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ABSTRACT

TECHNO-ECONOMIC ANALYSIS AND DECISION MAKING FOR PHEV BREEFITS

TO SOCIETY, CONSUMERS, POLICYMAKERS AND AUTOMAKERS

Plug-in hybrid electric vehicles (PHEVS) are an emergiapmotive technology that
has the capability to reduce transportation environmental impactsatbah increased
production cost. PHEVs can draw and store energy from an elgattiand consequently
show reductions in petroleum consumption, air emissions, ownership au$tsggulation
compliance costs, and various other externalities. Decision miakgrs policy, consumer,
and industry spheres would like to understand the impact of HEV an¥ RddEnologies on
the U.S. vehicle fleets, but to date, only the disciplinary chenatits of PHEVs been
considered. The multidisciplinary tradeoffs between vehicle enemyrces, policy
requirements, market conditions, consumer preferences and technopwgyements are not
well understood.

For example, the results of recent studies have posited the impoé PHEVS to
the future US vehicle fleet. No studies have considered the gREIEVS to automakers
and policy makers as a tool for achieving US corporate averseetonomy (CAFE)
standards which are planned to double by 2030. Previous studies have casubtistr cost
and benefit of PHEVs but there is no study that comprehensigebuats for the cost and
benefits of PHEV to consumers. The diffusion rate of hybridttegehicle (HEV) and
PHEV technology into the marketplace has been estimated Wingxssudies using various
tools and scenarios, but results show wide variations between studibsre is no
comprehensive modeling study that combines policy, consumers, saotigutomakers in

the U.S. new vehicle sales cost and benefits analysis.



The aim of this research is to build a potential framework ¢thaat simulate and
optimize the benefits of PHEVs for a multiplicity of stakehaddefhis dissertation describes
the results of modeling that integrates the effects of PHEYkeh penetration on policy,
consumer and economic spheres. A model of fleet fuel economy and coikitiance for a
large US automaker will be developed. A comprehensive total costrarsip model will
be constructed to calculate and compare the cost and benefits afsPiE@&nventional
vehicles (CVs) and HEVs. Then a comprehensive literature rediddHEVs penetration
rate studies will be developed to review and analyze the primamyoses, methods, and
results of studies of PHEV market penetration. Finally a rotiteria modeling system will
incorporate results of the support model results.

In this project, the models, analysis and results will provideoader understanding
of the benefits and costs of PHEV technology and the parties to wios@ benefits accrue.
The findings will provide important information for consumers, autonsalerd policy
makers to understand and define HEVs and PHEVs costs, benefitstegkpenetration rate
and the preferred vehicle design and technology scenario tameeetquirements of policy,

society, industry and consumers.
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Chapter 1- Introduction

1.1  Background

The first automobile fuel efficiency standards were passed in 1975 by the US
Congress as part of the Energy Policy Conservation Act (EPCA). In 1978giklatien set
the minimum acceptable corporate average fuel economy (CAFE) stand&tf ati gaf
(mpg) for passenger cars. EPCA sets a penalty of $5 per vehicle fipiOelenpg that the
CAFE is below the standard, and sets up credits that are available when atmorjsor
CAFE exceeds the standards [1]. The CAFE requirements have been incigrmemedsed
to 26.0 mpg in 1985, to 27.5 mpg in 1989, and to 36.5 mpg by 2016 [2]. Automakers have
developed vehicles to meet these increasing CAFE standards by continuousipidgvaehd
incorporating a suite of technologies including light-weighting, improved aeamdigs and
hybrid-electric vehicles.

Plug-in hybrid electric vehicles (PHEVS) are hybrid electric vekialbich can draw
and store energy from an electric grid. The benefits of plug-in hybrid velsidehat they
displace petroleum energy with multi-source electrical energy. PHE/generally
characterized by lower petroleum consumption, lower criteria emissions ,caridubwer

carbon dioxide emissions [3].

1.2  Project Overview
The Venn diagram shown at Figure 1 presents the interaction between decision

makers in quantifying the cost and benefits of PHEVs.
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Figure 1 Venn Diagram of Decision akers’ Interactions as&mework forthis Study

Decision makers “DM” irFigure 1 are represented by

. Automakers: Vehicle manufacturers who sell vehialethe U

o Policymakes: US individuals with power to influence or detarenpublic
policy at state or federal leve

. Consumers: individuals who buy and operate theckelm the U

The regions of interaction among these decisionarsaétre labeled iFigure 1 as:

A. Regulation of Automakers interaction: CAFE standéLow Carbon Fue
standards, EPACT and other legislation influeneentfarket under whic
automakers desiiand build vehicles.

B. Vehicle demand and supply interaction: Automalegrs consumers inters
through the automobile market to determine thedygfevehicles that ai

manufactured and sold in the |



C. Incentives and Taxes interaction: Consumers and policy interact in a \driety
ways. Changes in fuel prices and taxes, government subsidies for advanced
vehicles, tax incentives and other means of financial support can influence the
consumer automobile decision making process.

D. System level interactions: All decision makers interact to determinetilna a
characteristics and evolution of the vehicle fleet. All decision makers must be
able to meet their individual and collective requirements for an economic,

environmental, and sustainable transportation system.

The goals of this study are to calculate the economic value of PHEVs in allawing
automobile manufacturer to meet increasing CAFE standards, to calculatadynths total
cost of ownership of the purchase and operation of PHEV to consumers, to review and
analyze the primary purposes, methods, and results of studies of PHEV markeitipenetr
and to develop a multi-criteria modeling system to help decision makers in exgluat

different scenario of vehicle technology that meet their needs and prefgrenc

1.3  Outline of this Document

This chapter (Chapter 1) provides an introduction to the PHEV system modeling
research project and presents the outline of this dissertation.

Chapter 2 presents a literature survey of the state of the field of PHEVingoaied
design. Chapter 2 also presents the research questions and tasks required to complete the
research project.

Chapter 3 presents a model for CAFE compliance for a major US automaker for the
model year 2008. Novel models of HEV and PHEYV fuel economy and incremental costs are

used to quantify the relative costs and benefits of these vehicle technologsedts Red



discussion sections compare the costs of CAFE compliance among HEV teas)ologi
vehicle types, and fuel economy quantification policy options. The results are put into a
policy context through comparison of the effectiveness of PHEV CAFE compliaticat tof
other alternative fuel vehicles for the period 2012-2016. The results of this work cam infor
automakers, policy makers and technical analysts about the value of PHEVs incallow
automakers to meet CAFE requirements.

Chapter 4 presents a total cost-of-ownership model that will allow consumers to
compare and understand CV, HEV and PHEV5-60 technology cost and benefits. The model
also educates consumers about the benefits of PHEV technologies and providesiaadptim
comparison of vehicle technology based on their needs and preferences.

Chapter 5 presents an analysis and evaluation of PHEV market penetration rat
studies. This research synthesizes the current understanding of the modelifgmeeds
market penetration studies and the economic feasibility of HEV and PHEV tediesolog
This research provides information for researchers, automakers, and policytoakers
understand and define the modeling components and parameters that need to bexlintegrat
into estimation of HEV and PHEV adoption rates.

Chapter 6 presents a multi-criteria modeling system that integuadieigiteracts with
each of the previous models to synthesize an overall understanding of the tradeofjsadl
of the decision maker and decision spheres presented in Figure 1.

Chapter 7 provides conclusions to the study and a summary of future work.

Appendix A presents supporting materials for Chapter 3.

Appendix B presents supporting materials for Chapter 4.

Appendix C presents supporting materials for Chapter 6

Appendix D presents a multi-criteria decision support system for informingiaec

making at vehicle level and at scenario level. The goal of the vehicleothesigport system



is to determine the most preferred vehicle for a particular consumer, &etocama policy
maker. The goal of the scenario level decision support system is to detdrenmest
preferred vehicle penetration scenario including the tradeoffs among teeepoes

automakers and policy makers under various consumer preference scenarios.



Chapter 2- State of the Field and Resear ch Challenges
This chapter reviews the results of studies of PHEV technology total cost of
ownership, penetration rate and multi-criteria decision support system. Tdllsuwgetl by a

set of research questions and tasks that are responsive.

21  Thelntegration of PHEV Technology in Automakers Fleets

The benefits of PHEV technology can be understood only if PHEV types (range of
vehicle, e.g. 0-60 miles), PHEV class (EPA classification e.g. compachichsize car or
mid-size SUV) and fuel economy methods are integrated in an automakers flegicle
model in order to increase fleet average fuel economy (CAFE).

To the identified research needs, there are no studies specifically augltssiise of
PHEV technology in meeting CAFE standards for an automaker vehicle fleeenCur
studies mainly focus on PHEV design and performance. The basis of much of thehresear
PHEV field is the work by the Hybrid Electric Vehicle Working Group (WGseambled by
the Electric Power Research Institute (EPRI). Two technical repd?®I(E001, EPRI
2002) have been completed to provide technical specifications for several velssés cla
including compact car, mid-size car, mid-size SUV and large-size SUBXYBIf#,5].

Technical parameters from the EPRI reports are used in this study aneldujpdanew fuel
economy methods, utility factors and annual electricity consumption. The EPRsrepo
present fuel economy methods used to calculate the mpg rating for HEVs. ithéactibr

(UF) from SAE J1711 and other FE methods can be used if updated with new values
provided by the J2841 report [6]. New fuel economy (FE) methods need to be studied and
applied. The new FE methods should consider the updated UF and modified conversion
factor which has been changed from 33.44 to 82.049kW/g (petroleum-equivalency factor

(PEF)). The conversion factor has decreased as the Department of EX@E)yh@s revised



its regulation on electric vehicles to provide a petroleum-equivalency {&fé) and
procedures for calculating the petroleum-equivalent fuel economy ofielssticles [7].
Another method should consider the weighted gasoline-only fuel economy for a fuligadhar
vehicle.

A U.S. Department of Transportation National Highway Traffic Safety
Administration study has examined the costs and benefits of improving passeraget ca
light truck fleet fuel economy for vehicles models 2011-2016 [2]. The study incdudes
discussion of technologies that can improve fuel economy and an analysis of thalpotenti
impact on retail prices, safety, lifetime fuel savings and their value taicans, and other
societal benefits. NHTSA uses the Volpe Simulation model for their analysis and
optimization of fuel economy technologies to meet the proposed CAFE standards. The Volpe
model consists of several spreadsheet files that have information about automaké&ss ve
sales, fuel cost, fuel efficiency, CAFE standards, technology penetratospacifications
and vehicle fuel improvement. The Volpe model is not intended to be used to test the effect
of specific technologies like PHEV, rather is intended to test differentdéadias using a
decision tree method whereby PHEV technology can be selected only aftdeokimologies
have been exhausted.

Modeling the integration of PHEV technology into an automaker fleets is
computationally demanding. Fuel economy methods and system incremental costs have to be
studied to be used in the modeling process. Costs saving to automakers, consumers and
society benefits have to be calculated. In order to enroll PHEVs technolbf§y i

automakers fleets a new model must be developed and validated.



2.2 PHEV Total Cost of Ownership Modeling and Economic Cost/Benefits Analysis

Studies have examined the potential of technological advances in improving vehicle
fuel economy in the United States. Cost/Benefit analysis of fuel economy tegiksalsing
analytical economics and automotive engineering methods have been developed.and use
Fuel economy improvement could be accomplished either through using more efficient but
expensive technologies or by re-designing internal combustion engingvé@iEles.

Automakers have introduced grid-independent HEVs and grid dependent PHEVS to
the market [3-5,8]. Some manufacturers have announced plans to develop PHEVs; GM
Chevrolet Volt came out in 2010; FORD PHEV Escape in 2012; Toyota PHEV Prius in
2012; NISSAN PHEV in 2012; VOLVO PHEYV in 2012; Chrysler PHEV in 2012,

Volkswagen PHEV Golf Twin E-Drive in 2011; Saturn PHEV VUE in 2010; Audi PHEV Al
Sport-back in 2011; and Hyundai PHEV Sonata in 2013 [8]. Studies have attempted to assess
market potential of PHEVs through an economic analysis. A variety of studies ha

guantified PHEV fuel efficiency and incremental costs in order to understangdhegrto
consumers [4,5,9-13]. Most of the studies concluded that in order for the PHEVS to be cost
effective, their incremental cost has to come down and the gasoline price hasdsanc

above $5.00/gallon [10,14-17]. No studies have considered all of the ownership cost
parameters that may affect the cost/benefits value of PHEVS or hawgeidconsumers’
preferences toward PHEVs. Most of studies cited have included only fuel consumptson cost
model in their PHEV economic model.

The modeling of fuel economy technologies need to be implemented using w variet
of vehicle types, market conditions, driving and policy attributes and parametsts aod
benefits of PHEV technology should be linked to the consumer market preference sérveys.
recent study that compares HEV (Toyota Prius 2001) and ICE (Toyota Corolla 2001)

concluded that the HEV Prius is not cost-effective in improving fuel economy orithgwer



emission. To be attractive to the US consumers the price of gasoline hdhkreeltanes
more than $1.5/gal and Prius tailpipe emission benefits to regulators and societyhave t
14 times greater than 2001 CVs [16]. Based on the PHEV economic model tested in this
study, with current fuel costs PHEV technology have more fuel economy béhafiteoth
CVs and HEVs and the consumer payback would be 3-10 years for most vehicle ddasses
model of PHEV economic benefits needs to consider options like incentives and tax cuts
which reduce the payback period.

Simpson [10] compared the cost/benefits of PHEV to HEV and CV. Battery costs,
fuel costs, vehicle performance attributes and driving habits were considénedvaluation
of PHEV. Near-term and long-term scenarios were considered. The econafygisa
showed that higher gasoline prices and lower PHEV incremental cost would vedequi
have PHEV favorable over other technologies [10]. Similar but expanded anabgsstoe
be conducted. For example, the economic analysis needs updated fuel costs and the model
should consider more parameters. PHEYV fuel efficiency and the utility faeed to be
updated. A study by Kammen [15] compared a CV, HEV, PHEV20 and PHEV60 in compact
passenger car and full-size SUV classes. PHEVs were found to red@&er@issions and
oil consumptions and improve oil security. For the PHEV to be economical costveffecti
under current market conditions battery cost must decline to below $500/kWh or U.S.
gasoline must remain at $5/gallon [15]. A comparison between advancedaalectri
technologies and advanced conventional technologies from 1997 to 2002 studies were
discussed in a paper by Santini [18]. Diesel engine, fuel cell, gasoline engWendE
hydrogen technologies were compared in terms of fuel economy, incrementahdosbst
effectiveness [18]. A paper by Diamond [19] has examined the impact of government
incentives policies in promoting HEVs. For incentives to be effective, thagrayhad to be

upfront and a strong relationship existed between gasoline prices and HEVierafigjt A



study by Ogden et al [20] performed a societal lifecycle cost andbysa variety of
alternative automotive engine/fuel options. The study include the vehitledsts fuel
costs, oil supply security costs, GHG and other emission costs [20].

Relevant economic analysis simulations of PHEV technology to date have not
included all of the cost/benefits parameters. Fuel economy of PHEVSs usadting studies
needs to be updated with the new ratings tested on a variety of HEV types agsl ddess
HEV incremental costs that include lithium ion batteries have to be consideifézterid
scenarios of vehicle purchase have also been overlooked. The benefits of HEVs have to be
studied in greater detail, including different scenarios for fuel savings, @hl€sion
reductions, payback period and consumers preferences. Demand curves of market
preferences toward the purchase of PHEVS needs to be included and compared Wih PHE
cost/benefits supply curves. A sensitivity analysis of the parametls teebe included in

the economic analysis.

