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encountered by those vehicles. A commitment to developing a low-carbon electricity
portfolio becomes even more important if large GHG reductions from PHEVs are desired

within the current cycle of electricity capital turnover.

2) What are the economic factors, demand-side infrastructure conditions, and

uncertainties comprising the decision space in scalable adoption of PHEVSs?

The primary demand-side infrastructure need is access to an electrical outlet where the
vehicle is parked overnight. About 94% of US households have access to either a garage,
carport, or off-street parking at their residence, although this varies by region and
between homeowners and renters (3). Home infrastructure upgrades, if required, would
vary between about $200 and $1,000 per household and must be considered in the

engineering economic analyses and public policies regarding PHEVs.

Based on PHEV size, the net present value terms for PHEVSs to be economically
competitive with traditional vehicles would range between no subsidy (PHEV10), a
subsidy of about $5,500 (PHEV30) and a subsidy of about $13,000 (PHEV50). The
results are highly sensitive to the battery cost, the price of gasoline, and the battery size,

as shown in Chapter 3.

No subsidy is required to create a positive NPV for a PHEV10 because the small battery
results in low additional capital costs and efficiency (both in electric and gasoline modes)
but provides considerable fuel savings over a conventional vehicle (as does a HEV).
However a PHEV10 might not satisfy oil displacement goals or environmental goals
desired with PHEVS, and the trend toward more efficient ICEs and HEVs may achieve

similar results to the PHEV10 and at lower cost. It appears that the supply curves for both
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CO; and oil displacement become steep quickly as PHEV battery capacity (and hence

premium) are increased.

3) What are the electricity requirements and charging profiles of various levels of

PHEYV adoption?

Transitioning to a passenger transportation system partially powered by electricity carries
considerable advantages — reduced oil consumption, diversity in fuel choice, and GHG
reductions compared with conventional vehicles. Based on a logistic technology diffusion
model shown in Chapter 4, we estimate that about 1 million PHEVs could be on the road
by 2015, 4 million by 2020, and 37 million by 2030. While the observed values will
depend on policies to support and promote PHEVs, these policies should be coupled with

environmental, capacity planning, and reliability goals in the electric power sector.

Baseline PHEV adoption could result in an additional 160,000 GWh of electricity
demand by 2030, with low and high ranges of 40,000 GWh to more than 330,000 GWh.
This would represent a small portion of estimated 2030 load (1-6%), but a could result in
25 percent (for the low PHEV adoption), 100 percent (for the baseline PHEV adoption),
or about 200 percent (for high PHEV adoption) of estimated 2030 non-hydro renewable
generation. Logistic adoption occurs rapidly during the middle of the adoption cycle
when the majority of consumers choose new technology deemed successful by early
adopters. Without prudent planning, rapid adoption of PHEVs could add large new power

demands without the long planning periods the electric power sector prefers.
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Because baseload off-peak power may have an unfavorable GHG profile in many regions
of the country, policies are necessary to match PHEV charging with low-carbon
electricity if large GHG reductions with PHEVs are desired. PHEVs reduce GHGs
compared to traditional hybrids when the life cycle GHG emissions from electricity are
about 650-750 g/kWh or below. Electricity GHG performance standards that become
more stringent over time is one method to move toward low-carbon generation, as are
renewable portfolio standards. Still, the rapid PHEV adoption possible may present
challenges for providing adequate low-carbon generation. While cumulative US installed
wind power is currently about 18 GW, that full 18 GW of wind would be required to
serve baseline PHEV adoption load in 2025, with 52 GW required just five years later in
2030. This highlights the need for integrated system capacity and transmission planning

for low-carbon generation assets in the context of government PHEV support policies.

4) How did federal R&D, technical change, and public policies affect the

installation of wind energy in the US from 1970-2006?

If PHEVs are to be powered with electricity generated from sources that do not involve
the emission of carbon dioxide, many have argued that wind — that blows both night and
day — is an obvious option. Even without considering the CO, emissions of fossil fired
power plants, the cost of wind is now close to competitive (4). As wind assumes a larger
role in the electricity supply, its intermittent nature will become a greater challenge (5).

