strategy across both metrics.

Each set of percentiles traces out a frontier that starts with high emissions and low costs, then

generally moves down and right toward lower emissions and higher cost. Each successive percentile

traces out a slightly higher frontier of a similar shape, and presents much of the same information

that appeared in Figures 6.1 and 6.4 in a more compact form. In addition to generally moving in the

same direction, each successive percentile also has a longer and less clustered frontier than the one

preceding it. As previous graphs have suggested, at the lower percentiles (e.g. the 25th percentile)

all strategies meet the target and the fed-only strategy does so at the lowest cost. However, by the

50th percentile, some strategies are already over the target, with the cost break-point of between

2Diesel fuel has a higher carbon content than gasoline, so each additional gallon saved implies greater reductions.
3Although diesel taxes and currently differ from gasoline taxes, at both the federal level and in California, the

difference is only a few cents per gallon.
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Figure 6.5: Selected percentiles for 2020 GHG emissions and costs across all scenarios

$30 billion and $40 billion over the decade. By the 75th percentile, only strategy 19 meets the

target (although 12 is very close), and none do at the 90th percentile despite incurring very large

costs. While Strategies 12 (Fed GD200) and 19 (SP GD250) exhibit strong emissions performance

across a wide range of the scenario ensemble, they do so at a high cost even at lower percentiles of

incremental cost outcomes.
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6.4.1 Scenario discovery tools identify groups of scenarios that share charac-
teristics

The method used to characterize subsets of the scenario ensemble, using a sparse set of uncertainties

and subsets of their ranges (Groves and Lempert, 2007), relies on an algorithm developed by Fried-

man and Fisher (1999) called the Patient Rule Induction Method or PRIM. This method is used to

identify and characterize strategy vulnerabilities as well. When characterizing the vulnerabilities

of a particular strategy, the analyst must balance two competing objectives:

• coverage — the percentage of all scenarios of interest that can be described by the character-

ization, and

• density — the percentage of scenarios described by the characterization that represent sce-

narios of interest.

As a simple example: assume one characterizes the no-action strategy using only the fuel price

scalar uncertainty, and determines that all the strategy’s vulnerabilities can be described by the

scenarios where the fuel price scalar is less than its upper bound. The vulnerable scenarios are

guaranteed to be in this subset; since all scenarios share this feature, the subset is the entire

scenario ensemble. In this case, the coverage is 1. However, this set also contains a large number

of scenarios in which the no-action strategy achieves the target (precisely 1,186 of them), so the

density is only .613. A more restrictive characterization can be used to capture a higher density of

relevant scenarios, but possibly at the cost of some coverage.

6.4.2 Under some conditions, the best choice is “no-action”

As the figures above have shown, the performance of each strategy strongly depends upon the

scenario in which it is implemented. In some scenarios, relative improvement in greenhouse gas

emissions compared to the no-action alternative is small (or slightly negative), and almost always

more costly. In instances where all strategies succeed (scenarios representing favorable conditions

for GHG reduction), the best course of action may be to do nothing. In 1,181 of 3,061 scenarios

(38.6%), all 20 strategies successfully achieve the state’s 2020 greenhouse gas target for passenger
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transportation, but this should not be interpreted as a 39% probability that “doing nothing”

will achieve the desired results. The percentage is an artifact of the experimental design, and a

different design would have resulted in a different percentage. However, for the scenarios in which

all strategies meet the emissions target, strategies can be ranked based solely on their incremental

cost. Figure 6.6 shows the distribution of incremental costs for each of the strategies across the

scenarios in which all strategies achieve the GHG goal.
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Figure 6.6: Incremental strategy cost when all strategies meet GHG target, 2010 – 2020

As Figure 6.6 illustrates, when all strategies achieve the GHG target, the Scoping Plan (Strategy

1) is consistently more expensive than taking no action at the state level. However, this difference

is small for about half of those scenarios, suggesting that under a sizeable subset of the “favorable

conditions” scenarios, the Scoping Plan performs almost as well as the no-action strategy. And

while no strategy is consistently less expensive, Strategy 12 (Fed GD200) has the largest number

199



of scenarios that result in savings. The strategy with the largest number of low incremental cost

outcomes, Strategy 2 (Fed LCFS), also has a large number of outcomes with significantly higher

costs — displaying the sensitivity of the LCFS to exogenous conditions. At least 25% of these are

more than $30 billion over the next decade.

Given that no strategy greatly improves cost performance, under certain circumstances taking

no action appears to be the best way to meet the GHG target at the lowest cost. Using a clustering

algorithm developed by Friedman and Fisher (1999), we can develop a parsimonious definition of

the subset of scenarios in which doing nothing is the best course of action4. The definition of this

scenario subset is actually rather simple and intuitive. We are able to describe over 90% of all

the scenarios in which every strategy meets the emissions target (the coverage of the subset) by

describing a subset of the scenario ensemble in which all strategies achieve the target in 85% of the

subet (the density of the subset). The parsimonious definition only requires two uncertainties: if

the fuel price scalar is greater than .985 and the gasoline/ethanol blend wall is increased to 15%

before 2020, all strategies successfully meet the target (in 85% of those scenarios). A fuel price

scalar of .985 translates into a time series in which the baseline gasoline5 price in 2020 reaches

$3.63 (in $2008) with a peak price of $3.83 in the intervening years. The use of constant dollars

means that motorists would still see price increases at the pump over the decade, but inflation-

adjusted prices would be comparable to national average gasoline price during the fuel price spikes in

2008. Interestingly, this is between the California Energy Commission’s high and low gasoline price

forecasts (Figure 5.1), and suggests that even reasonably high gas prices (compared to historical

levels) could lead to acceptable greenhouse gas emissions without any additional state-level policies.

The shaded are in Figure 6.7 illustrates the range of gasoline prices, relative to the range sampled

to generate scenarios, in which all strategies meet the target (provided that the blend wall is also

increased). The other component of this subset is an increase in the blend wall, which California

is not obligated to do, but which would improve the ability of fuel providers to comply with the

requirements of the Low Carbon Fuel Standard and the federal Renewable Fuels Standard — both

4This same algorithm is used later in the analysis for a different purpose — to identify vulnerabilities for candidate
strategies

5The baseline gasoline price is determined by exogenous conditions, to which strategy price impacts are then
added or subtracted.
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of which will require increased ethanol consumption in California.
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Figure 6.7: Range of baseline gasoline prices in for which all strategies meet 2020 target

Just as there is a subset of scenarios in which all strategies meet the GHG target, there is

another subset of challenging scenarios in which no strategy meets the target. In 506 scenarios (out

of 3,061), or 16.5% of all scenarios, no strategy successfully achieves the desired emissions level.

Just as it is possible to characterize the conditions that are favorable to all strategies, we may also

characterize the scenarios that are challenging to all strategies. These scenarios are not defined as

simply as the set in which all strategies succeed, but can still be described using a small subset of

uncertainties.

The most important driver of the challenging subset is California GDP growth, but in con-

junction with other factors. These scenarios are characterized by California GDP growth greater

than 2% per year (over the decade), small growth in baseline gasoline prices — where prices are
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less than $4.43 in 2020, and low transportation electricity consumption — where plug-in hybrid

vehicle market share in 2020 is less than 7% and the PHEVs on the road use electricity for less

than 78% of their travel. Table 6.2 describes the scenarios in which all strategies, or no strategies,

achieve the 2020 emissions target. The parsimonious nature of the characterizations means that

each subset contains some scenarios in which the condition of interest is not valid (essentially when

the density of the subset is less than 1). For this reason, there is a small amount of overlap in the

characterizations in Table 6.2 despite the mutually elusive nature of the conditions6.

Table 6.2: Characteristics of scenarios where all, or no, strategies meet the 2020 emissions target
All strategies meet the 2020 goal

Uncertainty Characterization

Baseline gas prices Climbing to more than $3.63/gallon by 2020
Blend-wall increase To 15% ethanol by 2020

No strategies meet the 2020 goal

Uncertainty Characterization

CA GDP growth rate Greater than 2% per year over decade
Baseline gas prices Climbing to less than $4.43/gallon by 2020
2020 PHEV market share Less than 7%
PHEV electricity travel Less than 78%

Figure 6.8 shows slices of the distribution of greenhouse gas emissions (on the y-axis) and

incremental cost outcomes (on the x-axis) when no strategy achieves the desired emissions level.

In the figure, different shapes are used to represent the 50th, 75th, and 90th percentile outcomes for

the two metrics and strategies are color coded according to the legend. The figure shows that each

percentile has a similarly shaped frontier curve, that generally moves in the direction of increasing

cost and decreasing emissions, and starts at a higher point at each percentile. The no-action

alternative, Strategy 0, has outcomes in which GHG emissions are nearly twice the target level at

the 90th percentile. And most strategies have a median emissions level approaching 140% of the

target. Although no strategies meet the target, two strategies that were identified in the analysis

of the complete scenario ensemble — Strategies 12 (Fed GD200) and 19 (SP GD250) — are the

strongest performers. Strategy 19, which meets the GHG target in 83.5% of all scenarios, fails to

6Although this study examines a large number of scenarios, the experimental design is still relatively sparse over
the continuous uncertainties. A larger sample across them would decrease the overlap between the sets in Table 6.2.
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meet the target in exactly the scenarios when no strategy achieves the target. The other strategy,

which meets the GHG target in over 70% of all scenarios, shares more than half of its challenging

scenarios with all strategies.

Figure 6.8: Scatterplot of emissions and incremental cost percentiles when no strategy meets 2020
target

Figure 6.8 illustrates the tradeoff between emissions reduction and cost increases under these

conditions. The figure also shows four strategies — Fed only, Fed LCFS, Pav1 only, and Scop Plan

— clustering closely in terms of emissions, but spreading out in terms of cost as the percentile

increases from the 50th to the 90th percentiles. Strategies with narrow cost distributions generally

result in small incremental costs when the target is unattainable. The wider cost distributions,
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such as those associated with Strategies 12 and 19, result in large cost increases. Although these

strategies achieve the GHG target more often than not, they generate significant incremental costs

over no-action in doing so. And when all strategies fail to achieve the GHG goal, these strategies

may cost consumers more than $100 billion additional dollars over the decade without accomplishing

the policy objective. This increase represents additional expenditures on motor fuels (of which well

over 100 billion gallons is consumed between 2010 and 2020) as a result of the strategies’ tax

increase; an additional cost to Californians that doesn’t result in the desired emissions level. It

is unlikely that taxpayers would be willing to bear the additional expense without some obvious

environmental or social benefit.

The state’s greenhouse gas reduction strategy (across all sectors) was originally touted as a

strategy that would achieve environmental goals and save Californians money over the next decade

(California Air Resources Board, 2008). However, the revisions to fuel economy standards at the

federal level have taken a cost saving strategy, near-term fuel economy improvements over a baseline

that hasn’t improved in decades, and removed those savings from the state’s discretion. Fuel and

cost savings associated with those fuel economy improvements will occur without any action from

California (but may not have been possible without California’s involvement). The remaining

policies appear to be less effective at reducing emissions, and significantly more costly. Policymakers

in California would be benefit politically from implementing strategies that have lower costs and

higher emissions if the GHG target proves to be unattainable. There may, however, be a political

cost to weakening or removing the greenhouse gas policies once they are in place, particularly for

policymakers who advocated for their implementation. Members of the environmental community

would be outraged, and members of the business community may see the move as a sign of weakness.

Whether the political cost is higher for modifying policies or missing the emissions target, remains

to be seen. It is unfortunate that strong emissions strategies are generally weak cost strategies

— often meeting the emissions target, but at very high cost relative to the no-action alternative.

However, it is possible to address this deficiency within the strategy set by incorporating adaptivity.
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6.5 All fixed strategies have vulnerabilities — the case for adap-
tive strategies

As the preceding analysis has shown, it is not always necessary to have an aggressive strategy (like

Strategy 19, the SP GD250) in place; doing nothing at the state-level still results in California

meeting its emissions target under a wide variety of conditions (and in nearly 40% of all scenarios

considered here). Similarly, there are times when even more modestly aggressive strategies fail to

achieve the greenhouse gas target. However, very aggressive strategies are frequently unnecessary

and often much more costly than more modest approaches. The next phase of this analysis considers

several of the existing strategies and identifies the conditions under which each fails to meet the

GHG target, then incorporates more aggressive actions under conditions that created problems

for the fixed strategy. For example, the no-action strategy, Strategy 0 (Fed only) is a low cost

strategy that meets the GHG target in nearly 40% of all scenarios, but leads to very high emissions

in others. A more aggressive version of this strategy, Strategy 12 (Fed GD200), combines a mid-

decade fuel tax increase of two dollars. This strategy meets the GHG target under a much broader

set of conditions, but also significantly increases fuel expenditures in the scenarios where Strategy

0 already meets the target. By identifying the vulnerabilities of Strategy 0 — which uncertainties,

and in what ranges, lead this strategy to under-perform — we can incorporate a mid-decade tax

increase when it is necessary to meet the emissions target, but not otherwise. The objective is to

define vulnerabilities based on the achievement of the emissions target and incorporate hedging

options to attempt to meet the goal in most scenarios at a low cost.

6.5.1 Identifying and characterizing strategy vulnerabilities

Recall that each scenario represents a unique set of values for the uncertainties delineated in Chap-

ter 4. In order to develop a set of adaptive strategies that will be more robust to challenging

conditions, it is necessary to identify and characterize the scenarios in which these strategies lead

to unacceptably high emissions and/or costs. A sensible approach, and the one followed here, is to

begin by looking at a set of baseline strategies that represent current courses of action: no-action

(Fed only, Strategy 0), Scoping Plan (Strategy 1), and the most likely course of action, the Scoping
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Plan with second Pavley standards (SP Pav2, Strategy 13). After identifying the conditions to

which these strategies are vulnerable (for example, low gasoline prices leading to large increases in

VMT), mid-decade corrections, in the form of fuel price increases (through tax increases of some

other mechanism), can be incorporated when these conditions occur.

Vulnerabilities of the no-action strategy

As it turns out, the vulnerability of the no-action strategy can be characterized using only the fuel

price scalar uncertainty. When the fuel price scalar is less than 1.015, the no-action strategy fails to

meet the GHG target in over 85% of those scenarios (density), and 92% of all failures are captured

by this restriction (coverage). Because fuel prices are implemented as a time series in the CALD-

GEM model, a more practical interpretation of this scenario restriction is appropriate. A fuel price

scalar less than 1.015 corresponds to a gasoline price of $4.89/gallon in 2020, steadily increasing

from its 2010 value of $3.28/gallon. Under these conditions, California drivers take advantage

of increasing fuel economy (a result of the new federal standards) and statewide VMT increases

over the decade. The boxplots in Figure 6.9 show the distribution of total statewide vehicle miles

traveled in 2020 for scenarios both in (where gasoline prices remain below $4.89/gallon in 2020)

and out of the vulnerability (where gasoline prices are above $4.89/gallon by 2020). The red line at

305 billion miles/year denotes California passenger vehicle VMT in 2008. It is plausible that fuel

prices could stay below that level in 2020, despite increased oil demand from emerging markets,

and the combination of fuel economy increases and population/economic growth could result in

continued VMT growth over the decade without policy intervention.