23  Market Penetration Rate Modeling
There is a need to forecast the market adoption to HEVs, PHEVs and EVs technology
for society, vehicle manufacturers, power companies and policy makers. Saltibgnefit
from more economical and environmental friendly vehicles. Vehicle manufacheed to
meet the CAFE standards and understand the market potential. Power comparties nee
model future power demands. Policy makers need to adjust CAFE standards, assign new
environmental rules and, understand various domestic power demand and foreign oil needs.
Studies have developed models to estimate the penetration rate of the currently
available HEV technology and the new PHEV and EV technology in the US market. Four
different major modeling techniques used in the literature are agent based oosiemer

choice model, diffusion model and time series model. Agent-based modeling (ABM) is a
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computer based simulation method that creates a virtual environment to simuéattaine
and interaction of each agent. Agents are entities or individuals with spéeifacteristics
that have control over their interaction behavior with other agents in the system rtaslel
composed of mathematical models that simulate the actions and interactioestefveithin

a specified environment. It considers consumer’s social behavior and cansratluele
decision makers interacting in the market such as policy makers, autontaketsalers, and
fuel suppliers [21-23]. The agent based model was applied to new vehicle technology
adoption field [18,24-28].

The consumer choice model links consumers demand to a product with their
preferences at different market conditions and product criteria [29,30]. Bist@te
models or Logit models have been used in the literature to describe individesismiein
choosing among alternative products. Discrete choice models calculate tHalpyatfa
individual choosing a specific alternative by incorporating their behavior amdadite
characteristics [29]. The two different logit models used are multinomiahhaglel (MNL)
which is the probability of choosing an alternative over all alternatives3fdland nested
logit model (NMNL) which is the probability of choosing an alternative ovemiest
alternative [38,40-44]. The discrete choice model was used to estimate thetipaneiie
of HEV [19,24,29,44-53].

Finally the diffusion and time series models estimates the adoption ratewf a
product based on the interaction of buyers and new buyers [54-59]. Diffusion is defined as
the process of accepting a new invention or product by the market. The new-product
diffusion model developed to capture the life cycle of new products over time. The speed of
the spreads of the new product is called the rate of diffusion. The most widely usésl mode

applied to model innovation diffusion are the Bass model, Gompertz model, and Logistic
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model. These models were used in the literature to model innovation diffusion [37,55,60—
80].

The modeling of any new technology is a complex problem especially when no
historical sales data exist. PHEV is a new technology without markeani@iffer from
HEVs, though both share fuel savings and lowered GHG emission relative to CV. Modeling
consumer actions and behavior in the market needs to include the supplier behavior under
varying conditions. The market model needs to use the historical U.S. salescatatsas
consumer’s preference in regard to vehicle fleet, class, automaker and bdatigonAl
information could be extracted from existing sales data, such as vehicles AngRke|
economy, which could be used to cluster consumer’s preferences and economic levels.
Consumer’s preferences towards different technologies at varyinghfligeticle MSRP
need to be linked in the market model. An estimation of any new technology division rate
could be established using similar technology rate such as HEV per eack eissland
brand. The model needs to support the diffusion of each technology by incorporating the new
carline technology to be available in the market with its manufactutass share in the

market.

24  Multi-Criteria Decision Support System and Negotiation Process System

The literature contains a long history of government and academic studies of t
transportation energy sector and the ways to reduce its greenhouse gas (Gds@nhemi
increase the use renewable energy, and decrease the quantity of importederleral,
these goals can only be achieved through cooperation of government, industry and
consumers. In this chapter a multi-criteria modeling system will be dedeldpeh can
allow for modeling of the requirements and interaction of these agents. The purpwse of t

multi-criteria modeling system is to evaluate the quantitative and quwaitatsts and

12



benefits of different technology penetration scenarios. This model investjéerent
available technology penetration scenarios costs and impacts on USuiidetsonomy, air
emissions, energy consumption, and regulatory compliance. The following sectiens re
the state of the art in the field of transportation and energy system modeling.

Transportation system models have been developed to simulate, analyze or forecast
vehicles’ air emission, economy, fuel economy, energy use and technology tpEmetra
Table 1 provides a summary of the characteristics of some relevant tratispahergy
system models.

A number of transportation system models have been developed to estimate and
simulate the air emissions of vehicles. MOBILEG is a vehicle emission mgdslftware
used by Environmental Protection Agency (EPA) to generate on-road motolevehi
emissions factofs Motor Vehicle Emission Simulator (MOVES) Model is developed by
EPA's Office of Transportation and Air Quality (OTAQ) to estimatéssions from cars,
trucks & motorcycles The Emission FACtors (EMFAC) model is developed by the Air
Resources Board as the California version of MOBILEG6. Climate LdagdersParks
(CLIP) tool developed by the US National Park Service for the EPA to measyrark’s
GHG criteria pollutant emissions resulting from solid waste, wastewatgment, park
vehicles, electricity use, visitors and other sources at locafleG@MMUTER model
developed by EPA to Analyzes the impacts of transportation control measGiMs)(®n
vehicle miles traveled (VMT), criteria pollutant emissions, and &H@tional Mobile
Inventory Model (NMIM) developed by EPA to estimates the current and futussiemi

inventories for on-road motor vehicles and non-road equipment

! http://www.epa.gov/otag/m6.htm

2 http://www.epa.gov/otag/models/moves/index.htm

3 http://www.dot.ca.gov/hg/env/air/pages/emfac.htm

4 http://www.epa.gov/otag/stateresources/policy/pamsp.htm
S http://www.epa.gov/otag/nmim.htm
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Some models included energy analysis in addition to the air emission analysis.
Greenhouse gases, Regulated Emissions, and Energy use in Transportation)(iSRHIEEF
cycle model developed by Argonne National Laboratory (ANL) to evalubtenaed
vehicles technology energy use and wells-to-wheels and the vehigeeryissions impads
Lifecycle Emission Model (LEM) developed by Mark Delucchi at Universitgalifornia,
Davis to estimate energy use, criteria pollutant emissions, and GHG@mifsim
transportation and energy sourcekong range Energy Alternatives Planning (LEAP)
System tool developed in SEI's U.S. center for energy policy analysis amatelchange
mitigation assessméntWorld Energy Protection System (WEPS) Transportation Energy
Model (TEM) developed by U.S. Department of Energy (DOE), to generatzsafis of
transportation sector energy use by transport mode at a national and multitmegmma
leveP. VISION Model developed by ANL to estimate the potential energy use, oihdse a
carbon emission impacts of advanced light and heavy-duty vehicle technologies and
alternative fuels through the year 2190

Other models have considered the transportation and energy sectors with an emphasis
on economic analysis. National Energy Modeling System (NEMS) developed bySh
Department of Energy (DOE), Energy Information Administration (E6Ag@stimate energy
market behavior and their economic interactforintelligent Transportation Systems
Deployment Analysis System (IDAS) tool is developed by Federal HigiAwdayinistration
(FHWA) to estimate the impacts benefits and costs resulting from theydegpio of

Intelligent Transportation Systems ITS compongnt is used to estimates on-road light-

8 http://greet.es.anl.gov/

" http://www.its.ucdavis.edu/publications/2003/ucshit-03-17-main.pdf
8 http://www.energycommunity.org/default.asp?action=4

% http://climate.dot.gov/methodologies/models-todisih

10 http://www.transportation.anl.gov/modeling_simubaiiVISION/

1 http://205.254.135.24/oiaf/aeo/overview/

12 hitp://www.fhwa.dot.gov/research/deployment/idas.cf
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duty passenger vehicles to heavy-duty trucks emission rates in CalifdbAi&. chn evaluate
impacts due to changes in user mobility, travel time/speed, travel tiraliliglj fuel costs,
operating costs, accident costs, emissions, and noise. The MARKAL-MACRO Model
developed by the U.S. Department of Energy to link the use of energy and environmental
resources to the economly

Other models have been developed to simulate vehicles’ energy, economics and
technological evolution . ObJECTS GCAM is an economy, energy and land-use model
developed by Joint Global Change Research Institute (PMINThe National Energy
Modeling System (NEMS) developed by Energy Information Administration)(BlAhe
U.S. Department of Energy (DOB) It is a computer-based, energy-economy modeling
system of U.S. through 2030. NEMS projects the production, imports, conversion,
consumption, and prices of energy. The Volpe model has been developed by DOT’s National
Transportation Systems Center to support NHTSA’s CAFE rulemakings. The isvaded
by NHTSA to estimates vehicle manufacturers costs, effects, and bari¢éthnologies that
could be added in response to a given CAFE stafftlaBystems for the Analysis of Global
Energy Markets (SAGE) was developed by the U.S. DOE to replace ¥/EPBrovides a
projection of energy consumption to meet energy demand following region'mg@xasergy
use patterns and the existing stock of energy. Transitional AlternativedndeeVehicle
Model (TAFV) developed by University of Maine to evaluate economic decisions among
auto manufacturers, vehicle purchasers, and fuel suppliers and to predict tkeo€hoic

alternative fuel technologies for light-duty motor vehitie©Overall, these modeling efforts

13 http://www.iea-etsap.org/web/MrkiDoc-Il. MARKALMACR®df

14 http://cfpub.epa.gov/crem/knowledge base/crem_tegm?deid=212503
15 http://205.254.135.24/oiaf/aeoloverview/

18 http://www.nhtsa.gov/Laws+&+Regqulations/ CAFE+-
+Fuel+Economy/Volpe+Model+for+Model+Years+2011+apder

7 tp://tonto.eia.doe.gov/imodeldoc/m072%282003%291..pd

18 hitp://www.esd.ornl.gov/eess/energy analysis/fitfesml4.pdf
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recognize the multidisciplinary system modeling scope that is required td thede
transportation and energy sectors with fidelity. Still, few of these modetsder the role of
regulation in determining technological changes, and fewer still consider thechvegarole

of the automotive consumer in enabling a change in the transportation sector
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Table 1. Transportation Models Available in the Literature

Model name

Source

Function

Area

Climate Leadership in Parks (CLIP)

U.S. Environmental
Protection Agency

Calculates air emission based of fuel consumptiatica vehicle miles traveled

1. Air Emission

COMMUTER Model

U.S. Environmental
Protection Agency

Analyzes the impacts of transportation control meas (TCMs) on vehicle miles traveled (VMT), criger
pollutant emissions, and GO

2. Air Emission

EMFAC Model

California Air Resources|

Board

Calculate emission rates from all motor vehiclgserating on highways, freeways and local roads in
California

3. Air Emission

MOBILEG

U.S. Environmental
Protection Agency

Produce motor vehicle emission factors for useangportation analysis and can be used at any ajgloigr
level within the U.S.

4.  Air Emission

Motor Vehicle Emission Simulator
(MOVES) Model

U.S. Environmental
Protection Agency

Estimates emissions for on-road and non-road ssidiocex broad range of pollutants and allow mudtipl
scale analysis.

5.  Air Emission

National Mobile Inventory Model (NMIM)

U.S. Environmental
Protection Agency

NMIM uses MOBILE6 and NONROAD to calculate emissiomentories, to calculate national or
individual state or county inventories.

6. Air Emission

Long Range Energy Alternatives Planning
(LEAP) System

Community for Energy,
Environment and
Development

Energy policy analysis and climate change mitigatiessessment tool for energy consumption, producti
and resource extraction in all sectors of an ecgnom

Air Emission and
energy use.

The Greenhouse Gases, Regulated
Emissions, and Energy Use in
Transportation (GREET) model

Argonne National
Laboratory

Full life-cycle model to evaluate energy and ensissmpacts of advanced vehicle technologies and ne
transportation fuel combinations.

8. Air Emission and
energy use.

Lifecycle Emissions Model (LEM)

University of California,

Davis

Estimates energy use, criteria pollutant emissiand,CG-equivalent GHG emissions from transportatid
and energy sources.

Air Emission and
energy use.

Energy Information

. . 22 ) Simulates the behavior of energy markets and thigractions with the U.S. economy with transpastat | 10. Air Emission, energy
q
National Energy Modeling System (NEMS) Gdgug(s)tlrzauon (EIA), demand module (TRAN). use and economy
. . . Predict relative costs and benefits for more thautypes of ITS investments. Evaluated impactsixeldb . o
Intelligent Transpor;anon Systems Fede_ral H|ghway changes in user mobility, travel time/speed, tréive¢ reliability, fuel costs, operating costs, idett 11. Air Emission, energy
Deployment Analysis System (IDAS) Administration o . and economy
costs, emissions, and noise.
) U.S. Department of . . 12. Air Emission, energy
The MARKAL-MACRO Model Energy Link the use of energy and environmental resout@éise economy. and economy
World Energy Protection System (WEPS)| U.S. Department of . . . , 13. Air emission, energy
Transportation Energy Model (TEM) Energy Model for transportation energy use generates emua-forecasts of the transportation sector's use, and fuel econom
14. Air emission, energy,
VISION Model Argonne National Forecasts energy use until 2050 and vehicle
Laboratory technology
penetration
System for the Analysis of Global Energy| U.S. Department of Integrated set of regional models that provideschnology-rich basis for estimating regional energy 15. Energy and economy
Markets (SAGE) Energy supply and demand.
Transitional Alternative Fuels and Vehicle . . . Economic decisions among auto manufacturers, \ehisichasers, and fuel suppliers and can predict th
Model (TAFV) University of Maine choice of alternative fuel technologies for lighttgmotor vehicles. 16. Economy, and DSS
DOT National Support NHTSA's CAFE rulemakings. Estimates vehitlanufacturer's costs, effects, and benefits of | 17. Technology, policy,

Volpe Model

Transportation Systems

Center

technologies that could be added in response teea €AFE standard.

economy and Energy
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A multi-criteria modeling system for the U.S. new vehicles sales underatit HEV
and PHEV5-60 technology penetration rate scenarios is developed to simulatalaateev
the achieved fleet CAFE, total cost of ownership, air damages and oil draplaceThe first
stage starts when each DM revise and change the modeling componentb&setibase
(CVs, HEV and PHEVs incremental costs, fuel economy, fleet volume, fuel price, and
discount rate) and then assigning different set of policy and standards toéxedchihe
second stage is to set different vehicle technology penetration rate. Théegegsiem will
present the result for each penetration rate scenario and the DMs will com@aszenario
based on the costs, benefits and policy standards met.

DMs can negotiate and revise the penetration rate scenario or revise theaghodeli
components within an agreeable components and policy value limits. The model will give a
new set of results within the negotiation space. The process will continue agd84saach
model components and technology penetration rate scenarios. The process will astop whe
there is a common scenario or DMs agrees on one scenario. Further analysscaitied
and more technologies could be added to the model. Appendix D presents two muéi-criter
decision support systems models, vehicle technology level and vehicle technology

penetration scenario level.