Advanced vehicle to grid services hold the potential to help ameliorate that problem (6),
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so PHEVs and wind power (and potentially other renewable technologies) could become

coupled systems going forward.

Since the 1970s, real installed costs of wind power per kW have decreased by an order of
magnitude, and installations have grown to more than 94,100 MW worldwide. Both the
technology and performance of wind turbines have improved dramatically, resulting in
larger sizes, greater capacity factors, and higher energy capture. By examining wind
power’s development and the various policy approaches undertaken, insight can be
gained into the policies and actions that can encourage further low-carbon energy

adoption.

Contrasting the US and Danish federal wind energy R&D programs, it is apparent that a
successful supply-push policy must involve end-users of the technologies as primary
stakeholders and also must encourage continuous feedback from market participants in

order to amass knowledge stocks and benefit from incremental innovation.

Demand-pull mechanisms such as the production tax credit and financial incentives have
only stimulated wider market participation when those incentives rendered the wind
power investment marginally cost competitive in the generation market, as happened
beginning in the late 1990s. Long-term contracts and sustained demand-pull mechanisms
provide the certainty necessary for sustainable growth in emerging energy technologies.
Today it is more evident than in work previously reported by Loiter and Norberg-Bohm
(7) and others that a combination of supply-push R&D to enable basic technology
advances and sustained demand-pull mechanisms to encourage market adoption are

essential for increased adoption of emerging energy technologies.
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The importance of inter-industry spillovers has become vastly more significant over the
past several years as wider wind power adoption occurred, as discussed in Chapter 5.
Spillover technology developments from other industries, such as power electronics, high
performance polymers and AC motor control, possess the potential to address these types

of critical technical barriers.

The electricity generation sector is becoming increasingly dependent on high power
electronics, information technology, and data analysis. If exogenous emerging or existing
technologies, at a lower cost and/or higher performance rating, would significantly
increase the probability of wider low-carbon energy adoption, then policy should be
designed to create inter-industry spillovers from R&D and manufacturing in these
sectors. An integrated approach to low-carbon R&D can allocate scarce resources across
shared technologies to increase the likelihood of success for individual technologies. For
example, Curtright et al. found in their expert elicitation that solar photovoltaic (PV)
panels were viewed as unlikely to achieve cost competitiveness in the next 40 years (8).
They assumed that PV panel costs represented 50 percent of total costs, with the Balance
of System (BOS) comprising the remainder. Hence, while continued and enhanced solar
R&D in essential, focus on cost reductions of intermittent renewables such as solar PV
and wind could also expand to investigating methods to reduce BOS and integration
costs. Reducing integration costs would enhance the competitiveness of renewables
across all intermittent technologies. Low-carbon energy policy should take a systems
approach, leveraging investments and policies across interdependent industries to create

feedback, innovation, and diffusion.
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6.2 Discussion

The need for integrated climate policy, energy policy, sustainability, and urban mobility
solutions will accelerate in the next two decades as concerns regarding greenhouse gas
emissions and oil resources continue to be environmental and economic priorities. To
assist in informing the discussions on climate policy and low-carbon energy R&D, this
research and its methods will provide stakeholders in government and industry with plug-
in hybrid and energy policy choices based on life cycle assessment, engineering

economics, and systems analysis.

PHEVs represent a technological pathway to reduced oil dependence and lower GHG
emissions in the transportation sector, while utilizing existing infrastructure systems.
Whether or not it will result in the large GHG reductions necessary to mitigate climate
change (9, 10) depends on policies and investments in the electricity sector. Because life
cycle GHG emissions from PHEVs depend on the electricity source that is used to charge
the battery (/7), and power plants and their associated GHGs are long-lived (12, 13),
decisions made regarding new electricity supplies within this decade will affect the

potential of plug-ins to play a role in a low-carbon future in the coming decades.