As the figure illustrates, when baseline gasoline prices (based on World Oil Price, the cost of

additives, and refining constraints rather than policy) stay below about $5.00/gallon by 2020 (the

scenarios inside the vulnerability), VMT generally increases from 2008 levels by 2020. Although

there is a small overlap between VMT outcomes inside and outside of the vulnerability (less than

25% of the scenarios in each set, though the set inside the vulnerability is about twice the size of the

other), when conditions lead to increases in VMT over present-day levels, the no-action strategy

fails to achieve the greenhouse gas goal.
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Figure 6.9: California VMT in 2020 for no-action strategy in and out of vulnerability

Vulnerabilities of the Scoping Plan strategy

The Scoping Plan incorporates additional policies to reduce greenhouse gas emissions beyond the

federal vehicle efficiency policy that drives GHG savings in the no-action strategy. The Scoping

Plan complements the federal fuel economy program with a set of state-level efficiency targets,

additional efficiency gains from a tire pressure regulation tied to the state’s smog-check program,

and the Low Carbon Fuel Standard. Despite a more diversified approach, the Scoping plan shares

an identical set of vulnerable scenarios to the no-action strategy. Under the same characterization

(long-run fuel prices under $4.89/gallon), the Scoping Plan fails to meet the GHG target in 86% of

scenarios (density), and 93% of the scenarios in which the Scoping Plan fails to meet the target can

be characterized this way (coverage). This is not to suggest that the two strategies are identical —

they are not. In terms of cost, the Scoping Plan results in much higher costs than the no-action
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strategy (see Figure 6.4) when the advanced ethanol market develops more slowly, in terms of either

the quantity available or the associated unit cost.

Vulnerabilities of the Scoping Plan with Pavley II

It is likely that California will maintain the policies described in the Scoping Plan and exercise its

authority to enact state-level automobile standards to implement a second set of Pavley standards.

This strategy has the same elements as the Scoping Plan with additional vehicle efficiency measures

that will reduce gasoline consumption in the latter part of the decade (once the current federal

guidelines and Pavley standards expire in 2016)7. This added efficiency creates a more flexible

strategy that leads to lower emissions under a wider variety of conditions, meeting the GHG target

in another 5% of all scenarios. It also leads to a distinct and more nuanced set of vulnerabilities than

the other two foundational strategies considered above. Although the fuel price scalar, and therefore

gasoline prices, are still important, it is necessary to consider a greater number of uncertainties to

properly characterize this strategy’s vulnerabilities.

In the case of the SP Pav2 strategy (Strategy 13), it is not possible to sufficiently describe its

vulnerability using a single set of variables and restrictions. Instead, the vulnerability is described

as two separate sets of scenarios — each a combination of fuel prices and economic conditions

— suggesting that there is more than one problematic state of the world, despite achieving the

emissions target in more scenarios than the other two strategies above. The two vulnerabilities

describe 98% of the scenarios in which the likely strategy fails to meet the GHG target (coverage),

and defines a subset of scenarios in which 80% are failures (density).

The first vulnerability resembles the vulnerability of the first two strategies, while being a bit

more restrictive and representing fewer scenarios than the others. The most important driver in

the first vulnerability is still the fuel price scalar, corresponding to a maximum long-run gasoline

price of about $3.62/gallon in 2020, with a peak of $3.82/gallon toward the middle of the decade.

The combination of increased fuel economy (from the second Pavley standards) and low gasoline

prices leads to increased fuel consumption when California GDP growth is above 0.4 percent, the

7It is entirely possible that additional standards at the federal level will supersede the second set of Pavley
standards before 2016, and form a higher efficiency baseline for all of the strategies considered in this analysis.
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other element of the first vulnerability. Although this is still a very low growth rate, it suggests

that the likely course of action may still achieve the GHG target if the next decade features low

gasoline prices, as long as the economic growth is very sluggish.

The second vulnerability is also a combination of economic conditions and fuel prices, with

a greater emphasis on the former. When California’s unemployment rate drops below 7 percent

by 2020, gasoline prices can be significantly higher than in the first vulnerability ($7.00/gallon by

2020) and still cause the likely strategy to exceed the desired emissions level. While high fuel prices

induce less driving among motorists, the increased efficiency (from the strategy) and reduction in

unemployment from current levels will lead to more new car sales (the number of which is sensitive

to unemployment rate) and put more motorists on the road in 2020, even if each drives slightly

less. This will lead to unacceptable levels of fuel consumption and greenhouse gas emissions. Like

the other two strategies, vehicle miles traveled in 2020 is an important driver of fuel consumption

and GHG emissions. Despite increases in vehicle fuel economy mandated by this strategy, nearly

all of the scenarios within the vulnerability exhibit VMT growth over 2008 levels and nearly all

of the scenarios outside the vulnerability (where the strategy achieves the emissions goal) feature

reductions in VMT over 2008 levels, by nearly 20 percent in at least half of the scenarios.

Since each strategy is vulnerable when poorly matched to conditions that lead to VMT growth,

either from persistently low gasoline prices or a combination of moderate gas prices and economic

growth, incorporating adaptive elements to address VMT growth is likely to lead to more robust

strategies.

6.6 Building adaptive strategies and measuring their performance
across all scenarios

We will now define three adaptive strategies, based on the three foundational strategies from the

previous section, that incorporate fuel tax increases in 2016 based on an observable trigger. This

(mostly) avoids implementing aggressive strategies when favorable conditions make them super-

fluous, and allows decisionmakers additional time to evaluate the performance of the foundational

strategies. The trigger for each will be the same, and represents a useful reference point to current
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conditions.

In order to achieve the GHG target for passenger travel, it is necessary to reduce emissions from

their current level, rather than merely suppressing future growth. The adaptive strategy trigger

reflects this necessity. Current light-duty vehicle VMT in California is about 308 billion miles per

year (bmy). In the strategies that follow, adaptation is triggered when VMT in 2015 is higher than

the current level. The action that each strategy takes is similar in type, but different in magnitude.

Strategy 20 uses the no-action strategy, Strategy 0 (Fed only), until 2016 then, if California

VMT is above 308 bmy, both gasoline and diesel taxes are increased by $2.00/gallon for the re-

mainder of the decade. Strategy 21 uses the Scoping Plan actions, Strategy 1, until 2016, when

both gasoline and diesel taxes are increased by $2.50/gallon if California VMT is still above 308

bmy in 2015. The final adaptive strategy, Strategy 22, uses the most likely strategy, the Scoping

Plan actions with a second round of Pavley standards, as a foundation. When California VMT is

above 308 bmy in 2015, Strategy 22 then increases both gasoline and diesel taxes by $1.00/gallon.

The purpose of these strategies is to aggressively respond to adverse conditions and increase the

possibility of meeting emissions goals, rather than continuing on a path that leads to greater emis-

sions (or insufficient reductions). Table 6.3 summarizes the adaptation that occurs at the trigger

point in 2015, and defines the adaptive strategies.

Table 6.3: Defining adaptive strategies from 2010 to 2020
Trigger – no Trigger – yes

Strategy ID Short Name 2010 – 2015 2016 – 2020 2016 – 2020

20 Fed/Fed GD200 Fed only Fed only Fed GD200
21 SP/SP 250 Scop plan Scop plan Scop plan GD250
22 SP Pav2/SP Pav2 GD100 SP Pav2 SP Pav2 SP Pav2 GD100

A summary of the range of emissions outcomes, with delineated percentiles, shows that the

three adaptive strategies (Strategy 20, 21, and 22) all meet the GHG target of 112.3 MMTCO2e in

at least 50% of all scenarios. However, Figure 6.10 shows more than this. Shortened strategy names

on the lower x-axis correspond to Strategy ID numbers above, with 2020 GHG emissions on the

y-axis. These boxes use percentiles to display the distribution of greenhouse gas emissions outcomes

for each strategy across all scenarios. Dotted lines denote the 25th, 75th, and 90th percentiles, a
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solid black bar denotes the median outcome, and the gold line represents the emissions target. The

strategies are sorted by the emissions at the 90th percentile (in red), and the gold line represents

the light-duty policy target at 112.3 MMTCO2e.

Figure 6.10: California GHG emissions in 2020

One important observation is that the three adaptive strategies are ranked in the top 6 overall

based on the 90th percentile. As the figure illustrates, choosing a lower percentile (for example, the

median) provides a different ranking of strategies and represents a different threshold of interest.

The previous analysis showed that in about 16% of all scenarios, no strategy achieves the emissions

goal — and many of the outcomes above the 90th percentile can be found among those scenarios for

the top strategies. However, by explicitly considering the 90th percentile, we consider the spread

of the distribution of outcomes and account for many of the more challenging conditions. The

adaptive strategies perform well relative to the previous set of top performing strategies (Strategies

19, 11, and 12), with Strategy 21 tailing off only slightly from Strategy 19 (on which it is based),
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Strategy 20 tailing off slightly from Strategy 12 (on which it is based), and Strategy 22 producing

nearly identical outcomes to Strategy 16. The adaptive strategies are inherently less aggressive,

since they employ fuel tax increases based on the VMT trigger discussed above rather than always

increasing fuel costs like Strategies 11, 12, and 19.

The primary objective of the adaptive strategies is to reduce strategy total cost where possible,

without sacrificing emissions performance in more challenging conditions. The story for the adaptive

strategies is similar to the aggressive strategies they incorporate, with one important exception.

Figure 6.11 illustrates the incremental cost (over the federal-only policy baseline) of the adaptive

strategies in the context of the initial set of strategies. Figure 6.11 uses the same conventions as

Figure 6.10: dotted lines denote the 25th, 75th, and 90th percentiles and a solid black bar denotes

the median incremental cost outcome for each strategy. The strategies are sorted based on the

90th percentile greenhouse gas emissions, just as in Figure 6.10. This serves to illustrate two

important points: (1) Incremental strategy costs generally decrease with diminishing robustness of

greenhouse gas emissions outcomes, and (2) the adaptive strategies are still expensive at the higher

end of their distributions, but produce large savings over their aggressive counterparts below the

median outcome, shifting the lower half of the cost distribution downward. This creates large

gaps in the cost distributions, most obviously in Strategy 20 (Fed/Fed GD200), but this is not

unexpected given the adaptive triggers built into the strategy definitions.

An ideal strategy would consistently reduce greenhouse gas emissions and produce cost savings

over the baseline strategy at the federal level, whose costs will be borne by California residents if the

state takes no action at all. However, this analysis has demonstrated that, at least for the set of 22

strategies considered, there is no strategy that consistently reduces both GHG emissions and costs

under a wide variety of conditions. To better understand the tradeoff between cost and emissions

performance in the context of the scenario ensemble (rather than merely examining distributions

of outcomes across the ensemble), we develop a new performance measure that accounts for cost

regret at a given level of GHG emissions performance — the constant emissions cost regret metric.
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Figure 6.11: Incremental strategy total cost, 2010 – 2020

6.6.1 A cost metric that approximates relative cost effectiveness — constant
emissions cost regret

So far, we have only considered how a strategy performs in a single dimension — either GHG

emissions or cost — for each scenario. Considering these two metrics simultaneously, for each

scenario, will help to identify a strategy ranking based on the strategy’s effectiveness at reducing

GHG emissions at an acceptable cost. Conceptually, determining a dollar cost per metric ton of

emissions reductions would be easy to interpret and facilitate comparison with a large body of

literature. Unfortunately, in an ensemble scenario analysis (such as the one presented here), the

baseline against which to compare strategy performance (i.e. emissions) is not obvious. Assuming

the no-action strategy represents the baseline is appropriate, but creates a baseline that changes in

each scenario. Additionally, there are instances where strategies produce higher emissions than the

no-action alternative, yet incur costs — the creating infinite dollar-per-metric-ton cost effectiveness.
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There is also no obvious way to compare such outcomes across the ensemble, since they do not

occur in the same set of scenarios for every strategy. These complications required the creation

of another metric that would approximate cost-effectiveness, but function properly in a scenario

ensemble context.

The definition of constant emissions cost regret relies on one critical assumption about policy-

makers’ preferences: some emissions reduction at some cost is better than no reductions at no cost.

While the transportation measures in the Scoping Plan have been promoted as actions to reduce

greenhouse gas emissions and save money, not all of the actions in the Scoping Plan have such

unambiguous virtues. In particular, the electricity sector is implementing a policy that mandates a

high percentage of all California power must come from renewable sources, the Renewables Portfolio

Standard (RPS). The current RPS target of 33% is expected to cost nearly $133 per ton of GHG

emissions savings (California Air Resources Board, 2008), and increase the cost of electricity for

residents throughout the state. However, the RPS is an aggressive action that will ensure a propor-

tionally cleaner electricity supply in California, even if total electricity consumption increases. In

this case, the state is willing to incur increased costs for some emissions savings, independent of the

sector’s cap or 2020 target. The constant emissions regret measure is based on the same principle,

but for the transportation, rather than energy, sector. For each strategy, j, in each scenario, s,

let J be the set of strategies j′ with greenhouse gas emissions, Gj′ ≤ Gj and let K be the set of

strategies j′ with greenhouse gas emissions, Gj′ ≤ 112.3. Then the constant emissions cost regret ,

is given by

constant emissions cost regretjs =

⎧⎪⎪⎨
⎪⎪⎩

Min[Cost(J,s)]− Cost(j, s), if Gj > 112.3

Min[Cost(K,s)]− Cost(j, s), if Gj ≤ 112.3

(6.2)

Simply stated, the constant emissions cost regret for strategy j is the difference between its

cost and the least expensive strategy that achieves the same or lower GHG emissions if strategy

j fails to meet the target, and the difference between its cost and the least expensive strategy to

meet the target if it does. By this definition, a strategy has cost regret even if it meets the GHG
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target, provided that another strategy did so at a lower cost. However, if strategy j fails to meet

the target, but strategies with lower emissions were also more expensive, then there is no regret.

This traces out a frontier between emissions and cost where zero regret strategies have either: lower

cost than strategies that achieve similar (or lower) emissions levels, lower emissions than strategies

that cost the same (or less), or (possibly) both.

A simple example will help to clarify the metric. Figure 6.12 assumes an analysis with only

three strategies. In the figure, each of the three points represents a strategy outcome (for emissions

and cost) for a particular scenario. Although Strategy 2 is distance A above the emissions target,

and both Strategy 1 and Strategy 3 are below, neither achieve either lower emissions than Strategy

2 or the target at a lower cost than Strategy 2. So the constant emissions cost regret for Strategy

2 is zero. However, despite the fact that Strategy 3 has the lowest emissions in the set, Strategy 1

achieves the target at a lower cost. Because of this, Strategy 3 has constant emissions cost regret

of B. Strategy 1 is neither the lowest cost, nor lowest emissions strategy in the set. However, no

strategy achieves lower (or equal) emissions at a lower cost, so Strategy 1 also has zero constant

emissions cost regret.

Since this definition would allow a strategy with very low cost, but very high emissions to

achieve low constant emissions cost regret, we limit the analysis to strategies that consistently

achieve the lowest greenhouse gas emissions across the scenario ensemble. In particular, Figure

6.13 summarizes the constant emissions cost regret outcomes for the top six strategies in terms

of GHG emissions performance (Strategies 19, 21, 12, 20, 16, 22 (SP GD250, SP/SP GD250,

Fed GD200, Fed/Fed GD200, SP Pav2 GD100, SP Pav2/+GD100, respectively); as well as Strat-

egy 14 (SP Pav2 GD50), which provides some insight into the potential performance of California’s

cap-and-trade program in its most likely implementation).

Figure 6.13 illustrates the greenhouse gas emissions regret (along the y-axis) for the remaining

strategies with one quantitative change: a strategy that achieves the target is defined to have

zero regret. This change makes the emissions regret measure symmetric to the constant emissions

cost regret measure, which defines the cost regret of a strategy that meets the GHG target as its

difference from the lowest cost strategy to do so. Figure 6.13 illustrates the tradeoff between low
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Figure 6.12: Constant emissions cost regret, a simple illustration

emissions regret and low cost regret by displaying various percentiles of each type of regret outcome

in a scatterplot. Using different shapes to represent the 25th, 50th, 75th, and 90th percentiles, and

different colors to identify strategies (which are also labeled with their strategy ID), the figure shows

the generally strong performance of the adaptive strategies across their range of outcomes. While

adaptation appears to improve the performance of the SP GD250 Strategy (Strategy 19), sacrificing

little in emissions performance but reducing the set of cost outcomes (Strategy 21), it does little to

help mitigate the undesirable results of SP Pav2 GD100 (Strategy 16). Incorporating adaptivity,

as Strategy 22 does (introducing the $1.00/gallon gasoline and diesel tax increase in response to

higher-than-expected VMT), leads to slightly lower emissions outcomes, but leads to higher cost

regret. Despite incorporating more aggressive elements, the adaptive strategies 21 and 20 still have

a number of high emissions regret outcomes beyond the 75th percentile of their distributions.