25 Resear ch Questionsand Tasks
Based on the challenges identified in the previous section, a primary regeestbn is:
Main Research Question:
IS THERE COMMON GROUND IN BETWEEN THE INTERESTS THAT
GOVERN PHEV MARKETPLACE SUCCESS? WHAT SET OF AUTOMAKER,
GOVERNMENT AND CONSUMER POLICIES WILL GENERATE A BENEFCIAL

MARKETPLACE ENVIRONMENT FOR PHEVS?
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In this research effort the question can be answered by establishing methads and
framework for parametric modeling of PHEV types and their integratiorSialdomakers
fleets, regulatory compliance needs and consumer acceptability needs. idéaovabf the
models is performed by comparing the results of the analysis with or without PHEV
technology to the parameter and analysis performed by EPRI and NHTSA [2,4,5]. The
validation of the total cost of ownership model will be performed by comparing the model
parameters, assumptions and results to other studies work and tested by performing a
sensitivity analysis. At the last stage the results of the validated matdis mtegrated
into a multi-criteria decision support system and negotiation process modahtottief

optimum technology that will meet and satisfy each decision maker goal.

2.5.1 Research Question 1:
WHAT IS THE VALUE OF INTEGRATING HEVS AND PHEVS INTO
AUTOMAKER'’S VEHICLE FLEETS TO MEET CAFE STANDARDS?
A variety of studies have quantified PHEV fuel efficiency and incrementtd tos
order to understand their value to consumers [4,5,9-12]. To date, no studies have considered

the value of PHEVs to automakers and policy makers in achieving CAFE compiance

2.5.1.1 Hypothesis 1.1
PHEVs and HEVS represent a net cost of compliance saving to the US auéomabaistry

over other available technologies.

2.5.1.2Task 1.1: Develop a model of a US automaker fleet and calculate the

achievable CAFE.
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2.5.1.3Task 1.2: Update and modify PHEVs fuel economy methods and calculate the
hybridization incremental cost using lithium ion batteries for differerE¥H
types and classes.

2.5.1.4Task 1.3 Integrate the PHEV technology in the model and calculate the
achievable CAFE and the total incremental cost of the technology.

2.5.1.5Task 1.4: Scenario analysis to calculate the saving/benefits to automakers,
consumers and society associated with using PHEV technology of meeting the

CAFE standards proposed for 2012-2016.

2.5.2 Research Question 2:

WHAT ARE THE COMPONENTS OF A COMPREHENSIVE PHEV
CONSUMER’S TOTAL COST OF OWNERSHIP MODEL, SO THAT WE CAN DERE
PHEV COST/BENEFIT AND CONSUMER ACCEPTABILITY FOR THE PHEV
TECHNOLOGY?

A number of studies have demonstrated the cost and benefit of PHEVs but there is no
study that accounts for all of the variables that may affect the cost arfddbehBHEV to
consumers [4,5,9—-13]. The problem is that the benefits of PHEV are not well defined. In
order understand the costs and benefits of PHEVs purchase and use, this studysanstruct

comprehensive ownership cost model that has the parameters and assumptions needed.

2.5.2.1 Hypothesis 2.1

The payback period of PHEV purchase compared to CV or HEV purchase is not a
robust model for consumer acceptability. By incorporating a survey-based, nmeleddet
model of consumer acceptability, we can gain a richer understanding of PHEWn@wns

preference.

20



2.5.2.2Task 2.1: Develop a total cost of ownership model for a purchase with loan of
CVs and HEV 0-60 miles of range. The model should account for down
payment on vehicle MSRP, a loan, vehicle salvage value, maintenance cost,
title and registration cost, insurance cost, fuel costs, annual vehicle miles
traveled, utility factor and adjusted fuel economy. The model should calculate
the annual costs of each vehicle and the payback period of HEV 0-60 and
compare it to CV or HEV 0.

2.5.2.3Task 2.2: Construct a sensitivity analysis to measure the effects of the mode
parameters and assumptions on each vehicle payback period and cost/benefits.

2.5.2.4Task 2.3: Develop a supply demand curves of the market preferences towered
HEV, PHEV20 and PHEV60 cost/benefits.

2.5.2.5Task 2.4: Develop a user friendly total cost of ownership (TCO) model.

2.5.3 Research Question 3:

WHAT ARE THE COMPONENTS OF A COMPREHENSIVE PHEV
PENETRATION RATE MODEL, SO THAT WE CAN IMPROVE AND MINIMIZE THE
UNCERTAINTY IN ESTIMATING PHEVS ADOPTION RATE?

Results of recent studies have examined the importance of PiHENMs near future.
The diffusion rate of hybrid electric vehicle (HEV) and PHE&chnology into the
marketplace has been estimated by existing studies using vesamsasand scenarios with

wide variations of the results between the studies.

25.3.1 Hypothesis 3.1
The penetration rate forecasts of HEV, PHEV and EV are invalid becays#othet

consider the role of government and automakers in the marketplace.
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2.5.3.2Task 3.1: Provide a comprehensive literature review of HEVs penetration rate
studies.

2.5.3.3Task 3.2: Present the result of each HEVs penetration rate model study.

2.5.3.4Task 3.3: Provide a set of recommendations and conclusions to improve the
HEVs penetration rate modeling and minimize uncertainty and variability

among studies.

2.5.4 Research Question 4:
WHAT SET OF AUTOMAKER, GOVERNMENT AND CONSUMER POLICIES
WILL GENERATE THE MOST BENEFICIAL MARKETPLACE ENVIRONMENT FOR

PHEVS?

25.4.1 Hypothesis4.1
A multi-criteria modeling system can be used to experiment and discover the
preferred policy, vehicle technology, and consumer marketplace conditionsEdf iBIrket

Success.

2.5.4.2Task 4.1: Update and upgrade the CAFE model to calculate the achieved U.S.
new vehicle sales CAFE using CV, HEV and PHEV5-60 vehicle technology
over the period 2010-2030.

2.5.4.3Task 4.2: Update and upgrade the TCO model to calculate the total cost of
ownership of the U.S. new vehicle sales using CV, HEV, and PHEV5-60

technology over the period 2010-2030.
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2.5.4.4Task 4.3: Develop air emission and oil displacement model to calculate the
U.S. new vehicle sales air emission and oil displacement quantities and value
over the period 2010-2030.

2.5.4.5Task 4.4: Develop a multi-criteria modeling system that interact with Task
4.1-4.3 models and calculates the U.S. new vehicle CAFE, TCO, air damages,
oil displacement and gasoline tax lost under different criteria and vehicle

technology scenarios.

26  Research Plan
A four phase research plan is proposed to address the problems defined. Each phase is
independent but indirectly builds on each other. Each phase of this research will beegrese
in an individual research paper.
2.6.1 Phase 1:
Involves the development of a PHEVs model for US automakers with new
fuel economy methods to quantify the benefits and calculates the saving of the
integration of PHEV technology in automaker vehicles fleet.
2.6.2 Phase 2:
Involves an economic cost/benefits analysis to the consumers accounting for
different scenario and including a sensitivity analysis of the parameters.
2.6.3 Phase 3:
Involves constructing a comprehensive literature review of PHEV peapatrat
rate model studies.
2.6.4 Phase 4:

Involves the developing the multi-criteria modeling system.
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Chapter 3- Analysisof Corporate Average Fuel Economy Regulation Compliance

Scenarios Inclusive of Plug in Hybrid Vehicles

3. Chapter Summary

The US corporate average fuel economy (CAFE) standards dictate tHadlee
economy that must be achieved by automakers that manufacture and sell automdigles in t
US. CAFE standards have increased by 24% (for the passenger car fleet)fer36e6 (
light-truck fleet) over the period 2012-2016. This study compares the effects ofBdefi
plug in hybrid electric (PHEV) and hybrid electric vehicles to estintegebdst of CAFE
compliance with PHEVs as a component of the domestic passenger canfles a
component of the domestic light truck fleet. Results show that in many vehides;las
PHEVs with 20 miles of electric vehicle range have a lower cost of CARplance than
both grid-independent HEVs and PHEVs with 60 miles of electric vehicle rangseriger
car PHEVs are shown to provide reduced costs of CAFE compliance than the suite of
conventional technologies used to benchmark CAFE compliance costs. Overall, hesults s
that PHEVs can contribute to a reduction in the costs of CAFE compliance for slomest
automakers and should be considered in near-term regulatory and industrial analyses of

CAFE compliance strategies.

3.1 Introduction

The first automobile fuel efficiency standards were passed in 1975 by the US
Congress as part of the Energy Policy Conservation Act (EPCA). In 1978giklatien set
the minimum acceptable corporate average fuel economy (CAFE) stand&tf ati gal
(mpg) for passenger cars. EPCA sets a penalty of $5 per vehicle fpiOelyenpg that the

CAFE is below the standard, and sets up credits that are available when atworisor
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CAFE exceeds the standards [1,81]. CAFE requirements have been incremarradlyad
to 26.0 mpg by 1985, to 27.5 mpg by 1989, and to 37.8 mpg by 2016 in the passenger car
fleet [2]. Automakers have developed vehicles to meet these increasingstakigards by
continuously developing and incorporating a suite of technologies including ligdittvag),
higher efficiency, and alternative fuel vehicles.

Historically, numerous studies have debated the cost effectiveness of CAFE
regulations in effectively improving fleet fuel economy. Whereas some stodied that
higher CAFE standards are responsible and effective for improving fléetctugomy [82—
84], others find that the CAFE standard has unintended consequences to fleet makeup
[85,86], job displacement [87], increased vehicle purchase price [85], and conkomer c
[31] that dilute the regulation’s effectiveness. These techno-economic or extan@tudies
rely on technology-specific cost and fuel economy estimates. The costs Bfc@Afpliance
has been quantified for technologies including clean diesel engines [88], alesfuals
[89], passenger cars [90], light trucks [90], and other developing light-weighting and
efficiency-improving technologies [91]. The debate regarding the effeettgesof CAFE has
been reinvigorated due to the recent increases in CAFE requirements [2]. Asganchers
and policy makers are debating the cost effectiveness of regulatoryi@ooeplsing the
emerging suite of fuel economy improvement technologies that will be aeaitetiie near
future.

Plug-in hybrid electric vehicles (PHEVS) are one of these emerging tegmml
whose impact on a manufacturer’'s CAFE compliance costs must be analyzed. &EEVs
hybrid electric vehicles which can draw and store energy from an elgtticThe benefits
of plug-in hybrid vehicles are that they displace petroleum energy with souitce electrical
energy. PHEVs are generally characterized by lower petroleum consaniiver criteria

emissions output, and lower carbon dioxide emissions than conventional vehicles [3]. A
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variety of studies have quantified PHEV fuel efficiency and incrementtd goerder to
understand their value to consumers [4,5,9-12]. To date, no studies have considered the
value of PHEVs to automakers and policy makers in achieving CAFE compliancgd@le
studies have made low-order assumptions positing a limited role for PHEV'sHE CA
compliance. Cheah and Heywood (2011) considered only one PHEV design, and lumped
PHEV compliance costs with the costs of other HEV technologies [91]. NHTSAlexl
PHEVs in some vehicle classes of the VOLPE CAFE compliance costs model [2], but
incremental costs (>$16,215 for the midsized car) and benefits (fuel consumptiasénfore
the midsized car of <48%) are outside of the ranges found in recent reviews [3,92]. Onl
PHEVs with 20 miles of ZEV range was considered, and NHTSA uses outdated (Ritiy\/
factors to represent weighted fuel consumption. A more rigorous quantification of the value
of PHEVs in meeting CAFE regulations would allow consideration of CAFE costskvPH
retail price equivalent models [4], in automaker CAFE compliance models [93}; &tEV
market diffusion studies [18,23,24,28,94-96].

Based on this understanding of the field, the goal of this study is to caltdate t
economic value of PHEVs in allowing an automobile manufacturer to meet imgy€28FE
standards. This study describes a model of the CAFE compliance of a majooli@iaart
for model years 2012-2016. Updated models of HEV and PHEV fuel economy and
incremental costs are used to quantify the relative costs and benefits ofahiete
technologies. Results and discussion sections compare the costs of CAFE compiange a
HEV technologies, and vehicle types. The results of this work can inform autemadery
makers and technical analysts about the incentives to PHEV production that ang iimplic

current CAFE regulations.
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3.2 Methods

To understand the value of PHEVs in meeting CAFE requirements, we must construct
an analysis environment that can connect individual PHEV fuel economy and costs to the
CAFE compliance costs of a vehicle manufacturer. To determine the effeEvohhtl
PHEVs on CAFE standards and on the US passenger-vehicle market, a baselgie ianaly
performed using Ford Motor Company fleet data for the 2008 model{émithis baseline
analysis we have included vehicle prices (based on manufacturer’s suggesitpdces,
MSRP), unit sales, and unadjusted EPA fuel-economy ragmgg) for 2008 model year
vehicles sold in the US by Ford Motor Compa&fyThe baseline analysis is then extended to
measure the value of PHEVs in meeting the proposed NHTSA CAFE standards for 2012
2016.

The inputs to the analysis are PHEV market penetration, PHEV fuel economy, PHEV
type (HEV 0, 20, 60), and the PHEV class (compact car, midsized car, midsizechBUV a
large SUV)?* The output from the analysis is the CAFE and the total and incremental costs
of compliance with the CAFE regulation. The model is composed of 4 sub-models: the

Vehicle Classification Model, the CAFE Calculation Model, the PHEV Incneah€ost

1 Ford Motor Company experienced a variety of changeits corporate fleet over the course of MY 2008
which complicate the modeling of Ford’s CAFE coraplie for that year. In MY 2008 Ford Motor Company
owned Mercury, Lincoln and Volvo vehicles. Ford MoCompany sold Jaguar and Land Rover to Tata Motor
on June 2, 2008, the cars and trucks from thosécleemarques are included up to May 31, 2008 in the
imported passenger cars or trucks fleets. Ford MG@mmpany owns some stake in Mazda Company and
guantities of the owned vehicles are included sriodel. The assignment of domestic or imported/&Hhicle
types to each class is listed in Table 1. TableflBppendix A lists the volume, MSRP and fuel ecayoof
each domestic and imported carline modeled.

20 Calendar-year unit salesww.autonews.contU.S. light-vehicle sales by nameplate, Decen&ép
months 2008'. Manufacturers’ suggested retail pritdSRP) for many configurations of each vehicledeio
www.thecarconnection.comvww.autoguide.com'New Car Pricing’ for 2008 model year. Model-year
combined estimated fuel economy for actual drivingditions (i.e., as indicated in the new vehiciedaw
sticker), for multiple configurations of enginejzransmission type, drive wheels: EPA, Office of
Transportation and Air Qualityyww.epa.gov/otag/fedata.hfrd008 model year.

2L pickup trucks and minivans are excluded from atevsition for conversion to PHEVs because no exasnple
of consumer-oriented PHEV minivans or pickup trueksst in literature. Examples of PHEV compactcar
midsized cars, midsized SUVs, and large SUVs haen proposed and demonstrated [3].
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Model, and the PHEV Fuel Economy Model. Each sub-model is described in detail in the

following sections.