Policymakers seeking to maximize PHEV subsidy effectiveness can base subsidies on the
installed battery capacity, with an optimum range between a PHEV10 and a PHEV30.
Policies to support PHEVs should aim to provide a bundle of value to PHEV consumers
to compensate for the technology risk and premium, if widespread adoption is desired.
Consumers respond more positively to immediate savings such as rebates or sales tax
exemptions, rather than income tax credits received after filing taxes, even if the income

tax credits are more generous than the sales tax exemptions (/4). This suggests that
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consumers place a higher discount rate on hybrid vehicle incentives, and that effective
PHEYV subsidy policies should seek to provide immediate benefits via sales tax
exemptions, registration exemptions, and potentially rebates to maximize the
effectiveness of the subsidy per dollar of government tax expense or expenditure.
Additional mechanisms, such as free public charging/parking, HOV lane access, V2G,
vouchers for home electrical upgrades or for a portion of home electricity usage could

provide alternatives or additions to federal and state tax incentives.

The uncertainty surrounding the duration and reauthorization of US demand-pull policies
for low-carbon energy have resulted in a boom and bust cycle in the wind industry. In
such an environment private firms are loathe to invest in long-term R&D for both
products and processes if no signals exist that policies that create a market will be in
effect two years hence. This strategic view undertaken by firms as a survival strategy
stagnates cost advances in both technology design and manufacturing. Policies to
promote PHEVs can take lessons learned from the successes and challenges of wind

power’s development to optimize low-carbon energy policy going forward.

6.3 Intended Research Contributions

This research seeks to fill a critical gap in the literature as we estimate life cycle GHG of
PHEVs, quantifies the the economic decision spaces for widespread plug-in hybrid
adoption, attempts to couple policies for low-carbon infrastructure and PHEV
development, and then identifies policy actions to encourage innovation, investment, and

adoption of low-carbon energy infrastructure. The thesis focuses solely on impacts from
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passenger vehicle motor fuels and will exclude impacts freight and other modes of travel.
The methods and results of this work however, could potentially be applied to any mode
that would substitute electricity for petroleum (e.g., electrification of freight rail lines,

increased use electrified mass transit, or use of PHEV buses or delivery vehicles).

This thesis is divided into four chapters, each written as a stand-alone research paper. The
findings of this research will be communicated via peer-reviewed academic journals,
issue briefs to stakeholders, professional conferences and societies, and both the popular

press and non-traditional electronic and social media.

6.4 Derivative Works

In addition to the research paper based on Chapter 2 (//) and the forthcoming papers
from the other Chapters, the methods and tools developed through this research have also
been used for three collaborative derivative research papers appearing in or submitted to
peer-reviewed journals that do not appear in this thesis. Life cycle assessment examining
energy use and GHG emissions was used in two other papers. In Jaramillo et al. (15), we
examine the GHG and policy implications of using coal as a passenger transportation
fuel, and life cycle impacts of coal to liquids, plug-in hybrids using coal-fired electricity,
and fuel cell vehicles using hydrogen produced with coal. The Jaramillo et al. paper was
initiated during the consideration of subsidization of coal-to-liquids projects by the US
Congress in 2007, with preliminary results distributed to stakeholders in 2007. In
Meisterling et al. (16), we compare life cycle GHGs and energy use from agriculture and

product transport and identify relevant decisions for producers, wholesalers, and
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consumers to reduce impacts of conventional and organic wheat. The engineering
economic analysis for plug-in hybrids has been employed in Shiau et al. (/7), where we
examine the impact of battery weight and distances between charging on the

environmental, economic, and gasoline displacement benefits of plug-in hybrids.

6.5 Future Work

Climate policy in the US is beginning to gain momentum and it is likely that a framework
for greenhouse gas emissions trading will emerge over the next several years. The
dominant policy mechanism appears to be a cap-and-trade program for greenhouse gases,
with programmatic details such as an economy-wide or sector specific approach, and
methods for initial allocation of permits still being debated. A disconnect remains, both in
the literature and public discourse, between climate economic policy and climate
infrastructure policy. It may be there exists overconfidence in the ability to construct
sufficient low-carbon electricity generation assets to considerably reduce the carbon
intensity of US electricity by 2050, absent a surprise climate event that induces a state of

urgency.

Achieving large GHG reductions from the electricity sector, and hence from plug-ins,
will require considerable investment in low-carbon electricity infrastructure in the
coming decades. Future work can take a systems approach to climate economic policies,
climate infrastructure policies, and climate innovation policies to increase the likelihood
of a low-carbon energy system in place under likely increasingly stringent carbon

constraints.
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