The adaptive strategy built upon the no-action strategy (only federal policy until 2016 when

the adaptive trigger either holds policy at the status quo or introduces a $2.00/gallon gasoline and

diesel tax increase), accomplishes what one would hope. Strategy 20 (in the figure) leads to a lower
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Figure 6.13: Percentiles of GHG regret and constant emissions cost regret

set of emissions outcomes than the Fed only strategy, and a lower set of constant emissions cost

regret outcomes than the Fed GD200 Strategy (Strategy 12), which is unnecessarily aggressive in

favorable conditions.

The figure shows that the adaptive strategies generally perform well, with Strategy 20 (Fed/Fed GD200)

dominating the others at each point in the distribution. Strategies 21, 11, 12, and 22 cluster rela-

tively tightly at the 90th percentile with Strategies 11 and 12 performing somewhat better at lower

points within their distributions (lower medians and slightly lower outcomes at the 75th percentile,

for example), although these differences diminish farther out in the distributions.

Two of the initial candidate strategies — those that reduced greenhouse gas emissions most

effectively across the scenario ensemble (Strategies 12 and 19) — are still relevant to the discussion,

but Strategy 19 exhibits very high constant emissions cost regret, even at the median, suggesting
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that one of the other strategies would often achieve similarly acceptable levels of GHG emissions at

a much lower cost, despite its effectiveness at controlling GHG emissions in the most challenging

scenarios. Strategy 12 (Fed GD200) performs relatively well in both regret dimensions, though less

well than the two best adaptive strategies.

Figure 6.13 suggests that Strategy 20 (Fed/Fed GD200) is a very strong candidate for a robust

strategy with relatively strong emissions performance and consistently low constant emissions cost

regret (about $13 billion at the 90th percentile), suggesting that another strategy achieves lower

emissions (or meets the target) at a lower cost in only a small subset of scenarios. However,

Strategy 21 (SP/SP GD250) is only a little less effective than Strategy 19 at limiting greenhouse gas

emissions, and significantly less costly. As the second best performer in terms of both emissions and

constant emissions cost regret, it is also a reasonable choice for a candidate robust strategy. Strategy

22 (SP Pav2/+GD100) performs only slightly worse than Strategy 12 in constant emissions cost

regret, but struggles to reduce emissions across the full scenario ensemble despite representing

a diverse strategy that incorporates fuel efficiency policies, fuel carbon policies, fuel taxes and

adaptation.

6.6.2 Quantifying outcomes with simultaneous low cost and low emissions re-
gret

Thus far the analysis has focused on identifying strategies that consistently result in acceptable

emissions or acceptable costs, but there is no guarantee that both outcomes are simultaneously

acceptable for a given scenario; it is possible that many (or all) instances of high emissions have

low costs. In those cases, the strategy would still produce an unacceptable outcome, having only

succeeded in a single dimension (cost). Similarly, instances of very low emissions may also have very

high costs. Looking at these measures independently across the scenario ensemble and choosing

candidates that consistently perform well in each dimension does little to ensure that acceptable

emissions outcomes have simultaneously acceptable costs (for a given scenario). To address this

issue, we define a threshold of acceptability for each dimension (emissions regret and constant

emissions cost regret), and determine the percentage of scenarios in which each strategy simulta-
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neously produces an acceptable emissions outcome at an acceptable cost8. This results in a binary

(pass/fail) measure for each strategy in each scenario and, while this reduces information contained

in the magnitude of the individual outcomes, is consistent with the satisficing criterion inherent

in robust decision analysis; seeking acceptability (however it is defined) under the broadest set of

conditions, rather than optimality under a narrow set of assumptions. A summary of this binary

measure across the scenario ensemble provides both a measure of robustness and a convenient

method of ranking the candidate strategies.

To define the regret threshold box, the two-dimensional set of performance thresholds that define

“acceptable” and “unacceptable” outcomes for the binary measure, we use previously defined regret

metrics for both emissions and cost. Since many of the scenarios represent challenging conditions

for all strategies, using regret metrics provides a way to measure each strategy’s performance

relative to others under conditions where all strategies may perform adequately, or inadequately, as

a group. These thresholds would ideally be defined through conversations with stakeholder groups

and policymakers; in this analysis they are defined to provide a threshold that differentiates between

strategies based on the range of outcomes for emissions and cost regret. Given the initial intention of

California’s transportation policies, that they reduce emissions and costs, some stakeholder groups

(likely even regulators and political figures) would advocate for a zero regret threshold, however

unrealistic. The regret thresholds here are entirely subjective, and meant to illustrate the inherent

tradeoffs between emissions achievement and cost performance between strategies.

The full range of constant emissions cost regret across all strategies and scenarios is about

$140 billion. However, the range for the 90th percentile is considerably narrower; $13 – $67 billion

(depending on the strategy). This suggests that the highest regret outcomes are concentrated far

out in the tails of the distribution for most of the remaining strategies. The threshold for acceptable

constant emissions cost regret is defined to be $20 billion, based on total strategy cost over the

decade. This threshold is not policy relevant (since all of California’s policies have been promoted

8This is essentially a multi-criteria problem, though a relatively simple one (with only two metrics, emissions and
cost), for which a rich body of literature exists. However, in the context of ensemble scenario analysis, well-established
multi-criteria approaches (e.g., weighted or multi-attribute utility functions, hierarchical or iterative approaches,
pairwise comparisons, ranking methods) feature a framework that inadequately addresses the uncertainty represented
by large scenario ensembles. Interested readers can explore Athanassopoulos and Podinovski (1997); Butler et al.
(2001); Gilberto et al. (2006); Keeney and Raiffa (1993)
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as ways to save both emissions and costs), but it provides a clear separation of performance among

strategies without being unattainable. Nearly all strategies meet this threshold in at least half of

the scenarios, and several strategies nearly do so in least 75% of scenarios.

Choosing 15 MMTCO2e regret as the threshold ensures that most of the remaining strategies

meet the target in half of all scenarios, and distinguishes between strategies based on performance

in the upper ends of their distributions. The expected emissions savings from the Scoping Plan

actions (and the second set of Pavley standards) is approximately 15 MMTCO2e, so using this

magnitude for regret is consistent with baseline assumptions about future emissions. Figure 6.14

displays the same information as Figure 6.13, but includes the thresholds for acceptability in each

dimension.

Figure 6.14: Thresholds for acceptable regret outcomes across two dimensions

The regret threshold box is represented by region A in the Figure 6.14, where the outcomes in a
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percentile within that box would be below the threshold in both dimensions. The figure shows that

both the Fed/Fed GD200 adaptive strategy (Strategy 20) and the Fed GD200 Strategy (Strategy

12) are within region A at the 75th percentile, with the SP/SP GD250 Strategy (Strategy 21) close

to the border of region A at the 75th percentile. Region B represents low cost regret outcomes

that, nonetheless, exhibit high GHG emissions regret. Region C represents outcomes that are

unacceptable in both dimensions — the majority of remaining strategies have 90th percentiles in

this region. Finally, region D represents the low emissions regret, high cost regret outcomes. The

strategies that always sacrifice cost to further reduce emissions have percentiles in this region —

although the SP GD250 (Strategy 19) is nearly in this region by the 50th percentile. While Figure

6.14 provides a general sense of performance in each dimension across the ensemble, it does not

demonstrate that low emissions regret and low constant emissions cost regret occur simultaneously

in a large number of scenarios.

Using the two thresholds simultaneously, it is simple to summarize strategy performance by type

of low regret across the entire ensemble. Each strategy is evaluated in each scenario relative to

the two thresholds. If a strategy’s performance in a single scenario falls within the regret threshold

box, then the strategy has emissions regret below 15 MMTCO2e and constant emissions cost regret

below $20 billion for that specific scenario. Figure 6.15 displays the performance of each strategy

across the entire scenario ensemble based on the regret thresholds defined above. Ideally, a robust

strategy would have low regret outcomes for both cost and emissions in a large percentage of

scenarios — which Strategy 20 does in about 80% of the scenarios. Additionally, most strategies

have no scenarios in which they produce high regret for both cost and emissions, and none of the

remaining strategies does so in more than 10% of the scenarios.

Based on this criterion, Strategy 20 — the combination of no state action and fuel excise tax

increases based on a VMT trigger in 2016 — is the most robust of the strategies considered here.

6.7 Trading off among candidate strategies

Though consistently strong among the set of 22 strategies considered in this analysis, Strategy

20 is not without vulnerabilities. Using the same search algorithm that identified vulnerabilities
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Figure 6.15: Percentage of low regret outcomes by type

for the three strategies on which the adaptive Strategies 20 – 22 were built, we can identify the

commonalities among scenarios where Strategy 20 produces outcomes that have unacceptably high

levels of regret in cost, emissions, or both. Unlike the vulnerabilities of the initial set of strategies,

the commonalities between the vulnerable scenarios for Strategy 20 are more nuanced and subtle

— both because of the strategy’s adaptive nature, and because high emissions regret and high cost

regret have distinct sets of drivers, both of which are captured by the vulnerability.

Of 636 scenarios in which Strategy 20 fails to produce an acceptable outcome, it is possible to

capture 607 of them (95%) using only 5 of the 21 uncertainties that define scenarios. Table 6.4

summarizes the vulnerability. Although these scenarios feature restrictions on growth in both fuel

prices and California GDP growth rate, the restrictions are not very limiting. These scenarios could

be characterized by strong growth and rising inflation (a factor in new vehicle purchase rates), but
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slow technology penetration — hereafter referred to as the restricted growth, low tech scenarios. As

one might suspect, this vulnerability is capturing elements of the separate vulnerabilities that drive

high regret outcomes for cost and emissions — which have only minimal overlap. In particular, the

CPI rate of change and plug-in hybrid market shares are more indicative of cost regret, where other

strategies outperform Strategy 20. The California GDP growth rate and fuel price uncertainties

are more strongly related to emissions regret. When the restricted growth, low tech scenarios occur,

Strategy 20’s percentage of low regret outcomes drops from about 80% to about about 40%.

Table 6.4: Characteristics of vulnerable scenarios for Strategy 20 (Fed only/Fed GD200)
Uncertainty Characterization

Baseline gas prices Climbing to less than $7.00/gallon by 2020
CA GDP growth rate Peaking at 8% and staying above 5%
Pct of vehicles affected by IM program Greater than 6.5%
2020 PHEV market share Less than 7.5%
CPI growth rate Less than .165 per year

Of the strategies in the analysis, Strategy 20 (Fed only/Fed GD200) leads to the greatest num-

ber of acceptable outcomes across the scenario ensemble based on the regret measures. If all

scenarios are believed to be equally likely, implementing this strategy affords the greatest chance

to achieve greenhouse gas emissions goals and control costs. However, one need not assume that

all of the scenarios in the ensemble are equally likely. In fact, different stakeholder groups will have

subjective beliefs about how likely any particular set of conditions may be, even if these beliefs are

not well-defined or quantified.

By applying subjective probabilities to the occurrence of Strategy 20’s vulnerability, defined

above as the restricted growth, low tech scenarios, which incorporates about 40% of all scenarios

and captures 85% of the scenarios in which Strategy 20 leads to unacceptable outcomes. Figure

6.16 illustrates the result of imposing subjective probabilities on the scenario ensemble. Rather

than making assumptions about the probability of each scenario in the ensemble based on its

individual characteristics, we evaluate the relative performance of each strategy by assuming various

subjective probabilities of occurrence for the restricted growth, low tech scenarios and assessing the

expected performance at each probability. This essentially splits the ensemble into two groups —
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the restricted growth, low tech scenarios and the rest (those outside the vulnerability). We generate

an expected value of performance (in this case, the percentage of acceptable outcomes) by taking a

probability weighted sum of performance in the restricted growth, low tech scenarios, and outside

of them9. This allows us to address an important question: How likely does one need to believe

the restricted growth, low tech scenarios are before we would prefer another strategy that performs

better in that state of the world?
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Figure 6.16: Trading off among strategies when the preferred strategy is vulnerable

Figure 6.16 displays the probability of occurrence for the restricted growth, low tech scenarios

on the x-axis and the expected percentage of acceptable outcomes for each strategy along the y-

axis. As one might expect, Strategy 20 performs very strongly outside of the restricted growth, low

tech scenarios, producing acceptable outcomes in nearly 100% of those scenarios. However, if one

9Implicit in this calculation is the assumption that, within each group (in and out of the vulnerability), every
scenario is equally likely.
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believes that the restricted growth, low tech scenarios are at least 65% likely to occur, then Strategy

12 (essentially the same as Strategy 20 without the VMT trigger — fuel taxes always increase by

$2.00/gallon in 2016, regardless of conditions) is a better strategy, producing acceptable outcomes

in up to 80% of scenarios. This implies that if one believes the occurrence of the restricted growth,

low tech scenarios are very likely, then waiting until 2016 to implement the VMT trigger leads to

an increase in unacceptable outcomes over the adaptive strategy. Strategies that have similarly

downward sloping lines (like Strategy 21, SP/SP GD250) share vulnerabilities with Strategy 20.

If one believes the restricted growth, low tech scenarios will occur with certainty, then one should

prefer Strategy 12 and be nearly indifferent between the Fed/Fed GD200 adaptive strategy and the

Scoping Plan/250 tax strategy (Strategy 19).

6.8 Contributions and limitations

This is the first application of these methods to a transportation policy problem, though they

have been applied to energy problems in other sectors. The ability to consider a broad spectrum

of uncertainty allows the analyst to identify and characterize weaknesses of popular policies, and

suggest augmentations to address them. This analysis incorporated a simple, but novel, multi-

criteria decision framework for large scenario ensembles that reduces dimensionality in the outcome

space by using a satisficing criterion (the regret thresholds defined above). Although much of

the analytical contribution depends upon the CALD-GEM model, the ensemble scenario analysis

techniques can be extrapolated for application to other models and other policy problems.

The strategies were evaluated against a large scenario ensemble of over 3,000 unique scenar-

ios. However, several of the uncertainties were categorical variables (or factors), and the hybrid

Latin Hypercube/factorial sampling design that was used to generate the ensemble almost certainly

undersampled from the set of continuous uncertainties. From the 18 continuous uncertainties, a

Latin Hypercube sample of 85 was developed. Three or four times that number would be more

appropriate, facilitating a more nuanced examination of extreme scenarios. The most noticeable

effect of the limited sample occurs during scenario discovery, when attempting to identify vulnera-

bilities of a particular strategy. In too sparse a sample, it is difficult to isolate important drivers of
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challenging scenarios. The decision to use a smaller sample was based upon the computation time

needed to run the design (several days), and limited computing resources. Future iterations of this

work should evaluate larger scenario ensembles, or additional ensembles that sample more heavily

from the set of continuous uncertainties.

Most importantly, these methods are designed to incorporate stakeholder involvement repeat-

edly throughout the process, and the analysis presented above does not accurately reflect the

preferences of any particular stakeholder group or regulatory agency. Undoubtedly, if iterative con-

sultations with stakeholder groups were possible throughout the analysis, different choices about

the set of policies evaluated, performance measures used, and thresholds of acceptability would

have emerged. The scoping process itself can be used to develop consensus about which questions

and objectives are most important, how various groups would be willing to trade performance in

one area (cost, for example) against performance in another, and how multiple objectives could be

weighted or aggregated to reflect the preferences of specific stakeholders. This analysis is intended

as a representation of the analytical process, rather a demonstration of the methodology in a fully

interactive context — which presents challenges that are not merely analytical, but political as

well.