3.21 VehicleClassification

To generalize the results and group vehicles of similar fuel economy and casts, eve
manufactured vehicle for the model vehicle manufacturers is allocated to ke Vi@t and
vehicle class. The four vehicle fleets considered are domestic passesgdoneestic light-
trucks, imported passenger cars, and imported light-trucks. The division into vehisés clas
for Ford Motor Company 2008 model year is shown in Table 2. These vehicle cldsses de
groups of vehicles with similar functionality, fuel economies and costs. Velads
categories are based on the US EPA classifications with two additionelevelass
categories (luxury small, and luxury large) as in [90]. The luxury smadllass is formed
from mid-sized cars with an MSRipeater than $30,000. The luxury large car class is
formed from full-sized cars with an MSRjPeater than $30,000. The luxury vehicles have
higher prices at lower fuel economy than their mid-sized or full-sizes$ chedian
counterparts. The light truck fleet is made up of trucks with GVWR at 8,5001b or less.
Based on their footprint area, SUVs are classified into small (less than#3msigifsize (43
to 47 sq ft) and large classes (48 to 55 stfft).

Because each vehicle sold has a large variation in engine size, tramsrtyigsi even
within makes and models, the price and the fuel economy rating for each claes dsfihe
class median of each vehicle price and the class median of each vehiclemoshgcating

[90]. Table 2 lists the summary characteristics of the baseline.fleets

% Table 10 and 11 of Appendix A lists the classtiiwa of each domestic and imported carline for2ne8
Ford Motor Company model.
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3.22 CAFE Calculation
For this study, the calculation of CAFE is performed as shown in (1)

TotalFleetProduction
Z”: SumOf Classi" Vehicle
—~ FuelEconomyOf Classi" Vehicle 1)

CAFE=

Wherei is the vehicle class amdis the number of vehicle classes in the fleet. All

calculations performed in this study are compliant with the most recerit GfaRdards [81].

Table 2. Ford Motor Company 2008 Fleet Charactesist

Fleet Vehicle Class Quantity Sold Class Median Cl_ass Median
(CY 2008) MSRP, 2010$ Unadjusted FE (mpg)
Subcompact Cars 91,251 $19,901 25.21
Compact Cars 195,823 $14,579 36.78
Domestic Midsize Cars 238,457 $19,362 30.78
Passenger Cars
(DP) Large Cars 147,177 $24,089 25.41
Luxury Small 12,982 $45,838 24.87
Luxury Large 15,653 $41,393 22.83
Light Trucks SUV Mid-Size 195,418 $21,815 31.91
(GVWR is SUV Large 321,980 $27,143 24.56
8,500Ib or less)  small Pickup 66,581 $15,205 23.40
(m Large Pickup 520,144 $23,294 21.05
Two-Seater 6,085 $20,899 31.27
Mini Compact Cars 1,307 $75,792 24.58
Subcompact Cars 1,548 $26,773 24.20
'({';F)’O”ed Cars  compact Cars Mazda 49,129 $14,073 36.15
Compact Cars 25,190 $27,158 30.00
Midsize Cars 22,475 $44,348 25.89
Luxury Cars 12,171 $51,926 24.54
) Minivan 10,561 $18,225 31.13
'T”r‘l'j’glgegT's'ght SUV Mid-Size 22,452 $34,420 22,51
SUV Large 36,212 $42,909 20.71

The results of the CAFE calculation for the baseline fleet are presentadlen3[ The
2008 required CAFE standards are 27.5 mpg for the passenger car fleet and 22.5 mpg for the
light car fleet. To validate the fleet classification and CAFE catmi we can compare the

predicted and actual fuel economy and sales volumes [97] for Ford Motor Company for
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calendar year 2008. Table 3 shows that the modeled CAFE for Ford Motor Company 2008
calendar year is 29.61 mpg for the passenger car fleet and 23.51 mpg for tladigfieét.
These results are comparable to Ford’'s CAFE as estimated by NHTE®Alahpg for the
passenger car fleet and 23.6 mpg for the light truck fleet [97]. This compaeserally
validates the effectiveness of the CAFE compliance model for prediction oAfRE Gf

Ford Motor Company. Discrepancies between the modeled and actual CAFE tréhdue

fact that the CAFE compliance calculations performed for each automekastgpublically
available. The model is an approximation of a large US automaker’s CAFE, wbha$eid

on the data for Ford Motor Company, but it does not represent any automaker with perfec

precision.

Table 3.CAFE Calculated from the CAFE Compliance ModelFord Motor Company 2008 MY

CAFE (mpg) Sales Volumes
Predicted from this  Reported in NHTSA Predicted from this Reported in NHTSA
Fleet work 2011 work 2011
DP 29.61 30.1 701,343 699,957
LT 23.60 23.6 1,104,123 1,266,265
P 30.43 311 117,905 202,811
IT 22.44 N/A 69,225 N/A

3.2.3 Plug-in Hybrid Electric Vehicle Incremental Costs

With a validated CAFE compliance calculation model, we can consider the effect of
PHEV sales penetration on the costs of CAFE compliance. In this section,sestphe
methods used to calculate the incremental cost to the manufacturer of productitist P
The base price for each CV is taken to be the median of its manufacturer suggagted
price (2008 MSRP) for the different designs within each vehicle class. Thmertad cost
for production of each PHEV includes the costs of electric drive, electéssaries, energy

storage systems, and charger.
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The primary reference for incremental PHEV costs are the series)f Bekign
studies performed by EPRI [4,5]. The component size and incremental cost for all
components except the battery is derived from these reports, inflated to 2010$. iThe reta
price equivalents (RPE) reported here are the average of the “Base” antrtAditiods at
production levels of 100,000 units per year, inflated to 2010$. Battery costs for modern
lithium-ion (Li lon) batteries are derived from [98] under the production scenatid0o000
packs per year. This reference is chosen as is more conservative (ioftargier cost per
kWh and cost per mile of EV range) than other primary information sources on battery
production costs [99-101]. The costs for each Li lon battery are inflated to 2010$ and added
to the incremental component cost to represent the incremental cost of PHEV prootucti
2011, shown in Table 4. These costs are comparable to other recent studies of PHEV
incremental manufacturing costs, and as in other recent PHEV studies, tWiadtHaology
is estimated to be applicable to all vehicles in the vehicle fleet f102].

The incremental costs are assumed constant over the time period of this study (2012-
2016). Battery subsidies, vehicles subsidies, and short-term alternative fuel CAF
multipliers are not considered in this study because they are subject to niodifiaee
short-lived, and represent an economic transfer, not an economic efficiefreggtricture
costs are not included in the MSRP of the vehicle in accordance with current ausgdmake

policy, none of whom support infrastructure costs.

23 For example, ANL calculates the incremental cdstaomid-sized PHEV 20 series vehicle (this study
considers parallel vehicles) as $4,701 in 2015,$h847 in 201¢102].

31



Table 4. Characteristics and Incremental RetadePEquivalent (Incr. RPE) for HEVs in 201p%5,98].

Battery Rated Electric Motor Power  Incr. RPE with Li lon Battery

Class HEVIYpE  obacity (kwh) (kW) (20108)
HEV 0 2.2 23 $4.050
Compact '
Car PHEV 20 51 37 $6,487
PHEV 60 154 61 $10,528
HEV 0 2.9 44
Mid-Size $3,881
car PHEV20 5.88 51 $5.714
PHEV60 17.9 75 $9,791
HEV 0 4.1 51
Mid-Size 5,517
SUV PHEV 20 7.9 84 $8.355
PHEV 60 23.4 89 $11,616
Full-Size HEV 0 5.2 65 $5,634
SUV PHEV 20 9.3 98 $7,487
PHEV 60 27.7 117 $12,197

3.24 PHEV Fud Economy

The SAE J1711 fuel economy method is the recommended practice for measuring the
exhaust emission and fuel economy of hybrid vehicles. SAE J1711 defines a number of
concepts required for the reporting of a single number for PHEV fuel economgeties of
urban and highway utility factor&JfFy andUFy , described in Table 5) which defines the
ratio of distance travelled powered by electricity to the total mitaglted for each driving
type [6], 2) fully charged test energy consumptiB& Ty andFCTy) in units of kWh mit,

and 3) partially charged test fuel econo®Z{y andPCTy) in units of mi gaf.

Table 5: Utility Factor as defined in J28]6].

PHEV20 PHEV60

UFy 0.54 0.90
UFy 0.23 0.55

The following formulae define the J1711 utility factor weighted petroleum-aly f

economy for ZEV-range capable PHEVs for whe@iTy, andFCTy = 0.

1
UF Urban —m (9)

PCT,
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1
UF Hwy = m (10)
PCT,

1
UF Petroleum FE = 055 045 (11)

_|_
UF Urban UF _Hwy

This method places no fuel economy cost on electricity since the petroleum afntent
marginal electricity is negligible [3] and is the method proposed in currenECédgulations
[2]. The fuel economy ratings for the compact car, mid-sized Car, mid-si2édsdlarge-

sized SUV vehicle classes are calculated using this fuel economy methodsilkeare
listed in Table 6. The valueslCT, ,FCT,, PCT, andPCT, for each vehicle class are

derived from [4,5].

Table 6. Passenger Car and Light Truck Utility Badeighted Petroleum Fuel Economy (EPA Unadjusted

mpg)

Vehicle Class HEVO0 PHEV20 PHEV 60
Compact Car 49 90 226
Mid-Size Car 42 74 186
Mid-Size SUV 33 59 146
Large-Size SUV| 28 50 123

3.3 BasdineResults

The results from the baseline analysis describe the status of the modefediau in
the 2008 calendar year and using modified version of NHTSA modeled fleets. Thadtse res
present the sensitivity of the metric of $ per CAFE-mpg to variation in the tdastics of
the PHEVs introduced to the fleet (vehicle class, HEV type). All cossepted in this study

are presented in constant 2010 USD.
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To calculate the $/mpg CAFE, the percentage of the vehicle fleet is imtehfeom
0% to 5% HEV/PHEV penetration for the modified NHTSA 2011 forecasted“fleehe
metric of $ per CAFE-mpg is the ratio of the incremental compliance costs rdtheehicle
fleet to the incremental CAFE increase. All comparisons are madeeediathe modified
NHTSA Ford Motor Company CAFE compliance model for 2011. These results show the
relative cost-effectiveness of PHEVs in contributing to an increase in CAFEamparing
among vehicle fleets and HEV types, the lower the compliance costs of aghael/impg

increase in CAFE, the more effective the vehicle is at meeting CAFEastind

OHEVO ®mPHEV 20 BPHEV 60

$1,400
$1,200
$1,000
$800
$600
$400 +—
$200 +—
$0

Compact Car Mid Size Car  Mid Size SUV Large Size SUV

Figure 2. Cost of increasing the modified NHTSAefl€AFE one mpg with a 5% fleet penetration of

HEV/PHEVs (in millions of 2010US$)

For these baseline results presented in Figure 2, we have incrementdeHIEA
penetration in the compact and mid-sized car classes of the passenget,ardleethe
mid-sized and large-sized classes of the light truck fleet. The variatibe indremental
cost of CAFE compliance for every vehicle fleet is due to the fact thatckesshhas different
sales quantities, fuel economy rating, HEV fuel efficiency improvemedtirecremental

cost. In the passenger car fleet, the incremental cost of improving thieidleetonomy by

2 Modifications made to the NHTSA Ford Motor Compangdel include the transfer of light-trucks froneth
passenger car fleet to the light-truck fleet, ar@iremoval of imported vehicles from the domestissgnger
and light truck fleet. Appendix A show the detdilmakeup of the modeled Ford Motor Company fleet

34



1 mpg ranges from $360M to $417M using PHEV 20 and $415M to $481M using PHEV 60.
In the light truck fleet it ranges from $471M to $789M using PHEV 20 and $570M to $760M
using PHEV 60. The PHEV 20 has the lowest compliance cost per 1 mpg increment in
CAFE in the compact, mid-sized, and large SUV classes. The PHEV 60 has lowsest cos
the mid-sized SUV class. Among vehicle classes, hybridization of the neid-ar is more
CAFE cost effective than hybridization of other vehicle classes. Withintble fleet,
hybridization of the large SUV class is more CAFE cost effective thandigétion of

smaller SUVs.

The costs of achieving a 1 mpg increase in CAFE depend on the technology choices
that automakers might make among HEV/PHEYV technologies. The results feobasieline
scenario analysis suggest that there may be benefits to PHEVs relatiz¥sartterms of
the costs of CAFE compliance. For example, using the Utility Factor Veéeligtetroleum
Fuel Economy method to evaluate PHEV FE, the automaker’s costs of CAFEamepian
be decreased by selling PHEVs rather than HEVs. The savings from mamodactur
PHEV20s rather than HEVs ranges from $97M to $272M per CAFE-mpg in the passenger
car fleet, and from $105M to $493M per CAFE-mpg in the truck fleet.

Based on these results, we can prioritize which types of vehicles anddnehec
metrics should be developed in order to meet increasing CAFE standards. Qheerall, t
PHEV20 in the mid-sized car class is the most cost effective hybriddypesieting
increasing passenger car CAFE standards. The PHEV20 in the largdeé&9\6¢he most

cost effective means to meet increasing light truck CAFE standards.

34  Discussion
The results of these baseline analyses show that PHEVs may have valueaas tome

achieve CAFE compliance for a major automaker in the MY 2011. This section provides
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discussion and scenario analyses that use the expanded results of the CAFEhcemplia
analysis environment to provide guidance to policy makers and automakers regjading

relative value of PHEVs in a CAFE-constrained framework.

3.4.1 Comparison of PHEV Inclusive Scenariosto NHT SA Preferred Alternative
Scenario

In the coming years, automakers will choose among a suite of technotogmade a
portfolio of vehicles which can meet the proposed CAFE regulations with minimal cost
NHTSA, in studies used to develop the CAFE regulations, models the costs of CAFE
regulation compliance for each automaker using the VOLPE model [2]. VOLBERuse
decision tree model of automaker decision making to predict which technologies each
automaker might use to meet future CAFE regulations. The decision making withPE/O
is based on a variety of decision criteria including technological readiDASE
effectiveness, and cost. The result of the VOLPE analysis is a set of teatedolog
improvements that the automaker can make to their fleet which allows the ketdmmeet
CAFE regulations. The most likely and cost effective of these scenaridedstbe NHTSA
preferred alternative CAFE scenario [2]. The NHTSA preferrednaltee CAFE scenario
includes no PHEV sales between the present and 2016 because VOLPE &#tiatate
automakers will not implement PHEVs for CAFE compliance in that time frdméact,
limited-production PHEVs have been introduced in 2004 [103] and full-production PHEVs
have been introduced for 2011 model year (Chevrolet Volt). These data suggeldB¥at P
should be considered in predicting possible near-term CAFE costs of compliance.

NHTSA has proposed new footprint-based CAFE standards [81]. The CAFE standard
for 2012-2016 was applied to Ford Motor Company 2008MY fleets using NHTSA 2011

reported footprint-based CAFE target coefficients. The proposed calculateel €andards
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for 2012-2016 are presented in Table 7 for Ford Motor Company passenger cahtand lig
truck fleet using a modified NHTSA fleet model under the preferred alteen@GAFE

scenario.

Table 7. Modeled CAFE Standards Proposed for thd Mmtor Company Fleet Model

Modified NHTSA Preferred Alternative Model Fleet 20 2013 2014 2015 2016

Passenger Car 32.66 34.73 34.62 35.98 37.05
Light Truck 27.35 27.93 28.23 29.58 30.40

To compare the cost effectiveness of a CAFE compliance scenario which énclude
PHEV technology to the NHTSA preferred alternative technology portfolio awermdel
both scenarios in the CAFE compliance analysis developed for this study. Comparis
within this framework are preferable because a direct comparison within & @Liauddied
by the requirements of the VOLPE decision tree.

To define the cost of compliance under the NHTSA preferred alternativ& CAF
scenario, the penetration rate, incremental costs, proposed fleet volumes] affitiercy
of NHTSA preferred alternative CAFE scenario are input to the CAFE comphearadysis
environment. The total cost of compliance and CAFE is calculated for the passanitgset
and light truck fleet for the years 2012-2016. The cost of CAFE compliance foHR8AN
preferred alternative CAFE scenario can then be directly compareddosthef CAFE
compliance under various PHEV-inclusive scenarios. For the PHEV-inclugnargts, the
incremental costs and fuel efficiency of the PHEYV fleet is derived tisenghethods
presented in Section 2. To enable a direct comparison between NHTSA prefernadiadte
scenario and the PHEV-inclusive scenarios, the same fleet model and saless\erlemsed.

To find the optimal number of PHEVSs that are needed to meet the preferred
alternative required CAFE for Ford Motor Company, we have formulated the probkem as

mathematical optimization problem. The optimization minimizes the cost tevachord
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Motor Company’s required CAFE using HEV, PHEV20 and PHEV60 where applicable wit
no other technological advancements made to the fleet. The problem is clis¢as a
programming (LP) model, which is run for each fleet (Passenger Car, andr'tughk) and

for each year (2012-2016) by specifying the, carlines, carlines voluaréses fuel

economy, technology cost, technology fuel economy and required fleet CAFE. The (LP)

model is presented below:

n m
Minimize Vi= > > c,Xg

j=1 d=1

Subject to

D Xg =8y (forallj,j=1,...n)
d=1

Xg = 0 (all integers)
Where,

C4 = d technology cost;

Xq4i = carlinej with technologyd volume at yeak;

;= the forecasted carlinesolume at yeak;

FE;= the unadjusted fuel economy carljngith technologyd;

CAFE, = the required planned fleet CAFE at ykar

38



| = the carline within the fleet analyzgd=(1, 2, ....,n);

d = the technology typaed(=1, 2, ..m), CV =1, HEV = 2, PHEV20 = 3, PHEV60 = 4,
k = the year at which the CAFE standard and fleet is proposed (2012-2016);

N = the total number of carlines;

M = the total number of technology types;

The output of the LP model is the makeup of a minimum cost CAFE compliant fleet
for the Ford Motor Company model for 2012-2016. The yearly costs of compliance for the
PHEV-inclusive passenger car fleet for each of the years 2012-2016 are shainhe 8.

The total cost of using NHTSA preferred alternative technologies forethedi2012-2016
can be summed to $8.78 billion using the modified NHTSA PC fleet. This summed cost of

CAFE compliance is comparable to a $5.7 billion cost of CAFE compliance inclusive of

PHEVs.

Table 8. Comparison of PHEV Costs of CAFE CompleateNHTSA Preferred Alternative Costs of CAFE
Compliance Using the Modified NHTSA Passenger Gaatf(In Millions of 2010US$)

CAFE Year PHEYV Inclusive Scenario NHTSA Preferrdtefative CAFE Scenario

32.66 2012 $784 $1,816
34.73 2013 $1,125 $1,597
34.62 2014 $1,093 $1,639
35.98 2015 $1,279 $1,776
37.05 2016 $1,410 $1,952
Total 2012-2016 $5,691 $8,781

In the light truck fleet, the yearly costs of CAFE compliance for both NHTS
preferred alternative and PHEV-inclusive scenarios are shown in 3aflke total costs of
CAFE compliance under the NHTSA preferred alternative CAFE scenario is $6@3 bi

when using the modified NHTSA LT fleet. By adding mid-sized and largé BHEV, the
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total costs of compliance is $12.02 billion. Unlike the results for the passengeetathie

costs of CAFE compliance for the light-truck fleet are increased by &34V technology.

Table 9. Comparison of PHEV Costs of CAFE CompleateNHTSA Preferred Alternative Costs of CAFE
Compliance Using the Modified NHTSA Light Truck Etg(In Millions of 2010US$)

CAFE Year PHEV Inclusive Scenario NHTSA Preferrdtefative CAFE Scenario

2735 2012 $2,060 $888
27.93 2013 $2,043 $965
2823 2014 $2,035 $1,062
2058 2015 $2,964 $1,591
3040 2016 $2,923 $1,727
Total 2012-2016 $12,025 $6,233

This analysis shows that PHEVs can be a technological means for rethecousts of
CAFE compliance for US automakers when used in the Passenger Car fleeterB2dd2
and 2016, the manufacture and sale of PHEV to meet CAFE regulations can reductsthe cos
of compliance for our modeled auto manufacturer by up to $3.09 billion for the passenger car
fleet. In the light truck fleet, conventional fuel economy technologies are cost effective
at achieving CAFE compliance.

In planning and implementing the introduction of advanced technology vehicles,
automakers must make multi-objective, multi-criteria decisions whichinékeccount new
technologies’ consumer acceptability, mix-shifting, banked credits, historaféhpility of
products, technology development ramp-up rates, and more. As in other studies of CAFE
costs of compliance for a particular technology [1,90] no attempt is made to madel the
decisions explicitly. Instead, these scenarios are meant to be inforofatigedecision

making process, but not inclusive of all decision making criteria.

3.4.2 Per Vehicle Accounting of Reduced CAFE Compliance Costs
Previous research has attempted to quantify the value of each PHEV sold in terms of

its value to the consumer lifecycle costs savings to the consumer [4,5] and tsem@vital
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and social value to society [12]. The results of this study have now quantified the direc
value to automakers of CAFE compliance costs which can be avoided through development
and sales of PHEVs. To consider the total value of each PHEV against itedmtaiental

costs, we must consider the avoided costs of CAFE compliance as a value atérifoutabl
PHEV.

The methods of this study are used to calculate the avoided costs of CAFE
compliance. These avoided costs can then be normalized by the number of PHEVs sold in
each scenario to determine the value added of each individual PHEV. The value of the
reduced CAFE compliance costs for each PHEV sold between 2012 and 2016 is presented in
constant 2010US$ in Table 10. For both passenger cars and light trucks, the reduction in
CAFE compliance costs to the automakers is approximately 50% of the avenaedantal
PHEYV retail price in the passenger car fleet, significantly reduitie incremental cost of

PHEV production to the automaker.

Table 10. Average Benefts of a PHEV (In Constarit0®) Over Each PHEV Sold Using NHTSA Modefied
Fleet

PHEV Type Fleet Value or costs to Auto Manufacturer in Average PHEV

Avoided CAFE Costs Incremental Cost
PHEV 20 Passenger Car $2,321 $4,274
PHEV 20 & PHEV 60 Light Truck -$3,082 $6,398

This type of analysis suggests that the price barriers which are understoa ttzelim
consumer acceptability of passenger car PHEVs can be reduced throughiagdoutte
value of PHEVs as a means to reduce the costs of CAFE compliance. For lightttrac
conversion to PHEVs is not as cost effective as more conventional technologie$ for fue

economy improvement.
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3.5 Chapter Conclusions

This study has calculated the relative value that PHEVs can have in reducing a
automaker’s costs of CAFE compliance. To perform that evaluation, we have developed a
framework for modeling the effect of PHEV fleet penetration on the autotaakest of
compliance with CAFE regulations. The baseline results show that in both thegesisss
and light truck fleets, PHEVs have a lower cost of compliance with CAREategns than
conventional HEVs. A more detailed scenario analysis shows that passerigdEsés can
enable a lower CAFE cost of compliance than the suite of more conventional teatsologi
considered in NHTSA's preferred alternative scenario. The reduction il Cémpliance
costs to the automakers is approximately 50% of the average incremental RaiEpfioe
in the passenger car fleet, thereby potentially reducing the inctaheest to the automaker
of PHEV production and sale.

These results can be used by automakers and regulators to understand thesncentive
for PHEV production that are preexisting in the CAFE regulations, but the methodslithat w
be used to reap these incentives will be specific to each automaker’'s maletors,

financial and consumer position.
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Chapter 4-Total Cost of Owner ship, Payback, and Consumer Preference M odeling of

Plug-in Hybrid Electric Vehicles

4, Chapter Summary

Motor vehicles represent one of the widely owned assets in the US. A vehicle’s
ownership cost includes fixed expenses to purchase and own the vehicle and variate costs
use and operate the vehicle. Policymakers, analysts and consumers arednterest
understanding the total vehicle ownership costs of various vehicle types and teigsnsdog
as to understand their relative consumer preference and valuation. Plug-in hyibricl ele
vehicles are an advanced technology vehicle that is presently in limited poodl bt
whose relative cost of ownership is not well-defined. A few studies have attketopte
calculate the costs and benefits of PHEVs but none consider the cost and benkifidy®f P
at a level of detail comparable to what has been performed for other vetitieltgies. In
order to understand the costs and benefits of PHEVS purchase and use, this study canstructs
comprehensive ownership cost model. The model is then used to analyze different PHEV
designs within four vehicle classes. This study then performs a sensitigitysis to
understand the sensitivity of total ownership cost and payback period to model parameter
and the modeled components of ownership costs. Results show that a more comprehensive
PHEV ownership cost model has a lower net cost of ownership than studies to dategresulti

in a shorter payback period and higher consumer preference.

4.1  Introduction
Plug-in hybrid electric vehicles (PHEVS) are hybrid electric vekialgich can draw
and store energy from the electric grid. The benefits of plug-in hybrid estact derived

from their capability to displace petroleum energy for transportationnadbi-source
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electrical energy. PHEVs are generally characterized by lioieeycle petroleum

consumption, lower fueling costs, lower criteria emissions output, and lower carbon dioxide
emissions than conventional vehicles [3], but at a higher manufacturing cost than
conventional vehicles. Many automobile manufacturers have announced plans to develop
PHEVs: GM Chevrolet Volt in 2010, FORD PHEV Escape in 2012, Toyota PHEV Prius in
2012, NISSAN PHEYV in 2012, VOLVO PHEV in 2012, Chrysler PHEV in 2012,
Volkswagen PHEV Golf Twine-Drive in 2011, Saturn PHEV VUE in 2010, Audi PHEV Al
Sport-back in 2011 and Hyundai PHEV Sonata in 2013 [8].

Despite their recent market introductions, the market potential and consumer
acceptability of PHEVs are not well understood. A variety of studies havepatie to
assess the market potential of PHEVs through tabulation of the fuel econorfiistzeme
incremental costs of PHEVs [4,5,9-13]. These studies have generally conblatdadtder
for the PHEVS to reach economic viability, technology advancements mustsiettrea
incremental cost of the vehicle over conventional vehicle costs, and regulatiacror m
economic forces must increase the price of gasoline fuels to above roughly $5.08 gallon
[10,12,14,16]. This consensus view of PHEV economics must be tempered by an
understanding that these studies incorporate a wide range of scopes,usdgelenodels,
ownership cost categories, and consumer preference models. Their analyseasaeside
variety of numerical valuations of PHEV economics, and these studies’ assunapiibns
scopes have not been compared or synthesized.

The goal of the research effort documented in this paper is to more sysadignatic
synthesize a PHEV total cost of ownership (TCO) and consumer acceptabili¢y s0 as to
test this consensus view. This paper presents such a TCO model and compares it to the
primary literature for PHEV techno-economic modeling so as to understaniteitts ef

these studies’ scope, methods and assumptions. A more comprehensive TCO model is shown
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to require significant increase in scope over previous models in literatheeTAO model
proposed for this study includes models of various vehicle types, various PHEV types,
vehicle purchase cost, loan cost, tax cost, insurance cost, annual regististtidunet cost,
maintenance cost and salvage value. We then present the sensitivity of TCO aoll payba
period to vehicle characteristics, economic assumptions and model scope. Swrvey dat
regarding consumer preference for PHEVs is then enrolled to understandtibagieip
between costs, benefits and consumers’ willingness to pay for PHEVs. Fooalbjusions
present a more comprehensive summary of the value, cost and market potential efifHEV

the near-term.

4.2  Review of PHEV Techno-Economic Studies

Four studies form the primary and most cited sources of information on the techno-
economics of PHEVs [10,12,14,104]. Other studies performing PHEV analysis cée thes
primary studies [9,92]. Model parameters and assumptions for these primaeg studlithis
study are listed in Table 1.

Evaluation and synthesis of the results of these previous studies is complicated by
differences in their scopes, assumptions and modeled components of each study. n order t
design a more relevant, refined and comprehensive model of PHEV TCO and consumer
acceptability, this study proposes to update the scope, vehicle usage assumptiashjpwne
costs and consumer preference models as shown in Table 11 For most catbgofi€®) t
model is of larger scope than that of previous studies. For example, electritggsoline
costs are projected rather than constant, this study uses a standardizddatbhit{lF) [6]
rather than outdated or low fidelity assumptions, and this study uses consunrenpeefe

surveys rather than simple cost-benefit analysis to represent the ecoradiity\of the
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vehicles. In each category of classification shown in Table 11, thig gtund to be more

comprehensive, higher fidelity, and defensible than previous studies.
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Table 11. Model Parameters and Assumption UseldeifPtimary PHEV TCO Literature.

Simpson, 200610]

Lemoine and Kammen,

AEO, 2009[14]

EPRI, 2004[104]

Al-Alawi & Bradley, 2012

|

of Fuel Economy

2006[12]
Vehicle Class Mid-size sedan Compact Car, Full-size| Low drag, Mid-size| Mid-size Car, Full size| Compact Car, Mid-size Car, Mid-size
SuUvV sedan SuUvV SUV and Large SUV
2 HEV, PHEV2, 5, 10, 20 HEV, PHEVS5, 10
Q— L b 1 L 1 1 L L
5;; PHEV Type 30, 40, 50, 60 HEV, PHEV20 15-60 EV, HEV, PHEV20 HEV, PHEVS5, 10, 15-60
2 Battery Type
5| (Mid-Size PHEV : . Li-lon, NiMH, .
& 20 car battery Li-lon, (11.8 kwh) NiMH, (5.1 kwh) (8.8 KWh) (5.88 KWh) Li-lon, (5.88 kwWh)
rated capacity)
Economic Year 2006% 2008$% 2007% 2003$ 2010%
Vehicle Miles . . . 12,000/year for Cars and 15,000/yea
Traveled (VMT) | 15,000 miles/year, constant 11,000 miles/year, 14,000 miles/year, 117’00.0' 150,000 mile for Light Truck, corrected for decline i
constant constant in total : .
Model vehicle usage with age
® Vehicle life 15 years 12 years 6 years 10 years edbyy 13 years
'%_ Chargm.g Full recharge each day Full recharge each ¢ ayFu" recharge each Full recharge each day Full recharge each day
= assumption day
ﬁ Utility Eactor 1995 NPTS-derived UF, | 250 days/year fueled by None, 37% of VMT| 26% of VMT assumed
< (U)Ié) tvoe ' with a 50% chance of electricity, the rest | assumed fueled with fueled with electricity SAE J2841 UF
o yp starting the day charged fueled by gasoline electricity (73% gasoline)
§ Fuel Economy o MWP Weighted, EPRI 105 mpg CD, . . . .
Modified J1711, EPRI 2001 ' 42 mpg CS modes UF weighted UF weighted gasoline consumptior
Q£ Method 2002
S EPRI 2001
D Electricity
I 0,
> Consumption 0.093 kV(\)/fh(/rR/lll_? for 100% Unknown 37% of VMT 26% of VMT UF weighted electticiconsumption
Method
EPA Adjustment Yes None None Yes Yes

a7

=



[¢)

Simpson, . EPRI, .
2006 Lemoine and Kammen, 2006 EIA, 2009 2004 Al-Alawi & Bradley, 2012
. $3.00/gallon, $4.00/gallon,
Gasl\jl)lcl)r&(;Cost $5.0?]/gallo $2.00/gallon, $3.00/gallon and $4.00/gallon $5.00/gallon and $1.Z)?]/gall Forecasted over vehicle life
$6.00/gallon

Electricity cost $0.05/kW . .
% Model $0.09/kWh $0.05/kWh, $0.10/kWh -$0.30/kWh $0.10/kWh h off peak Forecasted over vehicle life
© Incremental EPRI
=2 EPRI EPRI corrected Includes tax credit 2001, EPRI, ZEV report ARB
5 Cost Model ANL
o] -
c Vehicle . .
C;) Salvage Value None None None Bgrt_]tlery Entire vehicle has salvage valu
5 Model y
» | Maintenance
é Cost Model None None None Yes Yes
g | Insurance Cos None None None None Yes
g Model
O | Registration
3| Renewal Cost None None None None Yes
2| Loan Model None None None None Yes
§ Tax Model None None None None Yes

. 16%, corrects for vehicle depreciation and decgjnin o o o

Discount rate None vehicle usage over 12 years, based on 6% intextest|r 10% 8% 6%
[0
g 3 Payback Benefits- Payback Analysis, Benefits
o} Source Period- Payback Period-based Benefits-based based Analysis & Consumers
g based Acceptability
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43  Comprehensive TCO Modeling M ethods

To determine the costs and benefits to consumers of a PHEV’s peirahd use, we
must construct a modeling environment that can connect individual PetiStsand benefits
components. This study proposes a more comprehensive TCO modehdides all
components of ownership costs as modeled in the literature and incladess other
relevant ownership costs for PHEVSs.