6.9 Summary

The scenario in which a strategy is implemented is critical to determining its ability to reduce

greenhouse gas emissions at acceptable costs. If sufficiently high baseline gasoline prices occur

(driven by the world oil price and refining capacity rather than policy), California need not take any

action; the new federal standards are sufficient to achieve the greenhouse gas target for passenger

travel. However, if fuel prices fail to rise much over the next decade, additional action — such

as additional fuel efficiency regulations and fuel taxes — will need to be taken. If gasoline prices

are very persistently low, none of the strategies considered here are sufficient to meet the target.

Adaptation can be used as an effective cost control mechanism that marries aggressive pricing

actions to existing policies when prevailing conditions suggest the necessity. In particular, when

vehicle miles traveled continue to rise over the decade, adaptive action can improve emissions

226



outcomes and control strategy costs. An adaptive strategy that requires no state action unless

California VMT has not decreased from its current level by 2016 produces low regret outcomes

in over 80% of all scenarios, and dominates both the state’s current strategy and more adaptive

versions of it.

Additionally, the preceding analysis suggests that both the current course of action and the most

likely future plan (which includes an additional round of vehicle GHG standards in 2017) fail to

achieve the desired emissions level over the next decade under a broad range of plausible scenarios

and, in most scenarios, incur large incremental costs while doing so. Despite the nuanced approach

to greenhouse mitigation represented by both strategies, small (but politically challenging) increases

in the gasoline and diesel excise taxes ($0.50/gallon) reduce emissions with greater certainty at lower

costs.
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Chapter 7

Policy Implications

The preceding analysis illustrates an important lesson for policymakers looking to reduce greenhouse

gas emissions from transportation; exogenous conditions can change the relative performance of

popular policies, and uncertainties beyond the control of policymakers, either at the state or federal

level, should be modeled to produce estimates of emissions reductions under a variety of conditions.

By considering only a single set of assumptions — about fuel cost and consumption, new technology

adoption, alternative fuel prevalence, economic growth — one reaches a set of conclusions about

policy effectiveness that may not bear out if all (or any) of those assumptions are violated. The

no-action estimate developed by the state is a good example. Rather than increasing greenhouse

gas emissions over the next decade, taking no action at the state-level is actually sufficient to

meet the GHG target under a variety of conditions that involve either slow economic growth,

high gasoline prices, or some combination of the two. In these cases, it would be easy to draw

incorrect conclusions, assuming that state-level policies led to lower-than-expected emissions when

the emissions savings, in fact, resulted from exogenous conditions that would have occurred with

or without the policies. Despite the fact that some politicians see achievement of policy goals as

vindication of those policies, and take credit for their perceived success — regardless of the actual

cause for achievement — a limited analysis would also force them to take the blame for failures that

arose from unexpected conditions, rather than poor policy choices. In a world where California

hopes to be an example for other states and nations that want to reduce greenhouse gas emissions
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across sectors of their economy (California Air Resources Board, 2008), understanding when and

why strategies work (or don’t work) will help others use California’s example more constructively,

focusing on the key elements of implementation that led to success (or failure) once these policies

have played out over the next decade.

Although this document provides a path to achieve the greenhouse gas emissions goals for

passenger travel in California, it provides little guidance regarding implementation. The strategies

evaluated here represent a combination of existing state-level actions — that will likely be taken

regardless of their performance under uncertain conditions — and actions that could augment or

replace them.

7.1 Effectiveness of Scoping Plan policies strongly depend upon
exogenous conditions

The examination of the nominal scenario illustrated that, even under the “best-guess” forecasts

of future conditions, the Scoping Plan, and the policies that comprise it, can fail to meet the

state’s emissions target. The expected cost savings from these policies never materialize1 in most

scenarios, and emissions savings are consistently smaller than expected. The Scoping Plan does

lead to emissions reductions over the no-action baseline in about 75% of scenarios, although only

about 10% of those scenarios exhibit savings greater than 4 MMTCO2e, far less than expected.

Emissions reductions typically occur under two different sets of conditions: when the federal ethanol

blenders’ credit is still active and the cost of midwestern corn ethanol doesn’t increase more than

$0.05/gallon each year, or when the ethanol blend-wall is increased to 15% before 2017, the tire

pressure program performs well, and electric vehicle market share tops 3% in 2020. Each of these

scenarios has some plausibility, and it is not unreasonable to expect that the Scoping Plan will

result in some emissions reductions — but not at the level expected.

The LCFS leads to emissions reductions in fewer scenarios than the Scoping Plan strategy and

generally of a slightly smaller magnitude, achieving its expected emissions (14.7 MMT) in only

16% of scenarios. The LCFS reduces emissions by at 14.7 MMT over the baseline when both the

1Policy compliance was modeled differently in this study than in the state’s official analysis, but in a way that is
consistent with the methodology and the regulatory constraints of the policies.
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ethanol blender’s credit and import tariffs remain in place, the ethanol blend wall is increased

before 2015, and market shares of electric vehicles remain below nominal levels in 2020. This

should not suggest that fuel providers fail to comply with the standards; compliance is forced in

the CALD-GEM model, and so occurs in all years of the policy for all scenarios. While this forced

compliance fails to yield significant reductions in GHG emissions in nearly all scenarios, it does

create significant costs under some conditions. Although the LCFS reduces total cost relative to

no-action in about 20% of scenarios, these cost savings are typically less than $1 billion over the

course of the decade. Conversely, cost increases greater than $10 billion occur in about 30% of

scenarios. The most important driver of high cost scenarios for the LCFS is the year in which

the ethanol blend-wall is increased. Blend-wall increases later than 2014 are associated with all

of the high cost scenarios, since fuel providers will be forced to sell and, in most cases, subsidize

more expensive E85 in order to sell enough gallons of ethanol to comply with the LCFS standards.

The existence of the federal ethanol blenders’ credit and the removal of the ethanol import tariff,

which makes low carbon Brazilian sugarcane ethanol artificially expensive, act to mitigate the cost

increases associated with delayed increases in the blend-wall, but don’t counteract them entirely.

Additionally, some of the highest cost cases occur when the cost of corn ethanol decreases over

the next decade and lignocellulosic ethanol (LCE) is either more expensive, or less available than

assumed in the nominal scenario. The cost of lignocellulosic ethanol can drive high cost scenarios,

but not low cost scenarios. Fuel providers must blend ethanol at an average of about 8% into

California gasoline as an oxygenate, and will naturally choose the least expensive ethanol available

to do so. When LCE is the lowest cost option, fuel providers will choose to blend this instead

of midwestern corn ethanol, even in the absence of the LCFS. Based on this analysis, it appears

that both the expected emissions savings 10.3 MMTCO2e, and the assumed zero cost impact are

unwarranted except under a narrow set of conditions.

The first set of Pavley Standards, since re-labeled the California Clean Cars program, is intended

to be of similar stringency to the EPA program at the national level. This analysis assumes that

manufacturers build a fleet of vehicles to sell in all 50 states that they assume will allow them to

comply with the (joint) national program. The assumption, by both industry and regulators, is
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that selling the vehicles from those product plans in California will result in compliance with the

state’s standards without any additional action. In fact, state (and national) standards have been

harmonized to produce this result. However, deliberate mix-shifting by industry is necessary to

achieve compliance with state-level efficiency standards (in at least one year) in most scenarios.

The automobile industry is represented simplistically within the CALD-GEM model, using class-

level vehicles and lacking manufacturer heterogeneity. However, this is an issue that should be

investigated by parties with access to higher quality data — mix-shifting can impose additional

costs on California drivers (as manufacturers are required to influence the market shares of passenger

cars and light trucks sold in the state) and erode the effectiveness of the standards.

The expectations for the tire pressure program are modest, as are its performance. Nonetheless,

such efficiency programs incur little cost and do result in small emissions savings over the baseline.

However, the expectations for the impact of the second set of Pavley standards are less modest, but

perhaps similarly realistic. The addition of a second set of Pavley standards leads to GHG emissions

reductions over the existing Scoping Plan (as modeled here) in over 90% of all scenarios, and matches

(or bests) the expected emissions savings of 3.8 MMTCO2e in about 35% of scenarios. However, this

strategy rarely results in cost savings. Incremental costs over the Scoping Plan range from about

$3 billion to about $12 billion over the decade. Unlike some of the more nuanced vulnerabilities

that appear elsewhere in the analysis, this is a relatively simple story. Technology costs and

manufacturers’ decisions about how to allocate fuel efficiency improvements (i.e. how much of the

improvement is allocated to improving fuel economy rather than power) are the principle drivers of

high cost scenarios. However, the real potential of this policy to reduce emissions is hampered by

evaluating it so soon after implementation; vehicles subject to these standards (or future versions

of them) will be on the road for the next two decades, and will consume less fuel over that time

than if the standards had not existed.
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7.2 Strategies that target VMT provide robust paths to GHG
emissions savings

In the CALD-GEM model, total California VMT is modeled as a function of fuel prices (all fuels,

specific to the vehicles that use them), changing fuel efficiency, and per-capita income (which is tied

to California GDP growth). Combinations of these factors create scenarios in which policies fail to

create reductions in fuel consumption sufficient to meet the greenhouse gas objective. Fuel prices

and economic prosperity must move in the same direction in order to prevent continued growth in

statewide VMT; vigorous economic growth must be coupled with increased fuel costs, and low fuel

prices with low growth. The former should be the focus of policymakers — when the California

economy is sluggish, there is no reason to artificially increase the price of transportation fuels, but,

to reduce GHG emissions, fuel prices should be manipulated to influence VMT when the economy

is healthy.

The analysis illustrates that even an increasingly efficient set of vehicle offerings will not lead to

adequate emissions reductions without addressing a rise in statewide VMT. This story may change

in later decades as vehicles subject to the current, and future, emissions standards fully displace

the existing vehicle population, reducing the fuel consumption required to accrue VMT. However,

this transformation does not occur fast enough over the next decade in any scenario. Only the

strategies that utilize aggressive fuel price mechanisms adequately control VMT growth in most

scenarios. Absent such policies, the state is left to hope that exogenous conditions (like high fuel

prices or low economic growth in the state) will impede VMT growth over the next decade. Indeed,

in many scenarios they do.

Like all conclusions in this study, these results are based on the analysis and the modeling

assumptions underlying it. If California VMT is less sensitive to fuel prices than the model es-

timates, even higher taxes (or correspondingly high carbon prices) would be necessary to achieve

lower VMT. Assuming a lower price sensitivity also leads to increased VMT, fuel consumption, and

GHG emissions in all scenarios. Assuming a lower price sensitivity does not change the qualitative

conclusions of the study, but increases the level or price increase necessary to achieve GHG emis-

sions goals for two reasons: (1) VMT would be less responsive to price, so attempts to control VMT
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would need to be more aggressive, and (2) relatively high VMT would occur even in moderately

high fuel price scenarios, increasing the amount of emissions reductions necessary to reach the 2020

target.

7.2.1 Adaptation is an effective way to deal with surprises

Policy analyses that are strongly dependent upon the accuracy of mid or long-range range forecasts

produce conclusions that are likely to be sensitive to surprises (such as recessions, fuel price spikes

or drops, technology breakthroughs or roadblocks), and policies based on that work will produce

unexpected results when the precise forecasts fail to materialize. This is not because institutions

and organizations tasked with producing such forecasts are incompetent, it’s just a very difficult

task — particularly in the case of long-range forecasts. The Energy Information Administration

produces fuel price forecasts every year as part of its Annual Energy Outlook, the reference case

of which is widely assumed to be the most likely representation of future fuel prices. However, it

is not historically accurate and recently has been off by as much as 100% only a few years into the

forecast (Energy Information Administration, 2003). It is critically important to consider not only

the possibility that these forecasts may be inaccurate, but also the idea that the success of a policy

may be jeopardized by those inaccuracies. Thorough modeling of both policy implementation and

uncertainty can identify critical assumptions, and support the development of hedging actions to

take when those assumptions appear to be violated.

In the case of this analysis, assumptions about fuel prices and economic growth in California

were critically important to determining the effectiveness of GHG reduction strategies. Assuming

one forecast of future fuel prices over another could lead one to conclude that no action is required

at the state level, or, alternately, that no action will be sufficient. Fortunately, both of these

important conditions are observable. By defining flexible strategies that incorporated additional

actions when scenarios that were known to be challenging occurred, the foundational strategies

(upon which the adaptive versions were built) improved emissions outcomes by as much as 50%.

It is important to use an observable trigger in the case of adaptive strategies, and aggregate

vehicle miles traveled can be difficult to estimate. However, California produces very reliable VMT
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data, on an individual vehicle basis, from its Smog Check program. Nearly every vehicle2 registered

in 34 of California’s 58 counties is required to submit to a smog check every other year, at which

time the odometer is recorded and compared to the previous reading. This data, combined with

DMV registration data, allows analysts at the state to produce annual, per-vehicle VMT estimates

for a large percentage of the registered vehicle population each year. Analysts at the Air Resources

Board or Energy Commission could use this information to make recommendations about fuel

pricing policy should additional action be necessary later in the decade.

7.2.2 California’s existing attempts to address VMT growth unlikely to affect
VMT before 2020

One of the policies omitted from this analysis, but present in the Scoping Plan, defined in Senate

Bill 375, attempts to control VMT growth by providing greenhouse gas emissions targets for 18

Metropolitan Planning Organizations within the state. Regional planning agencies would have in-

centives to ensure that future development decisions are consistent with regional plans and green-

house gas goals. However, there is no penalty tied to these emissions targets and regions will

continue to receive transportation funding from the state regardless of emissions achievement. It

is hoped that providing a framework for future development in California’s urban areas will reduce

sprawl and contribute to “smart growth” — providing necessities like markets and transportation

hubs closer to residential areas and encouraging pedestrian travel with mixed-use construction.

This strategy was omitted from the analysis for three reasons: (1) The regional targets have not

yet been declared, (2) The CALD-GEM model lacks a spatial dimension (VMT is modeled at the

state level) — which is critical to understanding the impacts of land-use changes on VMT, and

(3) It is still unclear what kind of reductions can be expected from the targets, and when they

will occur. Although these types of land-use measures can lead to VMT reductions in the mid-

to long-term, short term reductions (occurring over the next decade) should be smaller (California

Air Resources Board, 2008), if they exist at all, and depend upon the type of program and existing

community in which it is implemented. Communities with under-used mass transit systems and

geographically distributed populations have greater potential for short-term gains (Rodier, 2009),

2California’s smog check exempts hybrid-electric vehicles from bi-annual certification and allows new vehicles (less
than 6 years old) to pay a smog check allowance in place of the test until they reach 7 years of age.

234



but regions are not guaranteed to follow regulatory guidance in their planning process due to the

voluntary nature of the policy. While some regions in California may experience near-term VMT

reductions from the SB 375 regional targets, the magnitude and timing of these reductions is very

uncertain.

7.3 Fuel taxes can be an effective policy mechanism, but at a cost

Increases in motor fuel taxes would generate additional expenditures on motor fuels, but encourage

motorists to reduce their VMT as well. The cost increase may be somewhat mitigated by increas-

ingly efficient vehicles. Over the next six years, new vehicles purchased in California will become as

much as 30% more efficient than they are today. If the existing programs are followed by a further

set of standards, either nationally or within California (the second Pavley standards), new vehicles

could be as much as 60% more efficient than they are today by the middle of the next decade. If

fuel prices remain at current levels, this suggests a looming spike in VMT throughout the state as

individual drivers take advantage of cheaper mobility and the state’s population continues to grow.

Such an increase in mobility will have differential impacts throughout the state, but not necessarily

positive ones for urban areas that are already among the most congested in the nation.