The baseline model is composed of sub-models where each model can be modified
and adjusted individually and is described in detail in the sections following the discussion of

TCO model scope.

4.3.1 Study Scope

For this study, vehicles of similar fuel economy, functionality size, oteolumes
and costs are grouped into vehicle fleets and vehicles classes following EPA vehic
classification methodology. The four vehicle classes considered in our base model are
compact car and mid-size car in the passenger car fleet, and mid-Sizin8Ularge SUV in
the light truck fleet.

PHEVs can be designed to have different battery capacities, so as tocsatsfyners
travel patterns and needs. Because each design will impose differsramd$tenefits to
consumers, thirteen HEVs were designed and analyzed for each class lekvehne set of
vehicles studied here includes grid-independent HEVO (conventional hybrid eletiictes)
and grid-dependent PHEVs (of the HEVX-type) with 5 to 60 miles of electrie f@ig

HEV and PHEV incremental costs are derived by summing the costs of theyBatter
Pack Hardware, Pack Tray, Pack Thermal, Traction Electric Motor,idinaeower

Electronics, Traction Power Electronics Thermal, Charger, Charger Ealgime, Gasoline

% U.S. Environmental Protection Agency, “vehicleesitasses,” available at
http://www.fueleconomy.gov/feg/info.shtml#sizeclass
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Storage Tank, Exhaust, Glider and Assembly Costs, Accessory Battery aasdhigsion.

The retail price equivalents (RPE) reported here are the averages of $e& &Bd “ANL”
methods at production levels of 100,000 units per year, inflated to 2010 currency [4,5].
Battery costs for modern lithium-ion (Li lon) batteries are derived {@hunder the
production scenario of 100,000 packs per year. The costs for each Li lon batteryased infl

to 2010 and added to the incremental component cost to represent the incremental cost of
PHEYV produced in 2010. The incremental RPE for every vehicle in this study is pdasente

Table 12.

Table 12. Incremental price of PHEVs over CVs base price in US$2010

Compact Car Mid-Size Car Mid-Size SUV Large SUV
Vehicle Design Incremental RPE Incremental RPE Incremental RPE Incremental RPE

HEVO $4,051 $3,882 $5,578 $5,636
PHEVS $4,661 $4,341 $6,273 $6,100
PHEV10 $5,270 $4,799 $6,969 $6,563
PHEV15 $5,880 $5,258 $7,664 $7,026
PHEV20 $6,489 $5,716 $8,359 $7,489
PHEV25 $6,995 $6,226 $8,767 $8,078
PHEV30 $7,500 $6,736 $9,174 $8,668
PHEV35 $8,006 $7,245 $9,582 $9,257
PHEV40 $8,511 $7,755 $9,990 $9,846
PHEV45 $9,017 $8,265 $10,398 $10,435
PHEVS50 $9,522 $8,775 $10,805 $11,024
PHEVS55 $10,028 $9,285 $11,213 $11,613
PHEV60 $10,533 $9,795 $11,621 $12,202

4.3.2 VehicleUsage
The distance driven in the first year of ownership for passenger cars anmuaist-
is modeled as 12,000 and 15,000 miles respectively [107]. To account for decline in vehicle

usage, yearly VMT declines at a rate that varies between 2.1% and 4.7% as.in [108]

% These incremental costs are comparable to othentstudies of PHEVs. For example, ANL calculdlesincremental
costs of a midsize PHEV 20 series vehicle (thidstonsiders parallel vehicles) as $4701 in 20h8,%7347 in 2010
[105,106]
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The gasoline fuel economy for CVs and HEVs is calculated using a utdityr faJF)
weighted gasoline-only fuel economy method which assumes that the vehiclggedobaa
daily basis. This method places no fuel economy cost on electricity sincerieyra
content of marginal electricity is negligible. The method uses the SAH i2#ity factor
for urban and highway driving [7]. The gasoline fuel economy and electrical economy
ratings were adjusted using EPA labeling discount (10% for City and 22% fevdyghThe
energy consumptions for fully (FCT) and partially charge tests (P@Tgeaived from
previous work [4,5]. Equations 1 and 2 represent the calculated annual electricity
consumption ;) and annual petroleum consumpti@)for each class and type of PHEV.

Where VMT, is the annual vehicle miles travelled,

1 1
E, =VMT, - (055-( ) -UF, - FCT, + 045-( ——-)-UF, - FCT
. 2 ( (5g) YR ' (57g ) YFs W) )

G, =VMT, - (0.55-(%)-(1—UFU)-PCTU +O.45-(%)-(1—UFH)-PCTH) @

4.3.3 Modeled Components

In this study we have considered current and forecasted prices of both gasoline and
electricity. Gasoline and Electricity prices for 2012-2024 yemdased on EIA 2009 [109]
estimates and adjusted to $2010. The salvage value of the vehicle represahis it the
used car market and is modeled as equal to the vehicle MSRP depreciated oeofthledif
vehicle at 13.8% per year, equivalent to the historical rate of depreciationTadytb& Prius
HEV. Charging infrastructure and electricity service upgrade @stnot included in TCO

because they are not required for the PHEVs considered in this study.

51



4.3.4 Maintenance Cost Model

For each vehicle type we have constructed a maintenance schedule which includes
periodic vehicle maintenance, 12V electric battery replacement, l@pleeement and tire
replacemer,2[110]. The present value of the parts cost and labor cost of each
maintenance operation is summed over the life of the vehicle to determine the vehicl
lifetime maintenance co$ts®. For CV and HEV, the maintenance costs and schedules were
derived from the published costs and schedules for 2010 MY vehicles with similar
functionality to the vehicles modeled in this analysis. The maintenance schedhie @ t
and HEV is a function of distance travelled. The maintenance schedule forEve PH
includes vehicle maintenance operations that are a function of total distastied,zand
engine maintenance operations that are a function of charge-sustainingedisaaelled.
Neither the HEV nor the PHEV has a scheduled battery replacement [111].

The maintenance costs and schedules for each vehicle type are presentedim detail

Appendix B.

4.35 Vehiclelnsurance Cost Model

Insurance costs vary by state, insurance company, insurance type and vphicle ty
This model of insurance costs represents the cost of insurance premiumahliti, li
comprehensive and collision coverage as provided by major insurers where thel persona
information for the driver (age, marital status, credit history, drivingrce@nd the garaging

address of the vehicle) was not taken into consideratidrhe insurance costs are modeled

2" Ford Motor Company, “Ford, Lincoln & Mercury OwreManuals, Videos and Guides,”
https://www.flmowner.com/servlet/ContentServer?pagee=Owner/Page/OwnerGuidePage, accessed
12/29/2011

% Edmunds Inc., “Car Maintenance Guide,” http://wedmunds.com/maintenance/select.html, accessed
12/29/2011

2 Tire Rack, “Upgrade Garage,” http://www.tirerackt’ accessed 12/29/2011

30 Edmunds Inc., “True cost to own,” http://www.edndsrcom/tco.html, accessed 12/29/2011

3 Edmunds Inc., “True cost to own,” http://www.edndsrcom/tco.html, accessed 12/29/2011
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as a function of vehicle class and vehicle type. To model the insurance costs wihide
class, we surveyed vehicles of the same class that have the similartM8RFCV and the
PHEVG60. Insurance costs are modeled to vary linearly with vehicle raetalgmuivalent
between these endpoints, defining the estimated insurance cost for the HEVEah&B88
technologies. For this particular study, the insurance costs were caldolatiee location of
Colorado, 80201, in 2010. Insurance costs are estimated to increase at 3.5% inflation per

year over the life of the vehicle.

4.3.6 Registration Renewal Fees M odel

Registration renewal fees are generally assessed by US codrtiiegegistration fee
model is based on the fee schedule for vehicles registered in Larimer Countpd&alor
The registration renewal fee is the sum of an ownership tax based on the age aad taxabl
value of the vehicle, and a license fee based on the weight of the vehicle. Tinatiagis
renewal fee is paid yearly.

Ownership tax rates are a function of vehicle age. For vehicles in year 1 of
ownership, ownership taxes are 2.1% of taxable value, 1.5% in year 2, 1.2% in year 3, 0.9%
in year 4 and 0.45% in years 5 through 9. In year 10 and on, the ownership tax is $3 per year.
The taxable value of a passenger vehicle is defined as 85% of MSRP.

The license fee schedule for the CV and HEV60 for each vehicle class is gdasent
Appendix B. The license fee for vehicles between these endpoints is a linemmfonct

vehicle weight.

32 Larimer County, Colorado Registration Fee & Estignhattp://www.co.larimer.co.us/motorv/estimate.htm
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4.3.7 Loan Mode

Most of the vehicles in the U.S. are purchased with an automobile loan. The loan
model assumes that purchase cost is the sum of MSRP, sales tax and new vedtreBaegi
The purchaser provides a 10% down payment with the remainder of the purchase costs
financed by a 48 month loan with 5% annual interest rate. A discount rate of 6% was used to

represent all costs and benefits in 2010 dollars.

44  Baseline Results
44.1 PHEV TCO Comparison Among Previous Studies

The first result is a comparison of this study’s baseline PHEV TCO moded I0GO
as presented in the models that form the primary literature. For comparesoansider the
characteristics of a PHEV20 design in the mid-size car class (erddptLemoine et al.,
2006 [12] which only considered the compact car). The results of each study in teanh of

component of TCO are presented in Figure 3. All values are inflated to $2010.

$0.29
DORegistration Renewal Costs
$0.24
Olnsurance Costs
$0.19 -
B Sales Tax, License and Loan
$0.14 -
= B Maintenance Costs
£ $0.09 -
X

B Fuel Costs

$0.04 -
B Manufacturer's Suggested Retail
Price

O Salvage Value

-$0.01

Distance normalized total cost of ownership ($2010

PHEV2C
PHEV2C
PHEV2C
PHEV2C
PHEV2C

Simpson, 2006 Lemoine et al AEO, 2009 | EPRI, 2004  Al-Alawi &
2008 Bradley, 2012

Figure 3. Total Cost in $2010 per mile Using Each Study’s Parameters and TCO Mode

These results show that discrepancies between studies are lohib ttifferences in

the scope of the model and in the assumptions related to each lbesett calculation. For
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example, each model concludes that PHEVs will cost more to per¢chas CVs but the
incremental costs of the PHEV 20 varies between $4,600 and $9,100. In add#ionof
the components of TCO (e.g. maintenance costs, and salvage valne) mmgresented in all
studies.

As an additional basis for comparison, Figure 4 presents a comparison of this study’s
PHEV TCO model to the TCO models from primary literature with the moddicahat all
parameters of the TCO models are identical. Each TCO model uses the harmdozedfva
vehicle lifetime, lifetime distance travelled, gasoline prices dextrecity price. These
parameters are chosen to be equal to the Al-Alawi & Bradley column of Thlske as to be
representative of a present-day vehicle usage and cost scenario.

$0.34

$0.29 ORegistration Renewal Costs

$0.24

OlInsurance Costs

$0.19 -

B Sales Tax, License and Loan

_$0.14 -
-
£$0.09 -

$0.04

B Maintenance Costs
B Fuel Costs
BManufacturer's Suggested

Retail Price
OSalvage Value

-$0.01

Distance normalized total cost of ownership ($2010

PHEV2C
PHEV2C
PHEV2C
PHEV2C

Simpson, | Lemoine et| AEO, 2009| EPRI, 2004 Al-Alawi &
2006 al,. 2008 Bradley, 2012

Figure 4. Total Cost in $2010 per mile Using Similar Parameters as in Basé Mode

Even with this degree of scenario harmonization, there exists a great deal of
discrepancy between the TCO of each model. These results show that only EPRD2D04
and this model predict TCO savings for the PHEV 20. Each study predicts that PIEVS a
more expensive to purchase than CVs, but the assumptions regarding PHEV fuetaisage a

primary source of differences among these studies. For example, with the bsioteetype,
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lifetime, distance travelled, and fuel costs, the studies vary in theirdsis predictions by
195%.
Overall, these results show that harmonizing these TCO studies requires

harmonization of TCO modeling scope, and TCO model parameters.

4.4.2 PHEV Payback Period Comparison Among Previous Studies

Payback period is a common means for calculating the value of the investment in the
purchase of a PHEV (or other fuel economy technology) [12,13]. In all of the studies
surveyed, PHEVs have higher retail price equivalent compared to the CV due togher
costs for the electric traction and battery system. Figure 6 shows thdatuenTCO of a
PHEV20 midsize passenger car and CV midsize passenger car for egdestegt in
Lemoine et al., 2006 [12] which only considers the compact car). The TCO is t=ddwa
replicating each study’s assumptions and scope as defined in Table 11. rOdp1Ki 2006
[10], and this study’s TCO model show a net TCO benefit to the PHEV20, compared to the
CV. This study’s TCO model shows a significantly different behavior than hiee otodels
because it includes the concept of net present value and the mechanism of monkhtpay
of an automobile loan. In this study’s comprehensive baseline TCO model (as @litize re
of financed automobile purchases) the consumer does not pay for the incrementaltbests of
PHEV in year 1. Rather, the comprehensive baseline TCO model accounts fdu#he a
payments made by the vehicle purchaser.

It is also evident from these graphs that the payback period publistie@ach of
these studies is very sensitive to assumptions implicitéh eaodel. Slight changes to the
slope (operating costs) or intercept (PHEV incremental costs) of ahgse TCO curves can

dramatically change the reported value of payback period.
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Based on these analyses of previous studies, we can understand that tHere is litt
consensus on the TCO value or payback period of PHEVs relative to CVs. Previous studies
and this work differ in scope, assumptions and results, making a synthesis of policy and
economic recommendation difficult to achieve without a more detailed understah g

scope and parameters of a comprehensive PHEV TCO model.
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Figure 5. TCO for the PHEV 20 as Calculated Using Each Study’s PararaeteAssumptions as Presented in Table 11
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Based on these analysis of previous studies, we can understand that thiere is litt
consensus on the TCO value of PHEVSs relative to CVs. Previous studies and this work diffe
in scope, assumptions and results, making a synthesis of policy and economic
recommendation difficult to achieve without a more detailed understanding of theascbpe

parameters of a comprehensive PHEV TCO model.

45  Analysisand Discussion

To provide this more informative discussion of the TCO costs and sobfHEVS,
this paper now analyzes the results of this study’s baseline m@del. These analyses
include sensitivity analyses for the metric of payback periodditeg 1) an investigation of
the payback period of PHEVs across the breadth of PHEV designs, 2) a sgm@sialysis of
the baseline comprehensive TCO model to discover which paranatersignificantly
important to PHEV payback period, and 3) a parametric study ofdimpanents of the
baseline comprehensive TCO model to discover which components of thd arede
important to PHEV payback period. Finally, this paper considers #tacs1of consumer
market preference as an output of TCO modeling.

The results of these analyses allow for the rigorous defenstheofincluded

parameters, scope, and outputs of the proposed PHEV TCO model.

451 Payback Period Modeling and Analysis
4511  Sensitivity to PHEV Types

As illustrated in Figure 6, the baseline TCO model shows that the PHEV 20 can have
benefits to the consumer relative to a CV. To more completely understand the payback

period of PHEVsS under the assumptions of the baseline TCO model, we now calculate the

59



payback period for a variety of vehicles. The analysis is performed hsimgddel
parameters and assumptions as listed in Table 11.

This payback analysis compares the TCO of PHEV 0-60 to G¥9BPHEV 5-60 to
HEVs over the vehicles’ lifetime. The TCO for each vehiclevisluated during each year of
its operation by summing its salvage value at that year, mireusumulative total cost of
operation (fuel, maintenance, insurance, registration renewal, dowmeptyand loan
payments with tax and new vehicle registration), minus the loamegyag left if TCO is
evaluated before the end of the loan period.

Figure 6 shows the payback period of the PHEV 0-60 relative to a CV evaluatgd usi
the baseline comprehensive TCO model. The payback period of the REIf}éEs from 6 to
10 years in the midsize car class and from 3.5 to 5 years larthee SUV class. Only for
compact cars is the payback period longer than 14 years dueet®HEV’'s higher
incremental costs and the high CV fuel economy. For a majofifyHEV designs and
vehicle classes, PHEVs show a payback period of less than 7 years.

Figure 6 also shows the payback period of the PHEV 5-60vesiat an HEV. The
payback period for a PHEV compared to a HEVO is 2 to 10 years in the midscassa and
is 3 to 7 years in the large SUV class. Only at veryelaralues of all electric range (AER)

might some PHEVs not achieve payback over the vehicle lifetime, relatilie HEV.
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Figure 6. Payback Period of HEV0-60 Compared to CVs and HEVs

These results show that PHEVs are not only economically beneficial or only
economically detrimental relative to conventional and hybridized vehiclespaiimmack

period of these vehicles are dependent on the types of vehicle under comparison.

45.1.2 Sensitivity to Modeling Parameters
To quantify the sensitivity of a comprehensive TCO model to its ipptameters, a
sensitivity analysis is performed with sensitivity 11 factoféie analysis is performed on the

TCO model of the PHEV20 in the midsized car class and in tge BUV class. Each CV
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and PHEV20 TCO variable is from its baseline value to 120% of haselihe resulting
percent change in payback period is shown in Figure 7 for thezeitlsar PHEV 20 and the
large SUV PHEV20. For example, increasing the value of thesnmemtal retail price
equivalent by 20% results in a 34.7% increase in midsized da¥v 28 payback period, and

a 15% increase in the large SUV PHEV 20 payback period.
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Incremental PHEV Retail Price Equivale

Figure 7. Sensitivity of the PHEV20 Economic Payback Period to TCO Model Raranme
the Mid-size Car and Large SUV Classes Compared to CV
We can use these results to understand that the most significant parsorisiers
TCO model are the parameters of annual distance travelled (VMT), fuel egogasoline
prices, incremental costs, and salvage value. To reduce the uncertainty ifOtinecti€l,
the uncertainty regarding these parameters must be minimized. Ungartairg parameters
of the TCO model which are less significant (i.e. insurance costs), wédllbas impact on

uncertainty in the metric of payback period.
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4513  Sendtivity to Model Scope

Although the sensitivity analysis can help the designer of a Mo@el to understand
where reductions in parameter uncertainty can affect the umtgntaithe metric of payback
period, it does not provide guidance regarding whether any partpd@on of the model is
necessary to differentiate PHEV TCO from CV TCO. In tleistisn we will investigate the
effects of the portions of PHEV TCO which have been considered ifisigm in previous
literature. This is performed by removing components of the w©@el from the baseline
TCO model to see what effect each model component has on PHE\tkandlative to the
CV.

Major TCO model components including the effects of VMT, vehid& fuel cost,
FE and incremental costs included in each TCO model surveyettetiature and are
therefore considered indispensable components of a PHEV TCO mddstead the
comprehensive TCO model is run under the following 7 conditions.

1) Tax Model Removed

2) Registration Renewal Model Removed

3) Insurance Model Removed

4) Loan Model Removed

5) Baseline Model Using all Model Components (Al-Alawi and Bradley, 2012)

6) Maintenance Model Removed

7) Salvage Model Removed
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Figure 8.Sensitivity of the PHEV20 Economic Payback Period to TCO Model Scope
in the Mid-size Car and Large SUV Classes Compared to CV
Figure 8 shows that the payback period is indeed quite sensitive to the presence of
many of these components of TCO. In the midsized car class, inclusion ddititemance
and salvage model are shown to decrease the modeled payback period by up to 3 years;
inclusion of the tax, registration, insurance and loan are shown to increase the modeled

payback period by more than 2 years.
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4514  Payback Period Discussion

Overall, these analyses of payback period can help TCO moddligiess to
understand the most rigorous way to construct and interpret TCO modtlidigs. A
number of recommendations can be formed on the bases of these analyses.

First, the breadth of possible PHEV designs and PHEV usage condédamissto a
breadth of payback period results. The economic case for purchasing a PHEV depieds
PHEYV type and vehicle class under consideration. Using the baswlaed, PHEV payback
period can vary from less than 2 years to more than 20 years. nid@®@ling results for
PHEVs must be qualified as representative of only a particldas of vehicle, PHEV type,
or consumer. There are no generalizations available regardikYy PHyback results, or
PHEV economic incentives. Instead, PHEV payback periods are showmpéotioelar to a
vehicle type and scenario.

Second, the quantification of the sensitivity of PHEV payback penothe input
parameters and to the modeling scope shows that the PHEV TCO mmastebe carefully
constructed. Uncertainty in some key parameters can result ioeyalsle uncertainty in
payback period results. For example, uncertainty in the vehidledaaomy is shown to be
a primary driver of payback period uncertainty, but the uncertamtyuel economy
simulation has been estimated at 10-12% [112,113], which corresponds toeataiaty in
payback period of 11-14%. The modeling and differentiation of w&hiel/ their payback
period must consider the sensitivity of the metric of payback pamiadder to craft valid
comparisons and conclusions.

Finally, these results show that the inclusion of the maintenastg, @and the salvage
value of vehicles in the PHEV TCO model scope significantlyedsss the PHEV payback
period relative to ignoring their contribution to TCO. For instanceluding the salvage

value of the vehicle increases payback period by more than 3fgeaach vehicle studied
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here. These proper but previously discounted components of a compreheriswer e

model should be considered in future work on PHEV costs and benefits.

4515  Surveyed Market Preference Modeling and Analysis

To this point, this study has quantified the costs and benefits of PHEV ownership to
consumers, with the goal of understanding the sensitivity of payback periodptrdhester
values and cost components of TCO. In the literature on vehicle TCO to dates théasge
philosophical interest in the metric of vehicle payback period, informed by tinepissn
that a rational PHEV consumer will insist on recouping his/her investment insteaf
PHEV components with equivalent or greater benefits [10,12,13]. Although economic
rationality is an important indicator of the value of a product, it is not cleardhatmers
are actually performing NPV calculations to determine their preferfama particular
vehicle type. From the results of this TCO modeling exercise, we cahdestdnomic
“rationality” and price tolerance of consumers as measured through PHEK&tmpeeference

surveys.

4516  Consumer Preference Surveys

There are many factors that affect consumer’s willingness to payfard?&lEVs,
these have been studied both qualitatively and quantitatively. Qualitatively, coatawne
been documented to display a preference for PHEVs because of their reducgdchsh,
reduced maintenance requirements, fewer trips to the gas station, the convertiemee of
refueling, lower CQand GHG emissions, less petroleum use, less noise/vibration, improved
acceleration, cabin preconditioning, the powering of 120 V appliances, better hahoHihg
balanced weight distribution, and other benefits due to lower center of gravity [113].

Quantitatively, there have been a number of studies that survey consumers gagardin
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preference for PHEVs at certain price points, but none that present consurhers wit
guantitative costs or benefits of the technology. For example, a 2006 survey by US
Department of Energy claims that 42% of consumers are willing to pay aioadd#2000
for a HEV with a fuel economy improvement of 40%, and 26% are willing to pay an
additional $4000 for a PHEV2&® Curtin et al., [114] found that 46% of consumers were
willing to purchase a PHEV at a $2500 price increment with a 75% fuel economy
improvement. EPRI has surveyed consumer’s willingness to pay for the purclrd$ie\éd

but the results were not integrated with PHEV cost/benefit modeling [4,5].

4517  Consumer Preferencefor PHEVsS

For this study, we would like to engage the new understanding of PHEV costs and
benefits that comes from the development of the comprehensive TCO model so as to
understand the relative rationality of PHEV consumers’ willingness to payanA&xample
dataset, we will enroll the EPRI 2001-2002 [4,5] studies as they are the most eomplet
dataset made available to the authors. That the dataset is somewhat datedésjuential
as it will serve merely as an exemplar of the methodology, and we will conéirtestcussion
to the implications for TCO modeling.

These surveys recorded consumers’ willingness to pay for each PHEW (¢&\VO,
PHEV20 and PHEV60) within each vehicle class (compact car, midsize cazengisy/
and large SUV) at two values of vehicle incremental cost [#,3)e can use this data to
calculate how consumers’ preferences compare to a strict total ovpneoshiversus total
ownership benefit analysis. Ownership costs and benefits are calculated usinge v

economic life of 5 years [115,116]. TCO for the base model is based on the default

33 Opinion Research Corporation International, “Wovltl Buy a Hybrid Vehicle?”
#715238, 2006, available fattp://www1.eere.energy.gov/vehiclesandfuels/f2086 fcvt fotw431.html
% Only survey data at a fuel cost of $3.00/gallonsed here, except the midsize cars where the surae

constructed assuming only a gasoline price of $ga@n[4,5].
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characteristics of the base model (as shown in Table 11), where TCO for BB&lisn

based on fuel and maintenance costs only. Each TCO model uses the harmonized values of
vehicle lifetime, lifetime distance travelled, gasoline prices dextrecity price. These

parameters are chosen to be equal to the Al-Alawi & Bradley 2012 column ofIllablehe
benefits are calculated relative to the CV within each model. All costs andtbanef
represented in $2010.

Results are shown in Figure 9. In each subplot of Figure 9, the EPRI vehicles’ costs
and benefits are plotted along with lines of constant surveyed consumer preferenee. Thes
survey datasets describe how consumer’s preferences change with gltastgrand
benefits. For example the survey data shown in midsize car class of Fijus¢r&es that
consumer preference generally increases with decreasing costsraadesavith increasing
benefits. Also, it shows consumer’s sensitivity to incremental purchaserptiw the slope
of the line at 35% willingness to pay decreases at high incremental costsyiwattie, the
consumer is less willing to accept the same ratio of costs to benefits atihageenental
cost. The consumer preference data also shows that consumer preferenceslisafighed
with a rational model of economically-motivated consumers (representée bpshed line
at discounted cost = discounted benefits).

These survey datasets can then be compared to the total ownership costs and benefits
of the suite of PHEVs whose TCO is modeled in this study. In Figure 9, the costs of the
PHEVs as modeled using the base TCO model are generally comparable tosthe cost
presented in the surveys, and the benefits of the vehicles are generallyhangte benefits

presented in the surveys.
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4518 Consumer Preference Discussion

This analysis leads to two primary discussion points. First, modeling consumer
preference is generally more complicated than has been acknowledged in pf&aus
models. Simple cost-benefit analysis cannot capture the richness of the eopsefierence
data that exists in the survey literature, and consideration of consumernmefeaa lead to
an improved understanding of the design constraints that exist for incrementghndsts
benefits) of PHEVs. Second, according to the comprehensive TCO modeling perfiarmed
this work, PHEVs of all types can exhibit substantial consumer preferencexdfople, in
the midsize car class, more than 55% of consumers are willing to pay thmeentaécosts of
PHEVs with low AER. These results challenge the consensus view that RifERat
economically viable and are not capable of inciting consumer preference withaficant

component cost reductions and/or gasoline price increases.
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Figure 9.Consumer’s Willingness to Pay (WtP) for a Large SUV HEV(P&ftted with the PHEV Cost/Benefit Curve Calculated Using the
Baseline TCO Model [4,5,104,114].
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4.6  Chapter Conclusions

The objective of this study was to define the parameters and assumptions that
constitute a comprehensive TCO model of PHEVS. In this study we have developed a
comprehensive ownership cost model to calculate the consumer’s purchase andwse of C
HEV and PHEV5-60. The model was compared to the most cited PHEV TCO models in
literature to measure the effects of model assumptions and parametersotal test and
benefit of each vehicle. PHEV TCO modeling parameters and assumptions arefband t
quite variable among studies, resulting in widely varying PHEV TCOteesul

To rigorously inform and defend the components and assumptions of the
comprehensive TCO model, a sensitivity analysis was performed to deterimahe w
parameters and components of TCO are most influential. This analysis showS@hand
payback period are sensitive to parameters that have been well-modeledturdte
including incremental cost, gasoline prices, and annual driving distance. Thysisaklo
showed that TCO and payback period are sensitive to relatively understudied components of
TCO modeling including salvage value, maintenance costs, and fuel economy. Fislly, t
study shows that the output of TCO modeling should be more than just a modeled PHEV
payback period. Instead, the value of PHEVs can be presented in terms of tetahdos
total benefits or can be presented in terms of survey-based consumer preference

Ideally, the technology improvements associated with high fuel economy geduiele
preferred by consumers at the same time as they enable improvements in camslime
economy-wide economic efficiencies. The type of consumer-centric TCO ingptiedt is
presented in this study allows for consideration of the consumer’s role aaldaref any
economic or environmental improvements that might result from the development o6PHEV

Only when consumers, researchers, and automakers are presented with tebeosng
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costs and values of PHEVs can they consider the role that PHEVs can play in a more

economically and environmentally sustainable personal transportation system
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Chapter 5-Review of Hybrid and Electric Vehicle Market M odeling Studies

5. Chapter Summary

Plug-in hybrid electric vehicles (PHEVS) are an emerging automa&olablogy that
have the capability to increase vehicle fuel economy but at an increasedildBsfs ¢an
draw and store energy from an electric grid to provide propulsive power to the véftiele
reduced petroleum consumption and improved efficiency provides lifecycle value to
consumers, society, automakers, and policymakers, but with an incremental cost. Thes
stakeholders have sought to understand the role of PHEVs in the future vehidg fleet
estimating the diffusion rate of PHEV technologies into the automotive marlestpléds
review presents a comprehensive literature review of HEV and PHEV gigmetate
studies, their methods, and their recommendations. These studies have applieaf a suite
analytical and computational modeling tools to a wide variety of policy and ncac@®aic
scenarios. The results of these studies are compared and synthesized tondnthersta
strengths and weaknesses of the field and to propose further means for improvement of

PHEV market modeling exercises.