Increasing the state excise tax on gasoline and diesel would mitigate the rebound effect of

increased fuel efficiency by keeping per-mile travel costs closer to today’s levels. However, increasing

the price of motor fuels also increases the consumer benefits of fuel economy standards by increasing

the value of fuel savings. Because of the federal fuel economy program (currently defined through

2016) and the likely second round of Pavley Standards (in 2017), owners of vehicles purchased during

the next decade would be partially shielded from fuel tax increases by the increased efficiency of

their vehicles. And while a growing population and recovering economy may still mean increased

total VMT over the next decade, increasing the fuel tax would provide billions of additional dollars

to construct and repair roads, and to develop additional public transit options to get Californians

out of their cars and off the roads.
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7.3.1 Fuel price mechanisms are politically challenging, even in California

This is not the first analysis to demonstrate that fuel price mechanisms can be used to success-

fully reduce greenhouse gas emissions, and other environmental externalities, from passenger travel

(Austin and Dinan (2005); Bento et al. (2005); Kleit (2004); Sterner (2007), for example). How-

ever, policymakers have been reluctant to increase fuel excise taxes, and have not done so at the

federal level since 1993, when the federal gasoline tax was raised to $0.184/gallon. Although recent

surveys suggest that Californians exhibit an overall willingness to adopt “green” taxes and fees

related to transportation (Dill and Weinstein, 2007), the design of the tax/fee is important and

fuel tax increases may still be too politically unacceptable (Argrawai et al., 2009).

Despite the political unpopularity of the gasoline tax among policymakers, California residents

are still more likely to support environmentally targeted taxes than U.S. residents in general. A

July 2010 survey found 60% of Californians in favor of a carbon tax (a smaller percentage, 50%,

supported a cap-and-trade proposal) to address climate change concerns (Baldassare et al., 2010),

which could be designed to mimic static gasoline tax increases of any size. July 2010 also saw

California change the tax structure of its motor fuel taxes; increasing the per-gallon fuel excise tax

from $0.18/gallon to $0.353/gallon, but reducing the sales and use tax rate from 8.25% to 2.25%.

The new price structure ensures that gas prices at the pump will be slightly higher when the base

price is below $2.70/gallon, but will be slightly lower at higher prices — increasingly so as the base

price increases. It is not clear that this change in tax structure was understood by voters, and

may not even have been observed since it produces only a small change at current prices. There

is evidence to suggest that voters have rather short memories about fuel taxes in general. A 2009

opinion poll conducted by Building America’s Future, Public Opinion Strategies, and Greenberg

Quinlan Rosner Research found that 60% of respondents believed the federal gas tax was raised

annually, despite the fact that it hasn’t been raised in nearly two decades. This suggests that

legislators who advocate for a gasoline tax increase may be punished in the short term, those who

survive the next election cycle would likely be forgiven as voters move on to other issues.

California’s cap-and-trade program3 set to incorporate motor fuels (in some capacity) in 2015,

3This program has already been challenged in court, and development was halted in March 2011 when a San Fran-
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will increase the price of gasoline and act as a gas tax increase, albeit one that fluctuates with the

price of carbon permits. However, even if motor fuels are incorporated into the program using their

full emissions at the combustion stage (rather than over the full life-cycle of the fuel), the carbon

emissions permit price is unlikely to generate a sufficiently large increase to impact greenhouse

gas emissions under adverse circumstances. Although the permit price will be largely determined

by the marketplace, a current price floor ensures non-zero permit prices (California Air Resources

Board, 2010b). The price floor is set to begin at $10/MTCO2 (metric ton of CO2 )4 in 2012, and

increase by 5% per year (plus inflation). This implies a real price floor of about $15/MT by 2020,

which would add about $0.13/gallon to the price of gasoline5.

Similarly, a permit price of $30/MTCO2 would add about $0.27/gallon to the price of gaso-

line (and slightly more to the price of diesel, which has a slightly higher carbon content), but

$30/MTCO2 represents the upper bound of likely permit prices (Sperling and Yeh, 2009). A price

increase of $0.50/gallon would represent a large increase as a fuel tax, but would be within the

range of annual price fluctuation over the last several years. For example, the national average price

of gasoline in 2008 varied from $1.61/gallon to $4.12/gallon. Although 2008 featured exceptionally

high gasoline prices, this type of variation is not uncommon: no year since 2004 has seen less than

$0.40/gallon of variation, and only 2010 had less than $0.80/gallon price variation over the year.

Under conditions of high volatility, fuel tax increases in the $0.50/gallon range might go unnoticed

at the pump, though certainly not in the media.

One of the strategies considered in this study, Strategy 17 (SP GD50), mimics the impact of the

cap-and-trade program on fuel prices by adding a $0.50/gallon tax increase in 2016 to the actions

in the Scoping Plan, but still only achieves the desired emissions level in 48% of all scenarios.

Strategy 14 incorporates the same $0.50/gallon tax increase, in addition to the second set of Pavley

standards and fares little better in terms of emissions savings (meeting the target in 51% of all

scenarios). This strategy represents the most likely course of action and the most optimistic (from

cisco court, in Association of Irritated Residents v. California Air Resources Board, ruled that ongoing rulemaking
activities be halted while alternatives are considered.

4A tax (or permit system) based on Carbon, rather than CO2 , would need to be about four times as large to
produce similar increases in gasoline prices.

5Depending upon the accounting methodology eventually adopted, this number could be even lower — since the
Low Carbon Fuel Standard will lower the average life-cycle carbon intensity of motor fuels (by design).
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an emissions perspective) assumptions about the cap-and-trade program’s impact on fuel cost and

transportation emissions. This suggests that the price floor established in the regulations, which

may increase gasoline prices by $0.25/gallon, should be expected to have a smaller impact on

driving behavior and emissions than the performance of either Strategy 14 or 17, and will need to

be augmented with additional policies to reduce VMT if gasoline prices fail to rise to more than

$5/gallon over the next decade and California GDP grows at about 1% per year.

Since legislators are likely to balk at the idea of fuel tax increases, particularly in election years,

the best way to accomplish this price increase may be through the state’s cap-and-trade program.

The level of the cap on the transportation sector and the quantity of fuels consumed each year

will influence the price of carbon permits (or CO2 permits), and increase the price of gasoline and

diesel accordingly. Using the carbon permit as a mechanism to increase fuel prices is much more

technically complicated than a fuel tax increase, but more politically possible. Voters are likely to

be largely unaware of the functioning of the carbon permit market, and may not notice fuel price

increases that fall within the range of recent price variability. Although volatility would still occur

(for all the same reasons it occurs now), the changes would represent smaller percentage changes

in the price of fuels. However, if fuel prices in California reached significantly higher levels than

either the national average or neighboring states6, pressure would mount to either raise the sector’s

cap or make similar modifications to the program.

7.3.2 Ancillary benefits of fuel tax increases

Fuel taxes are responsible for more than 60% of all highway user fees nationally, with the remainder

coming from registration fees, tolls and freight taxes (Penner et al., 2006). These user fees represent

most of the highway funding in California each year. However, there is growing concern that

the revenue generated by fuel taxes has become increasingly inadequate over time for a number

of reasons. The new fuel standards enacted at the federal level, and the prospect of additional

standards stretching into the next decade, will increase average vehicle fuel economy and reduce

per-vehicle fuel consumption over time. Reductions in fuel consumption will decrease tax revenue

6California’s gasoline prices are typically higher than the national average due to the state’s specific fuel formulation
and higher taxes than many others.
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from transportation unless either: population increases make up for the fuel consumption avoided

by increased efficiency, fuel excise taxes are increased, or other types of taxes (VMT fees, for

example) are adopted.

Fuel taxes have been eroded by inflation over time and no longer adequately fund transporta-

tion projects (Wachs, 2003). In 2010 alone, Californians voted on 9 separate ballot measures, at

either the state or county level, that either appropriated new funds for transportation projects or

prevented government agencies from using existing transportation funds for other purposes. Of the

9 measures, 6 passed with more than 50% of voters agreeing to new transportation-related fees.

Voters responded to 10 such measures in 2008, approving 8 of them with a simple majority. Despite

this demonstrated willingness to pay for transportation projects and infrastructure, these examples

further illustrate the divorce between travel and transportation funding; most of the measures relied

on general sales taxes or the issue of state government bonds to raise new funds for transportation

infrastructure, rather than raising the cost of travel to do so.

Even if fuel tax revenue remains constant over the next decade, it is unlikely to be sufficient

to build enough new highway lanes to keep pace with demand. Southern California ranked first

in the nation in congestion (again) in 20097, as infrastructure development has failed to keep pace

with population growth and urban sprawl (Wachs, 2003; Schrank and Turner, 2010). Additionally,

transportation taxes (both fuel excise taxes and other user fees) have occasionally been diverted to

cover deficits in the state’s operating budget. The purpose of this study is not to provide further

ammunition to advocates who want to change the way transportation is financed in California, or

the United States more broadly, but to emphasize the fact that, although the most robust strategies

impose additional fuel costs on users, those additional costs generate tax revenue that stays in the

state and directly funds transportation infrastructure.

7.3.3 Fuel price mechanisms versus vehicle efficiency standards

Additional efficiency policies in the later part of the decade do create some short-term reductions,

but less than policies that affect fuel prices. The reason for this is relatively simple; fleet turnover

7Although Southern California did not rank first in all congestion measures, it ranked first in total travel time
and excess fuel consumption, an important measure for a state trying to reduce greenhouse gas emissions.
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is a relatively slow process, and half of the new vehicles entering the fleet will still be on the road 13

years later (National Highway Traffic Safety Adminstration, 2006). That means that a single year’s

fuel economy targets will still have a measurable effect more than a decade later. It also implies that

more stringent standards for new vehicles sold between 2017 and 2020 will have a lasting impact

on fuel consumption and greenhouse gas emissions, but lead to relatively little emissions savings

by the end of the decade. The standards will fundamentally alter the composition of the vehicle

population for decades, just as the original set of CAFE standards did, and accrue the majority of

their emissions benefits years after the 2020 target has passed. As the adaptive strategies illustrate,

building on the foundation of the Scoping Plan actions with policies that explicitly target VMT

(the aggressive adaptive fuel tax strategy, Strategy 21) provides a more robust way to reduce 2020

GHG emissions at a lower cost than a second round of fuel efficiency standards. Furthermore, if

another set of standards is developed and implemented at the federal level, this suggests that a

broad set of scenarios would still require a strategy that addresses VMT growth.

In addition to the longer time horizon over which fuel economy (and per-mile greenhouse gas

standards) act, there is a legitimate concern about near-term feasibility. Although it is likely that

automakers can meet the most recent set of standards, active through 2016, through the use of

existing technologies and changes to the ratio of power and fuel economy in existing models, this

may not be true if a more stringent set of standards is implemented later in the decade. The cost

of achieving increased fuel economy for any model travels along a curve of increasing slope, and the

farther along that curve one travels, the more expensive it becomes to increase fuel economy (Van

Schalkwyk et al., 2010). Thus, it is less expensive to increase the fuel economy of a vehicle from, say

25 MPG to 35 MPG, than it is to increase it from 35 MPG to 49 MPG, despite a 40% increase in

both cases. As existing technologies that represent small modifications to current platforms reach

the limit of their potential to improve fuel economy, manufacturers must incorporate new drivetrains

(like hybrid-electric drivetrains), ignition technologies (like the compression ignition found in diesel

engines), and battery technology. Costs will decrease over time as market penetration increases

and manufacturers benefit from the experience of using the same technologies in multiple models

through years of production cycles, but these decreases may not be seen until midway through
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the next decade in the case of the most expensive technologies (Committee on the Assessment of

Technologies for Improving Light-Duty Vehicle Fuel Economy, 2011).

The effectiveness of static fuel taxes, even at the levels suggested in this study, will eventually

erode over time as vehicles become more efficient, economic growth resumes in earnest, and inflation

catches up to the real dollar value of the taxes. Additionally, more stringent vehicle standards, and

the natural evolution of vehicle technology, will shift the mix of fuels currently used in transportation

as more new vehicles rely on alternative fuels to comply with standards. Since some fuels are not

taxed, fuel tax revenue will diminish as more vehicles rely on electricity (or other fuels like natural

gas or hydrogen) for some portion of their travel. As stated above, the additional increase in vehicle

efficiency and fuel diversification will have a negative impact on gas tax revenue, while likely adding

additional travel to the system. California has longer-term greenhouse gas emissions goals, trying

to reduce statewide emissions to just 20% of what they were in 1990 before 2050. To that end, fuel

economy policies may play a larger role than fuel price mechanisms and their transformation of

the vehicle fleet could, surprisingly, make later targets easier to meet than the near-term target in

2020 despite their much higher stringency. However, in the next decade, policies that target vehicle

technologies don’t displace enough existing vehicles in the population to reflect the magnitude of

their impact over the longer term.

7.4 Definitions and accounting practices are important consider-
ations

The Low Carbon Fuel Standard sets a compliance schedule for fuel providers that may be difficult to

meet under the current definitions. In particular, the carbon intensity of midwestern corn ethanol is

greater than that of conventional gasoline — making the blending of any midwestern corn ethanol

an obstacle to compliance. If the Air Resources Board is willing to modify its estimate of carbon

intensity to more closely align with the U.S. EPA’s estimate (United States Environmental Protec-

tion Agency, 2010), compliance becomes considerably less dependent upon the rapid development

of next-generation biofuels. This will likely save consumers money and help the state demonstrate

the plausibility of the Low Carbon Fuel Standard. However, unless the initial estimates of fuel
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carbon intensity, and the standards themselves, are revised to reflect this change, modifications

to the midwestern ethanol fuel pathway will erode the effectiveness of the standards — creating a

situation in which fuel providers will often be able to comply with the policy without any changes to

current behavior. Changing the definition of the fuel pathway for midwestern corn ethanol would

have another important impact: it would reduce the quantity of advanced ethanol blending to

very low levels until it becomes cost competitive or the federal Renewable Fuels Standard blending

mandate forces additional blending. The quantity of lignocellulosic ethanol needed reach levels of

blending that this analysis demonstrates would be necessary for LCFS compliance may not exist

any time soon. The study upon which the assumptions of the modeled ethanol market are based

was completed in 2008, and overestimated domestic advanced ethanol production capacity in 2010

by about 700% and this discrepancy may only increase as the emerging market slowly builds capac-

ity. Updating the fuel pathways with the EPA’s estimate could be a way to introduce cost controls

if advanced ethanol capacity continues to lag behind estimates.

7.4.1 Incorporating new technologies into existing regulatory frameworks

California expects the market share of plug-in hybrid electric vehicles and full electric vehicles

to increase substantially over the course of the decade (CEC, 2010). While the ultimate level of

market penetration of these nascent technologies is deeply uncertain, they create a new regulatory

challenge for state and federal agencies: how many miles per gallon does a plug-in hybrid or an

electric vehicle get? Compliance with vehicle efficiency regulations is based upon average efficiency

(defined by miles per gallon for the purposes of the CAFE program and gCO2/mile for CARB and

EPA), but this can be measured in multiple ways. In the case of plug-in hybrids that may, or may

not, operate exclusively on electricity, determining the appropriate rating for compliance will have

an impact on the stringency of the regulations as these technologies gain market share. The fact

that the percentage of travel using electricity is not currently verifiable will also complicate vehicle

ratings. As the experience with flexible fuel vehicles has demonstrated, providing compliance credits

to manufacturers (in the form of MPG credits) leads to more flexible fuel offerings and sales, despite

the fact that very few flex-fuel vehicles outside the Midwest ever ran on E85.
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7.4.2 Matching regulatory definitions to policy objectives increases effective-
ness

There is an important asymmetry in the construction of the Low Carbon Fuel Standard and the

state’s greenhouse gas inventory, on which the state’s future greenhouse gas emissions will be based.

While the LCFS mandates that fuel providers reduce the carbon intensity of fuels over their entire

life-cycle (including combustion, distribution, refining and, in the case of biofuels, cultivation), the

emissions inventory has only considered emissions at the point of combustion for motor fuels. The

asymmetric nature of the policy and the policy’s objective in this case create a situation where

compliance with the standards does not lead to the desired outcome. The ARB estimated the

emissions savings from the LCFS based on compliance over both the life-cycle, and the combustion

phase only. However, fuel providers will not comply with the standards based only on combustion —

it increases their costs and eliminates the emissions reductions that occur from out-of-state carbon

sinks like fields of corn or switchgrass. The state should determine how and whether these out-

of-state carbon sinks will be counted toward the statewide emissions cap, and alter the emissions

calculations for other sectors accordingly.

7.5 Interaction of state and federal policies can be important

The most important effect of the Pavley standards may have been to create pressure to develop a

new set(s) of national standards. After the national standards are in place, enforcing state-level

standards has little additional value; it increases the complexity of compliance for manufacturers

and retailers, and places an additional regulatory burden on state agencies (notably, the ARB).

Comparing the no-action strategy that exclusively relies on the federal standards to reduce GHG

emissions and the strategy that overlays California’s Pavley standards on the baseline, Strategy

3 in the analysis, illustrates their limited emissions benefit. Across the entire scenario ensemble,

enforcement of these state-level targets leads to emissions savings in only 11 (of over 3,000) scenarios,

and results in small increases, typically about 1 MMTCO2e, in the rest. This is largely a result

of mix shifting to meet the separate targets for cars and trucks. The real power of the standards

appears to be in the threat of enforcement, rather than enforcement itself. As long as California
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has the legal authority to implement a set of state-level emissions standards for vehicles (at least

with respect to GHG emissions), it is guaranteed a seat at the table when discussions of national

policy take place.

In addition to overlap between state and federal fuel efficiency policies, the LCFS and federal

Renewable Fuels Standard tread similar ground. In fact, despite creating incentives to consume

more ethanol, the implementation of the LCFS does little to improve compliance with the RFS2

total ethanol blending mandate. It does however, ensure compliance with the mandate for advanced

ethanol blending in each year. This creates a situation in which California motorists may be

consuming more advanced ethanol than required under the RFS2’s “fair share” provision, effectively

subsidizing lower consumption in other states. The CEC estimates that increasingly large quantities

of E85 (orders of magnitude larger than current consumption) will need to be sold in California in

order to comply with the RFS2 blending mandates (Schremp et al., 2007), but these estimates are

based upon outdated assumptions about aggregate fuel consumption at both the state and national

level. The RFS2 mandates increasing quantities of ethanol blending over time, but may need to

revise those targets in light of the potential reductions in fuel consumption resulting from the new

national vehicle efficiency standards.

7.6 Is there sufficient political will to reduce greenhouse gas emis-
sions from transportation?

The inherent political challenge of implementing changes to state policies — whether those changes

take the form of repealing policies in the Scoping Plan, increasing fuel excise taxes, or adapting

policies to perform mid-course corrections — has only been touched upon throughout the analysis

and discussion of policy implications. Yet, it is germane to the conclusions of this study. Had this

analysis been performed iteratively with stakeholder input from the ARB, California legislators,

environmental groups, business associations and others, it would have incorporated the very real

constraints of policymaking — altering the definition of an “acceptable” outcome, “low regret” costs

and emissions, and adaptation triggers. All of those important definitions are subject to the political

constraints implied by the divergent values of multiple stakeholder groups. Could Californians have
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been convinced to support Assembly Bill 32 if cost estimates and emissions reductions had looked

more like those of the preceding analysis and less like the optimistic estimates in the Scoping Plan8?

The analysis demonstrated that no strategy is simultaneously robust in both cost and emissions

outcomes — meaning that reducing emissions rarely results in cost-savings, despite the existence

of a lowest cost strategy. Taking any of the actions in this study nearly always results in additional

costs. Do state legislators and regulators really want to reduce greenhouse gas emissions from

transportation if there is no cost-saving way to do so?

Based on the findings of this study, California is better off postponing the requirements of

the Low Carbon Fuel Standard, keeping, but not enforcing, the state-level targets associated with

per-mile GHG emissions (at least until 2017) and evaluating the ability of the federal program

to reduce greenhouse gas emissions in the state. If the economy recovers, or fuel prices become

(and remain) under $4/gallon and VMT is still increasing midway through the decade, the state

should take action to reduce aggregate VMT — whether through fuel taxes (as modeled here),

carbon taxes, or a stringent carbon cap on the sector, all of which would result in higher fuel prices

and lower VMT. Taking these actions reduces emissions and cost regret (over current policies) for

nearly all of the over 3,000 scenarios considered in this analysis. However, if the state is incapable

of addressing VMT growth through any policies other than its land-use measures, continuing with

the Scoping Plan and implementing the second Pavley standards is only slightly more effective at

reducing emissions than doing nothing at all. If faced with political paralysis, The lowest-cost,

best-case strategy appears to be taking no action at all, and hoping for a world with high fuel

prices to develop.

California’s policies have consistently targeted higher-level actors — fuel providers, vehicle

manufacturers, and regional planners — rather than residents. Residents have borne (or will

bear) the costs of these policies when they purchase new cars that are more expensive because of

state-mandated fuel economy targets, or fuels that are more expensive because of state-mandated

formulations that cause fuels to burn cleaner and pollute less. Suburban and ex-urban residents will

8Assembly Bill 32 survived a 2010 Ballot Initiative, California Proposition 23, that would have suspended AB 32
until the state’s unemployment rate had fallen below 5.5% and remained there for four consecutive quarters, a feat
that the state has only accomplished three times since 1980.
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be increasingly impacted by regional efforts to reduce VMT through regional land-use management

and sustainable development targets. Despite the fact that residents have borne the costs (and

benefits) associated with these policies, the policy mechanism has always been obscured by the

level of implementation.

Californians are going to reduce fuel consumption over the next decade because their new cars

will be more efficient. Rather than encourage Californians to change the behaviors that lead to

growing fuel consumption, and greenhouse gas emissions (such as long commutes and a general

preference for car travel over mass transit), the state enacted fuel economy policies that allows

the current travel behavior to continue, and in fact encourages additional travel. Rather than

increasing the gasoline and diesel fuel excise taxes to encourage motorists that can use other fuels

to do so, and consumers purchasing new vehicles to put more emphasis on fuel economy and give

more consideration to alternatively fueled vehicles, the state develops regulations that force fuel

providers to find a way to sell low-carbon ethanol for which there is no current demand. The Low

Carbon Fuel Standard will alter the relative prices of various transportation fuels — it is designed

to do exactly that — but it again obscures the policy mechanism and fails to send a clear signal to

the residents of California, whose choices about vehicle purchases and fuel preference the policy is

attempting to change.

The preceding analysis demonstrated that both California’s current strategy, and likely future

strategy (with Pavley II) are vulnerable under a broad range of plausible scenarios — leading to

unacceptably high costs, emissions, or both — and are generally less effective at reducing emissions

than a $0.50/gallon gasoline tax increase that takes effect five years from now. The state has al-

ways been able to achieve its air quality objectives by regulating higher-level actors — regulating

automakers to produce cleaner vehicles, regulating fuel providers to produce cleaner fuel — but,

as this study demonstrates, reducing greenhouse gas emissions from transportation is different. It

will either take a fortunate set of circumstance, or a different approach to travel demand. If Cali-

fornians are really determined to reduce greenhouse gas emissions from passenger travel, regardless

of exogenous conditions, then the state may have to ask the passengers themselves to do some of

the heavy lifting.
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Appendix A

Additional strategies to reduce
greenhouse gas emissions from
passenger travel

The scale of implementation affects the suite of policy options available to planners who want to

reduce GHG emissions from transportation. For example, a Metropolitan Planning Organization

(MPO) may develop a ride-share program that matches commuters with similar travel patterns

to facilitate car-pooling. This reduces the number of vehicles on the road in a metropolitan area,

improving traffic flow and eliminating the GHG emissions that would have resulted from the use of

those additional cars. However, implementing such a program would be impractical at the national

or even the state level. Similarly, the federal government has had a national fuel economy program

(the Corporate Average Fuel Economy program, or CAFE) in place since the 1970’s. This program

sets fuel economy targets that manufacturers must meet to avoid paying fines. Such a program

would be impossible to implement at the MPO level, and only California has received a waiver to

create a similar program at the state level. While travel demand management (like ride-sharing,

mass transit incentives, and telework policies) is an important local-level tool for reducing GHG

emissions from transportation, the analysis in this dissertation concentrated on state and national-

level policies.

In addition to the policies covered in Chapter 2, other transportation policies have the potential

to reduce greenhouse gas emissions and can be implemented at either the state or federal level.

Transportation policies that offer incentives to purchase high-efficiency vehicles, or retire inefficient
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ones, can have a small effect. A program of feebates could serve as a substitute for fuel economy

regulations, and provide similar levels of emissions savings. These policies are discussed below, and

then integrated into an expanded discussion of interactions and synergies.

A.1 Tax credits for fuel-saving technologies

One way to improve the overall efficiency of the vehicle fleet, E in equation 2.2, is to encourage

new vehicle buyers to purchase vehicles with advanced fuel-saving technologies. The most effective

fuel saving technologies to reach mass market thus far are hybrid-electric vehicles (HEV) and

clean diesel technology. While plug-in hybrid-electric vehicles (PHEV) and full electric vehicles

(FEV) may reach mass market penetration by the end of the next decade, they currently represent

an insignificant fraction of new vehicle sales. Although a number of PHEV are currently under

development, the current offerings of both PHEVs and FEVs tend to be very expensive limited

run models (e.g., the Chevy Volt and Nissan Leaf). While these technologies have the potential

to reduce fuel consumption, they also carry a higher price tag due to the incremental cost of

the technology over their conventional gasoline counterparts. Even at large production volumes,

this incremental cost can be large and vary (depending on both technology and vehicle size) from

about $2,000 for a clean diesel engine in a passenger car to about $5,100 for a hybrid drivetrain

in a pickup truck or large SUV (Greene et al., 2004). These technology costs are passed along to

consumers (with a substantial mark-up in most cases), who must weigh the additional cost against

the potential fuel savings, and deter many consumers from purchasing more advanced and efficient

vehicles.

Governments at both the state and federal level have attempted to spur demand for these tech-

nologies by creating incentives to help reduce the initial incremental technology cost to consumers.

The Energy Policy Act of 1992 established incentives for individuals and businesses to purchase

clean-technology and alternatively fueled vehicles. In 2002, hybrid electric vehicles became eligible

for these clean-fuel vehicle credits (Yacobucci, 2005). The credits were updated when the Energy

Policy Act of 2005 replaced an existing $2,000 tax deduction for all qualifying hybrid vehicles with

a system of tax credits based on the individual model’s sales volume and relative fuel efficiency
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improvement (Lazzari, 2006). Credits varied from several hundred to several thousand dollars, but

terminated when sales of the production model hit 60,000 units (Diamond, 2009). These credits

applied to both hybrid and clean diesel vehicles, though qualifying clean diesel vehicles have only

been available in the US since 2008. Many states offer some tax incentive in addition to the federal

tax credit. For example, Colorado offers tax credits of up to $6,000 (depending on the model), but

this represents the upper bound of credits provided by state programs. California Senate Bill 308

allows for a $3,000 tax deduction for the purchase or initial lease of a 2007 or newer hybrid-electric

vehicle that is still eligible for the federal credit. This deduction expires in December 2011, or after

100,000 new vehicles have been sold and registered in the state, whichever is earlier. A similar bill

was introduced in 2007 that would have provided a personal income or corporation tax credit for

taxes paid during the year on a qualifying hybrid vehicle but failed to pass.

Behavioral effects

The tax incentives for vehicle technologies target new car and light-truck buyers, specifically those

buyers less inclined to pay a price premium for unfamiliar technology or who may not value fuel

economy highly. Unfortunately, the tax credits target all new car buyers, unintentionally benefiting

many early adopters and environmentally concerned buyers who would have bought these vehicles

anyway. Additionally, these subsidies also promote vehicle “consumption” — adding vehicles to

households that might not have been purchased in the absence of the incentive. This has the

negative effect of increasing VMT over time.

Also, it has only recently been possible to attempt evaluations of the tax incentive policies

for clean technology vehicles, due to the limited availability of most qualifying vehicles. Note

that such evaluations need to separate the effects of the tax incentives from the effects of other

factors (favorably high gas prices and social trends, for example) on consumers’ vehicle choices.

Moreover, because the most widely utilized of these tax incentives were enacted during a period

of exceptionally high gas price spikes, much of the observed increase in green vehicle penetration

was likely due to consumers’ reaction to increased gasoline (and diesel) prices rather than tax

incentives. For example, Gallagher and Muelegger (2008) attribute only 6% of the increase in
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hybrid sales from 2000-2006 to tax incentives, compared to 27% and 33% resulting from rising gas

prices and changing social preferences, respectively. Beresteanu and Li (2008) found that federal

tax incentives were responsible for less than 4% of hybrid sales in 2005, but in 2006 nearly 25% of

new Prius sales could be attributed to the federal tax credit. Diamond (2009) supports the findings

of Gallagher and Muelegger (2008), suggesting that state financial incentives had little impact on

the increase in hybrid vehicle sales over that time period, even in light of growing federal incentives.

Providing evidence that the structure of vehicle incentives matters, Diamond (2009) also found that

tax incentives that affected the vehicle price at the point of purchase had a greater impact than

did credits or rebates which took longer to realize.

Despite the limited effectiveness of tax incentives to influence adoption rates of new vehicle

technologies, hybrid electric vehicles, the most obvious example of a nascent fuel-saving technology,

have seen significant sales growth in the last decade. Figure A.1 illustrates the increasing sales

of hybrid-electric vehicles (HEVs) since the first was introduced in 1999. In the last decade,

manufacturers increased the number of vehicles supporting this technology from one to 24 —

crossing market segments, vehicle classes, and manufacturers. According to the Department of

Energy Alternative Fuels and Advanced Vehicles Data Center, domestic new hybrid vehicle sales

increased from 210,000 units in 2005 to 312,000 units in 2008, peaking at over 350,000 units in

2007. Vehicle offerings also expanded from 7 to 18 models in that 4 year time period. However,

between 2000 and 2006 only 660,000 hybrids were sold. Gallagher and Muelegger (2008) imply that

the tax incentives were responsible for the sale of less than 40,000 new hybrids during that time.

Beresteanu and Li (2008) imply that approximately 25,000 units of the Toyota Prius were sold in

2006 as a result of the tax credits. The credits for the Prius have since expired, but it still leads

all other hybrid models in sales. Although the HEV share of national sales is still relatively small

(less than 3%), it is possible that tax incentives may have encouraged early adopters to buy first

generation versions of the new vehicles, thus ensuring that a more efficient and less costly second

generation could be developed. Other benefits for hybrid or fuel efficient vehicles provide additional

incentives to purchase such vehicles (like High Occupancy Vehicle Lane access in California) and

tend to complicate estimates of the effect of monetary incentives (alone) on behavior.
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Figure A.1: U.S. HEV sales over the last decade

Source: U.S. Department of Energy, Alternative Fuels & Advanced Vehicles Data Center, HEV Sales by Model

Depending upon assumptions about fuel price and elasticities, some of the fuel savings at-

tributable to HEV (and other) technology will lead to increased travel due to the rebound effect.

This additional driving contributes to congestion, urban air pollution (although fuel efficient vehi-

cles tend to be less-polluting in general), and reduced fuel savings. However, there is evidence to

suggest that this effect has decreased in magnitude over time due to rising real income (Small and

Van Dender, 2007).

Greenhouse gas implications

Given the complexities of decisions about new vehicle purchases, it is difficult to estimate the

marginal impact of purchasing a vehicle with a qualifying fuel-saving technology. Nevertheless,

we can estimate the efficiency gains from these vehicles when they are purchased by looking at

the technology itself and comparing a qualifying vehicle to an identical model with conventional
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propulsion. Although efficiency gains vary by vehicle class (determined by weight and/or footprint),

on average a clean diesel engine has 25-30% better fuel economy and an hybrid-electric vehicle has

30-40% better fuel economy than their conventional gasoline counterparts (Greene et al., 2004).

Hybrid vehicles may provide still greater savings for urban drivers due to regenerative braking

and greater use of the electric capacity at low speeds. EPA fuel economy estimates assume 55%

of all driving is “city” driving, though this may be higher for drivers in dense urban areas. The

greenhouse gas reductions from an individual vehicle depend upon assumptions about both its

use (in particular, VMT) and the characteristics of the marginal new vehicle that would have been

purchased otherwise. This analysis has not been done explicitly, but could be done relatively simply

using estimates of fuel savings from existing studies. For example, using the EPA assumptions that

new vehicles travel 15,000 miles per year, and assuming a conventional gasoline fuel efficiency of 30

mpg as a baseline, a hybrid version would save approximately 1.3 MMTCO2 in that year compared

to the otherwise-equal conventional model.

Implementation concerns

The literature evaluating these specific incentive programs is sparse, but this is largely due to the

unavailability of the technologies themselves. HEVs have only been available in the US for about

a decade, and they have only reached significant market penetration (about 3% nationally) in the

last few years. Clean diesel vehicles that can be sold in all 50 states have only been available in

the US market for a couple of years, and models are still limited. Therefore, it has been difficult

to estimate the effect of policies designed to encourage ownership of vehicles that were largely

unavailable for purchase. As steady market penetration continues, researchers will be better able

to identify concerns associated with tax incentives for fuel-saving technologies.

Tax credit subsidies are essentially a tax policy and must be made by the same institutions and

mechanisms that create and manage such policies: the federal legislature at the national level (e.g.,

as part of the Energy Policy Act of 2005) and state legislatures at the state level. The federal tax

incentive program phases out incentives based on sales volume (and over time) for popular vehicles

to avoid unnecessary subsidies for vehicles that would be purchased anyway. However, states
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structure their programs differently and may bear large costs, either directly or as opportunity

costs on forfeited sales tax revenue.

As a policy to reduce GHG emissions from transportation, tax incentives appear ineffective.

Given the small percentage of hybrid sales growth attributable to tax incentive programs, the cost

per metric ton reduction is likely to be very high. Estimates of this value are sensitive to assumptions

about new vehicle VMT (as well as cost accounting — many consumers took advantage of both

federal and state tax incentives). Using a conventional gasoline model for comparison and EPA

estimates of travel behavior, Diamond (2009) estimates costs as high as $3700 per metric ton CO2

reduction in some cases. The tax incentive typically varies by vehicle, so there is likely to be a wide

range of cost effectiveness varying by both vehicle and state of purchase.

Ultimately, there may be much more economically efficient ways to encourage early adoption

of new fuel-saving technologies. For example, a feebate program could include strong financial

incentives to purchase new fuel efficient vehicles and be paid for with correspondingly high fees on

inefficient vehicles, rather than with general funding (tax dollars) by a federal agency or a state.

Similarly, increases in fuel price — whether from a fuel or carbon tax, or a cap-and-trade program

that includes motor fuels — may provide a more powerful financial incentive to purchase vehicles

with advanced fuel-saving technologies.

A.2 Voluntary accelerated vehicle retirement programs

As a complement to a regime of tax incentives that encourage new, efficient vehicles to rapidly

enter the vehicle population, a policy could encourage similarly inefficient vehicles to leave the fleet

before the end of their useful lives. By targeting vehicles that are already on the road, such a policy

has the potential to improve the average fuel economy of the fleet by removing vehicles rather than

adding them. Scrappage rates for modern vehicles are very low in the first three or four years of life,

and most early scrappage is the result of traffic accidents. In later years, vehicles may additionally

be scrapped due to reduced reliability, increasing maintenance costs, or preference for alternatives

(Greenspan and Cohen, 1999). Any program designed to accelerate this process may be referred

to as a scrappage program.
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Scrappage programs provide financial incentives for vehicle owners to retire older and/or less

efficient vehicles earlier than they would without the program. They are often referred to as

voluntary accelerated vehicle retirement (VAVR) programs, but have been known by more colorful

names like vehicle scrappage, buy-back, or, more recently, “cash-for-clunkers” programs (Dill, 2004).

The objective of VAVR programs is to substitute cleaner or more efficient vehicles for older less

efficient ones and accelerate the transformation in the vehicle fleet that occurs naturally over longer

periods of time.

Typically, these programs have been conceived to reduce conventional air pollutants like carbon

monoxide, oxides of nitrogen, volatile organic compounds, and particulates emitted when vehicles

burn fossil fuels. For these purposes, an improvement can be realized by replacing an old vehicle

essentially with any newer vehicle — as vehicles have steadily improved with respect to conventional

pollutants over time. However, to reduce CO2 emissions, “newness” alone is not enough: the

replacement vehicle must have a better fuel economy than the replaced vehicle. Therefore, merely

encouraging owners to replace older vehicles with newer ones may not have the desired effect unless

the program explicitly accounts for the change in fuel economy between the old and new vehicles.

For example, the recent Car Allowance Rebate System, more commonly referred to as “cash-

for-clunkers” targeted not just older cars, but older cars with a EPA estimated combined (city and

highway) fuel economy of 18 MPG or less (National Highway Traffic Safety Administration, 2009).

Moreover, it specified that the new vehicle must have a combined fuel economy of 22 MPG. The

actual value of the incentive was determined by the fuel economy difference between the “clunker”

and the new vehicle (greater fuel economy increases received greater incentives). The incentive was

also not available to individuals who wished to trade-in smaller vehicles for much larger ones. This

allowed consumers who prefer larger vehicles to trade in inefficient large vehicles for newer, more

efficient ones. Incentives were between $3500 and $4500 in most cases, though some manufacturers

and new car dealers provided additional financial incentives to spur demand during a challenging

year for auto retailers. A detailed description of the incentive structure is available from a recent

NHTSA report (National Highway Traffic Safety Administration, 2009).

Implementing agencies, either at the federal, state, or local level, provide direct subsidies to
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consumers scrapping vehicles (or possibly credits toward a new vehicle with the retirement of

an older one). Implementation costs can be significant, but certain. These programs are often

allocated a fixed resource amount, and then managed in a way to obtain the largest reductions

with the available resources. For example, the Car Allowance Rebate System operated for nearly

two months in the summer of 2009, but its length was based not on a fixed timeframe. Rather,

it ran for as long as was necessary to distribute the budgeted incentives to new vehicle buyers. In

addition to the cost of the actual incentives, the program also resulted in about $100 million in

administrative costs (National Highway Traffic Safety Administration, 2009).

A VAVR program could be implemented at the national level by a federal agency, like 2009’s

the “cash-for-clunkers” or by state Departments of Transportation and even Metropolitan Planning

Organizations. A long-running program in the Bay area, the Bay Area Air Quality Management

District’s program (BAAQMD), scrapped over 10,000 vehicles between 1996 and 2004 (Dill, 2004).

There are currently no retirement programs in the US designed to reduce GHG emissions, though

the existing program in the Bay Area may do this unintentionally (to a small degree).

Behavioral effects

VAVR programs affect individuals’ decisions to replace vehicles: Dill (2004) estimates that the

average scrapped vehicle would have lasted between 1.8 and 3.2 more years in private ownership,

based on survey data from the Bay Area program and a California Air Resources Board pilot

program in Southern California. However, as with other incentive-based programs, the specific

effect on an individual’s decision to replace a car is influenced by other factors (e.g., gasoline prices,

maintenance costs, life-style changes). The Car Allowance Rebate System conducted a survey to

estimate the average additional length of time a retired vehicle would have been driven in the

absence of the program. The average estimate was 2.87, which is within Dill’s range of 1.8 and 3.2

years. Since new vehicles are driven more than older ones, providing incentives to substitute a new

vehicle leads to more driving, though at a more efficient rate.
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Greenhouse gas implications

The literature evaluating reductions in greenhouse gas emissions from specific VAVR programs is

sparse, since VAVR programs are not typically used to achieve greenhouse gas reductions. A number

of controversial assumptions must also be made in order to estimate the effectiveness of a VAVR

program for CO2 emissions. For example, replacing a seldom-driven vehicle with a vehicle that will

be driven extensively may lead to more CO2 emissions despite the increase in fuel economy between

the vehicles. Currently, there is no generally accepted perspective from which to estimate GHG

savings since some studies use the fuel cycle (and tailpipe) emissions (National Highway Traffic

Safety Administration, 2009), some use a full life-cycle perspective that includes the construction

of the vehicle (Kim et al., 2003, 2004), and others consider only the incremental increase in average

fuel economy of new vehicles under a VAVR program (Sivak and Shoettle, 2009). Embedded within

each of these estimates are assumptions about VMT (for both the new vehicle and the vehicle it

replaced), useful life, and the timing of new vehicle purchases in absence of the program.

The NHTSA report on the federal Consumer Assistance to Recycle and Save Act of 20091

suggests that the recent “cash for clunkers” program, which was more an economic program than

an environmental one, led to changes that will reduce greenhouse gas emissions by 9 MMTCO2 e

over the next 25 years. The estimated impact is based on the difference in fuel consumption between

the vehicle fleet with and without the program, looking forward to the end of the useful vehicle

lives of the new cars and trucks purchased with the aid of the program’s incentives. The estimate

attempts to account for both the changes in fleet fuel economy, and travel behavior. The estimated

reduction is still small, only 0.15% of national emissions for a single year. Sivak and Shoettle (2009)

find that the Car Allowance Rebate System led to an increase in the average fuel economy of new

vehicle purchases of 0.6 MPG and 0.7 MPG in July and August, respectively. However, they do

not attempt to calculate GHG reductions resulting from this change in fuel economy.

There are few estimates of the cost of these programs and, aside from the literature referenced

above, almost no estimates of CO2 reductions from their implementation. However, the “cash-for-

clunkers” program is estimated to have reduced CO2 emissions at a cost of about $333 per MTCO2

1http://www.cars.gov/files/official-information/CARS-Report-to-Congress.pdf
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over the estimated 25-year life of the vehicles purchased under the program (National Highway

Traffic Safety Administration, 2009). This cost includes both the direct subsidies to new car buyers

and the administrative costs of operating the program.

Implementation concerns

The life-cycle implications of early vehicle scrappage may be a cause for concern. Manufacturing

vehicles is an energy and material intensive process that involves resource extraction, refining

materials (like steel and aluminum), and energy consumption to operate heavy machines. The

manufacturing process alone can be very carbon intensive, and each new vehicle is responsible for

a large quantity of carbon emissions (and conventional pollutants) before it is driven a single mile.

While Kim et al. (2003) find that a vehicle life of 7-14 years is optimal to minimize conventional

pollutants, they find that a longer life, 18 years, is optimal to minimize life-cycle carbon emissions.

This has implications for VAVR programs, and suggests that policy makers may want to take a

longer view of emissions than those originating in the tailpipe.

By only considering the direct tailpipe CO2 emissions of the retiring and replacement vehicles,

we ignore the life-cycle implications of removing serviceable vehicles from the fleet and adding new

ones. This may reduce direct tailpipe emissions, but raise the overall life-cycle emissions associated

with vehicle ownership. Similarly, by encouraging owners to retire vehicles early, policies may

contribute to increased road traffic and congestion as the new vehicles are driven significantly more

often than the older vehicles they replaced.

Organizations implementing a VAVR program must also contend with administrative challenges.

For example, smaller entities (MPOs or DoTs) implementing a VAVR program, must ensure that

retired vehicles are registered within their jurisdiction to avoid subsidizing another state or region’s

GHG reduction agenda. Unfortunately, there is no guarantee that vehicles purchased using a par-

ticular program’s incentives will remain in that jurisdiction throughout their useful life. Thus, some

portion of the reduction benefits could accrue to another state or region as a result of migration.

However, this is not a large concern for a national program.

Although these programs have been acceptable for improving air quality, it is unknown whether
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a VAVR program to specifically reduce greenhouse gas emissions would be similarly acceptable.

However, the Car Allowance Rebate System was well received in the sense that the program’s

initial funding allocation was fully consumed within the first several days of the program — leading

to an additional $2 billion supplement.

A.3 Feebates

Despite federal (and now state) programs to mandate that vehicle manufacturers sell light-duty ve-

hicles of an increasing average fuel efficiency, there is no guarantee that consumers will be attracted

to more efficient vehicles. Given that national fuel economy standards were frozen for nearly two

decades, consumers responded to low gas prices by shifting demand to larger, less efficient vehi-

cles. A common justification for implementing a feebate program is that consumers under-value

fuel efficiency in new vehicle purchases, either implicitly discounting future savings from lower fuel

expenditures at a high rate or using short un-discounted payback periods (Greene et al., 2005;

National Research Council, 2002). Feebates create a monetary incentive for consumers to choose

more efficient new vehicles by combining a tax on inefficient vehicles with a subsidy for efficient

ones.

In the design of a feebate program, two important parameters are chosen: the pivot point (about

which vehicles are subjected to fees or rebates), and the slope of the feebate schedule, m (where an

increase of one unit leads to a penalty of m). It is also possible to create a schedule with a “zero-

band” around the pivot point where vehicles are neither subject to penalties nor eligible for rebates.

Figure A.2 illustrates a feebate schedule with both a pivot point and a threshold beyond which the

fee/rebate remains constant. A feebate program can set a schedule based on either fuel economy

(e.g., EPA estimates of miles per gallon or gallons per mile) or greenhouse gas emissions per mile.

In the case of the latter, the pivot point would correspond to a CO2 /mi target. Schedules can also

be differentiated within a vehicle class size (e.g., sport utility vehicles), so as not to discriminate

against larger vehicles, just less efficient ones within each vehicle class (Johnson, 2006).

Implementation of a feebate program can be undertaken at the state or federal level, though a

federal program makes more sense. At the state level, smaller states would be disadvantaged by
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Figure A.2: Example feebate schedule based on per mile GHG emissions

Source: Economic Analysis of Feebates to Reduce Greenhouse Gas Emissions From Light Vehicles for California, W.S. Mc-
Manus, 2007

market size and border areas by leakage — where consumers cross state lines to purchase vehicles in

states without the program. A federal program alleviates much of this concern. There are currently

no feebate programs in the US, though several states (notably Connecticut and Massachusetts) have

tried to develop feebate programs in the recent past. In Europe, France’s environment ministry has

proposed a feebate based on CO2 emissions (Langer, 2005). The only actual automotive feebate

program in the US, Canada, or the EU was implemented in Ontario, Canada, in 1991 and there

are no quantitative studies of it, though it is generally considered to be ineffective because of its

particular design. The program covers too few high emitting vehicles (only 12% of all models)

and uses incentives too small to influence behavior (Langer, 2005). Canada’s 2007 federal budget

had funds allocated to create a prototype feebate program in Ottawa, but the program suffered

from some of the same design flaws as the Ontario program. In 2007, only 10 vehicle models

were subject to the feebate — making it easy for consumers to avoid both the penalty and the

incentive. Another limitation of the program was the pace of implementation. Feebate programs

are technology-forcing policies; manufacturers respond by augmenting their vehicle offerings with
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new fuel saving technologies (Greene et al., 2005). However, the program was implemented quickly,

inhibiting technological adaptation on the part of manufacturers. Canada is currently revising its

feebate program and studying various implementation schemes (Banerjee, 2007).

Behavioral effects

The literature on US and EU feebate programs is largely theoretical, due to a lack of implementa-

tions on which to build empirical evaluations, and does not offer a consensus on design specifications

or impacts, though one can expect that a program with steeper penalties (and subsequently, in-

centives) would result in consumers choosing to purchase more efficient vehicles. The quantitative

studies that have considered the effectiveness of feebates have relied on models of consumer and

manufacturer response to estimate the effects of applying incentives through a feebate program.

There is consensus that manufacturers are likely to respond to a feebate by adding technology to

their vehicle offerings, fundamentally changing the set of vehicles offered by a given manufacturer

as it attempts to satisfy consumer preferences for vehicle attributes (like power, size, seating) and

compete against others under the new pricing regime (Davis et al., 1995; Greene et al., 2005). In

particular, Davis et al. (1995), using a combination of models to represent consumer choice and

manufacturer response, found that 90% of the fuel savings achieved by a feebate results from tech-

nology adoption on the part of manufacturers. This reliance on technology development implies

that feebate programs will be most effective if industry is given lead time to begin the process of

adding technology to the vehicle offerings before the program is implemented.

Greene et al. (2005), using an aggregate national nested multi-nomial logit model of vehicle

choice, considered multiple specifications of national feebate programs and found that fuel economy

of new vehicles improves by about 10 – 20%, under average cost assumptions about manufacturer

technology costs by 2030. (This study assumes a lead-time of 10 – 15 years to allow for manufacturer

response.) Under high cost assumptions, savings are reduced and consumer costs higher.

A survey in the EU found that a shift to smaller engines was more likely than a shift to smaller

vehicles, and that larger households, younger people, lower-income households, and households that

prefer smaller cars were most likely to change purchasing behavior in response to a feebate program
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(de Haan et al., 2009). It is not known if these groups would respond similarly in the US.

Greenhouse gas implications

The design of the feebate program, as well as the level at which the program is implemented (state

vs. federal), impact its ability to reduce greenhouse gas emissions. A lower pivot point (where fees

become rebates) and stricter feebate schedule (with a higher rate of increase in size of fee/rebate and

the omission of a “zero-band”, where models incur neither) will likely lead to greater reductions.

However, due to the multiplicity of design possibilities it seems reasonable to use specific studies as

bounds. The uncertainty in the estimates of costs and effectiveness results not from the quality of

the studies, but from the lack of comparability across them. It is the nature of a feebate program

that specification must be very explicit, and so each of the studies in the literature essentially

evaluates a different program (often under different assumptions). It is difficult, if not impossible,

to definitively determine the GHG savings or cost of a generic feebate program; these programs

and studies cannot be generalized to that degree. Furthermore, consumers’ savings are based on

estimated payback periods and assumptions about how consumers value fuel savings over time.

This valuation affects how consumers respond to the feebate incentives and influences the mix of

vehicles and their relative efficiencies within each class.

Koopman (1995), considered a European feebate program to achieve fleetwide average emissions

of 179gCO2 /km. The study found an estimated reduction of 10%, accompanied by a small loss

of consumers’ surplus (based on assumptions about the value of fuel savings) and government tax

revenue (from decreased fuel consumption). Greene et al. (2005), estimate that a feebate of $500

per 0.01 gallons per mile (a fuel economy measure that is the inverse of mpg) would reduce new

vehicle fuel consumption by 14% in the region in which it is implemented (once manufacturers and

consumers have had a few years to adjust to the new system of incentives).

McManus (2007) found that new vehicle GHG emissions could be reduced by 17% under a

feebates only program, but could be reduced by as much as 33% when a strict feebate program

($36 per g CO2 e/mi over 250 g) is combined with fuel economy (or GHG emissions) standards in

California. This result is likely an upper bound for a national program given the characteristics of
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California’s vehicle market2.

Under most scenarios, the consumer cost per metric ton of CO2 savings is negative (under some

scenarios, largely negative), suggesting that, in aggregate, consumers save money by purchasing

more fuel efficient vehicles under the program. However, the consumer costs are less obvious than

agency costs. Greene et al. (2005) estimate the consumer surplus from a feebate program would be

between -2 and 12 billion dollars — depending on program design how consumers value future fuel

savings. The savings are based on fuel savings from increased fuel economy, so naturally higher fuel

prices make programs to increase fuel economy more cost effective for consumers. According to the

study, at gas prices below $2/gal, consumers can still save up to $2000 over the life of the vehicle for

a well-designed program. This estimate is sensitive to assumptions about desired payback periods

and long-term valuations.

It is worth noting that new cars sales nationally are typically between 13 and 18 million vehicles

per year (according to the Bureau of Transportation Statistics), and that new vehicles are driven

more than older cars. A rough calculation suggests that implementing this policy nationally could

save between 13 MMTCO2 e and 18 MMTCO2 e per year. By moving the pivot point over time

to respond to increases in fleetwide fuel economy, a feebate program could create substantial GHG

reductions over the course of a decade or more.

Implementation concerns

It is possible to design a feebate program that imposes fees/rebates at the point of purchase, thus

directly engaging purchasers of new vehicles, or the program may be structured in such a way

that manufacturers are assessed fees and rebates, which are then passed on to consumers (Greene

et al., 2005). Technically, a feebate program could be implemented anywhere along the sales chain

(i.e. at the manufacturer, dealer, or consumer level), but Greene et al. (2005) estimated that 90 –

95% of the response is due to manufacturers adopting new technology, making the manufacturer

level economically efficient. However, directly regulating manufacturers is likely infeasible for a

2Data from the California New Car Dealers Association, National Automobile Dealers Association, and the Califor-
nia Energy Commission illustrate that California consumers purchase a higher percentage of passenger cars (compared
to light trucks) and have a disproportionate percentage of registered hybrid electric vehicles compared to national
statistics.
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state-level feebate program, which could more easily impose fees/rebates as part of the transaction

through existing mechanisms that determine state and local taxes at point-of-sale. California’s large

share of the new vehicle market and previous regulatory relationships with auto manufacturers (like

the Zero Emissions Vehicle program, which forces manufacturers to build, bring to, and operate a

small number of ultra-efficient vehicles in the state every year, or buy credits from manufacturers

that do) may give it a flexibility that other states lack in implementing a feebate program.

The net cost of implementing a national program is likely to be relatively small, since a program

could be modified over time to ensure that revenue from the fees is sufficient to cover the rebates —

leaving only adminstration costs. Greene et al. (2005) estimate the cost to federal government of

implementing a national feebate program to be on the order of $500 million dollars (possibly much

less), since the costs are almost exclusively administrative. This translates to an estimated cost

per MTCO2 e of GHG reduction between $27/MTCO2e and $38/MTCO2e for program implemen-

tation. At the national level, much of the institutional capacity used to administer fuel economy

programs could be used to administer a feebate program. However, at the state level this capacity

does not currently exist and would likely need to rely on EPA estimates of fuel economy (for CAFE

compliance) or develop new capacity for testing vehicle offerings. Furthermore, implementing a

feebate at the manufacturer level, rather than at the consumer level, requires regulatory authority

that a state agency may not currently have.

It is possible that manufacturers would choose to reduce vehicle weight in order to maximize

profit under a feebate program. Weight reductions generally make vehicles less safe, and could

increase the number of injuries and deaths from motor vehicle traffic (Greene, 2009). Also, there

is always the risk that increasing the fuel efficiency of new vehicles will encourage drivers to travel

more than they otherwise would have (the so-called “rebound” effect). Given increasing gas prices

over time, this is likely to be a second order effect. Of greater concern is the differential impact

this policy would have on vehicle manufacturers (Langer, 2005).

A survey in the EU (de Haan et al., 2009) found that feebate systems were among the most

accepted policy measures in the survey (scoring as high as purely informational measures like energy

labeling). This may not translate to similar consumer acceptance stateside. Manufacturers who
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sell more fuel efficient cars and trucks (e.g., Toyota and Honda) will benefit more from a feebate

program than firms that still primarily sell larger trucks (e.g., GM and Chrysler) unless the program

accounts for vehicle size with an attribute measure like footprint3. Political acceptance may hinge

on the design of the program rather than the policy itself, since a program that is not attribute

based would seem to disadvantage domestic automakers.

A.4 Policy interactions and conclusions

These strategies act by addressing different (sometimes multiple) components of the framework

described in Equation 2.1. However, not all of these effects act to reduce greenhouse gas emissions.

For example, fuel economy policies, which improve the energy efficiency of the vehicle fleet also

encourage additional driving by reducing per-mile travel costs. While the increase in efficiency

reduces greenhouse gas emissions, the increased travel counteracts some of this gain by increasing

emissions. Table A.1 illustrates this concept and provides a useful summary of policy impacts.

Since the policy objective is to reduce greenhouse gas emissions, each factor is associated with a

direction. In order to reduce greenhouse gases, we would want to reduce the vehicle population (a

“minus” sign indicates a decrease in a particular factor); reduce the vehicle miles traveled; increase

vehicle efficiency (a “plus” sign indicates an increase in a particular factor); and reduce average

carbon intensity. The only column where “plus” signs indicate GHG reductions is efficiency (E).

Table A.1 suggests that these policies should not be implemented independently, and that some

combinations may be more effective than implementing any one individually. However, it may also

be the case that simultaneous implementation of some policies may have counter-active effects on

the mechanisms that lead to GHG reductions. Or, for policies that lead to comparable levels of

GHG reductions, one may be more cost effective than another — or less politically popular.

Fuel economy standards and fuel price mechanisms can work in tandem to achieve greater effects

than either might individually. Economists have argued that fuel economy standards are an inef-

ficient way to reduce fuel consumption, and that similar gains may be made by using comparably

3Defined as the product of the lateral distance between the two tires and the longitudinal distance between the
front and rear wheel centerlines (measured in inches), divided by 144 (the number of square inches in a square foot).
This is a common measure of vehicle size.
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Table A.1: Summary of policy effects on GHG emissions components

Policy Transportation CO2 Factor

Vehicle Population (P) VMT (T) Efficiency (E) Carbon Intensity (C)

Fuel Price mechanisms - + a

Tax credits + + + -

VAVR programs + +

Feebates +

Fuel Economy
and - + +
GHG Standards

RFS2 - -

California Policies

Pavley Standards + +

LCFS - -

Efficiency Measures + +

a - A carbon policy, like cap-and-trade, that incorporates all transportation fuels could create an incentive for consumers to
switch to less intensive fuels (like CNG or electricity), lowering the average carbon intensity of transportation fuels.

small increases in fuel taxes (Austin and Dinan, 2005; Kleit, 2004; Portney et al., 2003). However,

given their political unpopularity, it may be difficult for policymakers to enact sufficiently high tax

increases to achieve comparable fuel savings. Similarly, even though fuel economy standards will

force manufacturers to increase fuel economy across their entire slate of vehicle offerings (particu-

larly the new attribute-based standards), a very low fuel price could still drive more consumers to

purchase larger, less efficient, vehicles. While these vehicles (most likely trucks and SUVs) would be

more efficient than comparable models before the fuel economy standards took effect, they would

be less efficient than the passenger cars they supplant4. By increasing fuel price (either through a

carbon fee, cap-and-trade program, or fuel tax increase), policymakers create an incentive for con-

sumers to choose more efficient vehicles — even within a fleet whose overall efficiency is increasing.

A small fuel price increase could also be used to discourage the additional travel that would occur

as a result of the rebound effect for more efficient vehicles.

Another problem that could reduce the effectiveness of a fuel economy policy is a lack of demand

for new cars in general. While the number of new car purchases is heavily influenced by exogenous

economic factors (Abeles et al., 2004), a simultaneous increase in the average vehicle price (the

4A feebate program could also be used to address low demand for the most efficient passenger vehicles.
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result of costly fuel-saving technologies) could further suppress demand. Creating incentives for

new car buyers could stimulate demand. For example, a tax credit program for the most fuel-

efficient vehicles, or for alternatively fueled vehicles that have the most potential to reduce GHG

emissions could spur demand for new vehicles and improve the fuel efficiency of the fleet. Similarly,

a feebate program might have a similar effect at a lower cost, by generating program revenue from

the sale of less efficient vehicles. A tax credit or rebate policy for alternatively fueled vehicles could

also increase the penetration rate of vehicles equipped to run on high concentrations of biofuels.

This could improve the fuel diversity of the fleet and give fuel providers additional compliance

opportunities for the RFS2 and LCFS.

Since no single policy performs identically well under all conditions — sensitivities to gas prices,

external economic conditions, or political perceptions can reduce effectiveness — combinations of

these policies are often able to address the weaknesses of one component with the strengths of

another. Table A.2 describes the synergistic relationship between the policies in this chapter by

considering all pairwise comparisons in a matrix and labeling each pair as either complements (c) or

substitutes (s). In some cases, policies are neither complements nor substitutes, but actively work

against each other. For these policy combinations we use >< to represent pairs that neutralize

each other (rather than merely diminishing the individual impact as simultaneously implemented

substitutes do). We see that not all policy combinations make sense, either duplicating actions

(in the case of tax credits and VAVR programs) or counteracting them (in the case of fuel price

mechanisms and the blending mandates of the RFS2).

Table A.2: Summary of policy interactions

Fuel Price mech Tax credits VAVR Feebates FE/GHG stds RFS2

Fuel Price mechanisms - c c c s ><

Tax credits - s s c c

VAVR programs - s c c

Feebates - s c

Fuel Economy
and - c
GHG Standards

RFS2 -
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The interaction of California’s policies with any of these policies implemented at the national

level is more nuanced. Using the same labeling conventions, Table A.3 illustrates the potential syn-

ergies from simultaneous implementation of federal programs and California’s policies (at only the

state level). In most cases, the type of interaction effects depend upon the design and implemen-

tation of the policy at the federal level. For example, a federal feebate program could complement

California’s Low Carbon Fuel Standard if feebates were upon not only differential fuel economy,

but gave some preference to alternatively fueled vehicles as well. A feebate program without such

considerations would still lead to improved fuel economy among new vehicles, leading to reduced

gasoline consumption and smaller LCFS deficits to be balanced each year with alternative fuels

or credits. Similarly, VAVR programs or tax credits that favor alternatively fueled vehicles can

increase their market penetration and create additional compliance opportunities for fuel providers

in the state.

Table A.3: California – federal policy interactions
Pavley Standards LCFS Efficiency

Fuel Price mechanisms s c c

Tax credits c c c

VAVR programs c c c

Feebates s c c

Fuel Economy
and s c c
GHG Standards

RFS2 >< s c

The state’s efficiency program, while producing only small emissions reductions, complements

the other policies in every case. Regardless of policies at the federal level, improving the efficiency

of the state’s existing vehicle population leads to additional emissions savings. The similarities

between the federal fuel economy/GHG standards program and California’s greenhouse gas stan-

dards reduce the emissions benefits of state-level standards, since most (or all) of the emissions

savings will occur even without the state’s standards. The LCFS and RFS2 result in some of the

same compliance actions — notably increases in advanced ethanol consumption, the largest mag-

nitude impact of both policies — but RFS2 ignores the potential of low-carbon fossil fuels (such as
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electricity and natural gas).

Between 2010 and 2020, some of these policies will be enacted regardless of their estimated

effectiveness. For example, the RFS2, despite slow progress on the mass commercialization of

advanced biofuels, will be in operation. The new national fuel economy program has been imple-

mented but, like its CAFE predecessor, may see fuel economy increases frozen after 2016. In that

case, the addition of other policies may be able to reduce GHG emissions in concert with a stalled

national fuel economy program. Given the implementation concerns associated with each policy,

an organized portfolio approach that relies on multiple, complementary policies seems likely to fare

better than any single policy and would be more robust to uncontrollable circumstances. Although

this study evaluates the effectiveness of nearly two dozen different portfolios, a logical extension of

this work would evaluate additional portfolios, representing combinations of state and federal-level

policy implementation that could more easily be applied to states other than California.
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