5.1 Introduction

Plug-in hybrid electric vehicles (PHEVS) are an emerging automa&olablogy that
has the capability to increase vehicle performance and fuel economy, and to heduce t
environmental impacts of personal transportation. PHEVs can be powered by bothne gasol
and electricity. PHEVs were introduced to limited production in 2004 and to mass
production in 2011 [3].

Many studies have forecasted that PHEVs will be a growing component of the US

vehicle fleet in the future. These forecasts have served the needs of societgkargpm
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electric utilities, and policy makers in understanding what the impact of PiiMse on

their sphere of influence. Society seeks to understand the benefits thaadomik from

more efficient vehicles [4,5,23,94,95,104]. Automakers seek to understand the market

potential of each vehicle technology with the goals of designing salable s @ahalcof

meeting regulatory fuel economy and £€nissions standards [2,23]. The Utility industry

seeks to model and forecast the new electricity infrastructure demand unelendliff

transportation technology scenarios [4,5,23,94,95,104]. Policymakers seek to be able to

adjust and understand the impact of present and future regulatory standards, and to

understand domestic and foreign energy demand [2,4,5,19,23,45,52,53,81,95,104,117,118].
Market forecasting is a well-developed field of study with practitiometike fields of

economics, business, finance and systems engineering, but forecasting of PHEMshere

in the light-duty passenger vehicle fleet is complicated by factorsréhdifficult to model

using the classical tools of market forecasting. First, PHEVs are autemotive

technology that has only just been introduced in the last years [3]. Only daleinda

model year 2011 is available for validation of any market model. Second, PHEMg requi

consumers to shift their behavior away from fueling at a gasoline stdt®ndrmal mode of

fueling for conventional hybrid electric vehicles (HEV)) towards pluggintipeir personal

vehicle. Only a few studies have attempted to quantify consumers’ preferenogsttvie

change in behavior, and the behavior change makes questionable the use of histarical HE

and conventional vehicle (CV) sales data. Third, PHEV fuel consumption is measured in

terms of both fuel consumption (L (100Kf)and energy consumption (ACW-h (Km))

Consumers’ evaluation of PHEV ownership costs will require a weighting @& &émesgy

consumption and their costs based on consumers’ driving habit. Fourth, the makeup of an

automotive industry vehicle fleet is highly regulated within the US. The priciij (a

therefore consumer preference) for high-fuel efficiency vehicles ismihessfluenced by
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factors such as fleet fuel economy requirements [2,81], and low carbon fuel dsandar
[2,81,95]. Fifth, the characteristics of the US automotive industry must be considered in
automotive market modeling. Analysis of sales in the US automotive industry isicatexgbl
by its oligopoly, by its relatively long and relatively constant product devedaphiecycles,
by the used car market, by automaker’s finance business units, and more.

Researchers have recently been developing market forecasting mode#sithat
include these types of complications, but the methods, scope, fidelity, and festudtetthe
outputs of these models differ greatly among studies. The objectives of thispaper
synthesize an understanding of the state of the art in PHEV market forecasting
develop recommendations for improving the utility of these market forecastsdision
making. To these ends, this paper first presents a review of the published fakEdEsSs
PHEV and EV market share, which includes a cataloguing and critique of tbertane
modeling methods that have been applied to HEV and PHEV market forecasting. Next we
present a synthesis of the results from some key PHEV market forecast statiies/e been
performed to date. The recommendations and conclusions section provides means for
improving the utility of PHEV market forecasts from the point of view of automotive and

utility industries.

5.2 Review of Market Forecast Modelsfor HEVs, PHEVS, and EVs

521 Overview

Many researchers have developed models to estimate the penetratairceatently
available HEV technologies and new PHEV and EV technologies in the US marke¢ Thes
models can be characterized by the modeling technique that they use tontdpeese

interactions within the marketplace. The three major modeling techniques used in t
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literature on PHEV, HEV and EV market forecasting are: agent-basedsnodesumer

choice models, and diffusion and time series models.

5.2.2 Agent Based Models

Agent-based modeling (ABM) is a computer based simulation method that @eates
virtual environment to simulate the action and interaction of each agent. Ageetdites
or individuals that have control over their interaction with other agents in the systda.
Each agent is supplied with internal characteristics which dictate theaaghtens among
other agents in the environment. ABM has been applied to many fields including population
dynamics, epidemiology, biomedical applications, consumer behavior, vehftie &nd
logistics simulation [119-130]. In the field of vehicle technology adoption, ABM éas b
applied by many practitioners [21-23,94,117,118]. These ABM vehicle technology market
forecasting studies have defined three or more different agents in the meshefirggnment
including consumers, automakers, policymakers, and fuel suppliers [21-23,94,117,118].

The demand for vehicles is represented by consumer agents. The consumere@gents ar
characterized by their modeled demographics and preferences. Thestedbcathave
included gender, age, income, location, social network, lifestyle, daily driving needs,
transportation budget, ownership period, and preferences to vehicle class, fushfytye
reliability, powertrain types, and performance. The consumer agents’ behavngy tther
ABM simulation is determined by their needs and preferences when acted ughen by
exogenous vehicle supply and market conditions.

The supply for vehicles is represented by automaker agents supplying vebities f
suite of vehicles characterized by vehicle class, fuel type, safety, tpawaharacteristics,
performance and costs. Automaker agents have access to vehicles with improved fue

economy but vehicles with high fuel economy are modeled as requiring time to develop and
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may come with higher incremental cost compared to CVs. Automaker agentptao meet
CAFE standards, and consumer demand for vehicles while maximizing profit [23,118]
Policymaker agents set many of the policies and standards under whiclaleertom
agents and consumer agents must act. Their actions are based on factors inckrding, en
demand, oil security, and global environmental goals. Policymaker agers'saeill be to
set new policies such as subsidies, tax rebates, sales tax exemptions sinmpngasoline
taxes to motivate consumers’ adoption of more fuel efficient vehicles[23,118].
Fuel supplier agents control fuel resources and acted on by consumer demand for fuel,
policies including Clean Fuels Standards, and fuel resources availabilityn thére is an
increase in fuel prices, consumers are going shift to more fuel effi@aities or adjust their

driving habits while not going over their transportation budget [23,131].

5221 Review of Key Agent Based Modeling Studies

In this section we review some key studies that have used ABM to estimate the
adoption rate of HEVs, PHEVs and EVs.

Sullivan et al., (2009) developed an agent based simulation, virtual automotive
marketplace (VAMMP) to define the PHEV market penetration. The simulataieim
considered a variety of consumers, economic situations, and policy conditions [23]. Four
classes of agents are present in the simulation: consumers, government, fuergraddce
vehicle producers/dealers. Decision makers interact in every cycle (one) wbete
consumers choose among twelve vehicle models from three producers. Inyelery c
consumers will decide whether it is time to purchase a new vehicle or changkitiey
mileage to remain within their transportation budget limit. Vehicle deaidrsonitor their
sales and profits while government agents monitor fuel consumption, carbon emassions

new vehicle introductions in order to adjust/modify current policies to meeiihjertives.
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The model was validated under different scenarios. These scenarios inclededrse
market conditions, gasoline shock, vehicle pricing changes, as well as van, SUV \and HE
introductions. The results of this study showed under the current policy case tMdI&¢{E
penetration rate would be insignificant, less than 1% over ten years. Combinatepns of t
rebates, PHEV subsidies and sales tax exemptions could enable a sigmificzase in the
penetration rate of the PHEV technology. Under this more active policy scehi&\sRare
estimated to reach 4-5% of sales by 2020 with more than 2% fleet penetraif#8tatThis
same model was used in the PHEV Market Introduction Study [95] to study new teghnolo
penetrations in the US over different market and policy conditions. Four scenares w
examined and the results show that the projected PHEV fleet penetration wouldoange f
2.5% to 4% for the period 2015-2020.

Eppstein, et al., (2010) developed an ABM to estimate the adoption rate of PHEVs
using only consumer agents [117]. The consumer was assumed to consider different
environmental and financial costs and benefits based on their personal behavior and
knowledge of the technology. This study attempts to answer the question of how much an
agent is willing to pay for a PHEV technology and its projected economic andremental
benefits. This can be used to inform policy makers and automakers about the possible set
policy and action that effect PHEV adoption rate. Consumer’s attributes ceasidéne
study were: Annual salary, age, home location, vehicle ownership time before buying
another, VMT, neighborhood radius (miles), social network radius (miles), threshold for
willingness to consider PHEV, social influence, greenness, fuel operatingeeos
considered, current vehicle age and current vehicle fuel economy [117]. Senreitalfgis
included investigation of the assumptions regarding fuel price, PHEV pricég reba
availability, and the number of agents performing fuel cost estimation. This stadiable

in that it includes models of many of the barriers that might affect the introdwand
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acceptance of PHEVs and lead to a slow penetration rate [117]. These barueledincl
consumer’s unfamiliarity with PHEV technology, PHEV battery life, batteplacement

cost, long recharging time, future fuel prices uncertainty and short drivigg.radne of the
recommendations stated was the need to educate consumers on the cost/behENs of P
and for a web-based tool to accomplish the task [117]. The study presented thefdkalt
model in terms of trade-off in agent selection of HEV and PHEV 40 versus mean tth@shol
= 0% to 100% shifting from being an early adaptdrs£ 0%), early majority to not
considering PHEVT > = 100%)). Results show that after 10 years the penetration rate of
HEV approximately will have an increase between 25% to 38% where the incittdse w
between 30% to 60% after 20 years. After 20 years the penetration rate of PHEV
approximately will decrease from 15% to Olat 0% and 38% to 1% dt= 40% [117].

Cui et al., (2010) developed PHEV adoption model called a multi agent-based
simulation framework to model PHEV distribution ownership at a local resitiewve [94].
This study attempts to identify zones where PHEV penetration level iesrqagkly and
then estimates the impact of PHEV penetration rate on the local electiloutish network.
The model integrates the consumer choice model of Sikes et al., (2010) to estimate
consumers’ vehicle choice probability, a consumer transportation budget model tdeestima
the time when a consumer will search for a new vehicle, and a neighborhood effettan
predict consumers’ vehicle choice [94,95]. Some of the factors found to affect PHEV
penetration rate were gasoline prices, consumers’ ability to calcutatéevieiel saving,

PHEV price, battery range, vehicle purchase options, social and media influence.

Other studies have developed a consumer behavior model using the ABM framework
to estimate new vehicle technology market demand under the impact of greeydmuse
emission policies [118]. Garcia, (2007) used the individual logic model developed/dy Bo

and Mellman, (1980) to estimate consumers’ vehicle choice probability [118,132]. The study
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did not report any results and it was to investigate the relationships betwéda veh

technology options, GHG policy and consumer behaviors [118]. A study by Zhang (2007)
adopts the model developed by Struben and Sterman (2008) to estimate the adoption rate of
diesel vehicles in Europe using the diesel vehicle registration histortegdd&al33]. The

model found to have a better fit to key patterns of the diesel vehicle regrstnatiorical

data over the Bass (2004) model [133]. Zhang observed that a decrease in vehicleg operati
costs and an increase in its performance yield an increase in diesel vathogésn.

Stephens (2010) used an ABM to estimate the electricity demand, fuel demand and the
resulting greenhouse gas emissions [131]. In their model PHEV driverume to be less
sensitive to fuel prices compared to CV drivers [131].

ABM has been applied to many scientific and engineering fields inclweinigle
technology adoption. Most ABM method studies in vehicle technology market forgcastin
have defined consumers as the primary agent but some studies have included automakers,
policymakers, and fuel suppliers in the modeling environment. The agent’s vehiclke ahoic
actions is dependent on their utility towered each vehicle technology. The adganitag
using ABM are that it uses agents’ characteristics, needs, limits, dadepiees when
simulating their behavior and interactions in the modeling environments. Another advantage
is the ability for consumer’s agent to choose between vehicle technologies, keapénmt
vehicle, and change his/her transportation habits. ABM agents behave in a way that
maximizes their utility and not going over there budget. The calculation lofag@nt utility
is dependent on the elasticity value which either calculated or used from othes. sAig
studies have run different market condition scenarios while ignoring running\agnsit
analysis on the modeling method and data. The disadvantages are that acaunsl of
assumptions, data and elasticity values decreases the accuracy of the suitdaf reot

verified. In the ABM the market conditions simulation can be improved by including more
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different agents to cover different automobile market players, and more ageat®er wide
ranges of US vehicle consumers. Finally the results presented for AB\S sinatw
consumer’s agents are very sensitive to vehicles MSRP and they are tillingchase a
more fuel efficient vehicles (PHEVs) when there incremental costewaesed. Their
behavior regarding the increase in fuel prices found to be different than other esudksl r
and they will decrease their miles traveled, keep their current car, ohdwismaller more

efficient vehicle not necessary to be PHEV.

5.2.3 Consumer Choice Models

Discrete choice models and logit models have been used in the literature toedescri
individual and collective decision making. Logit models are a commonly usetsrfoea
modeling the probabilistic preference of consumers, while discrete choasscalculate
the probability of a specific product being chosen among alternatives undeiiubkacde of
these preferences.

Numerous studies have used these consumer choice models to model vehicle purchase
or holding decisions. These studies have incorporated logit models of consumer peeferenc
to vehicle technology, class, make, and characteristics. These models tatemmasnly
derived from combinations of purchaser demographic data and past vehicle salé®data
technologies such as PHEVsS, where such data does not exist, the sensitivitiebadipgr
decision to the attributes of PHEVs must be estimated or be derived from surve$ {30
attributes estimated in consumer preference modeling of new vehicle tecbaahatude the
sensitivity to technology incremental cost, HEV battery replacenefoglmg/charging
infrastructure availability, refueling/recharging time, maintenaiost and driving range

[18].
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The two different logit models used in the automotive consumer preferenatutiéer
are the multinomial logit model (MNL), which represents the probabilishobsing an
alternative over all alternatives [31-39], and the nested logit model (NMWMiigh
represents the probability of choosing an alternatives over the nest ale{88;40—43,46].
For all of the HEV and PHEV market forecasting studies reviewed heregihenodel is
then input to a discrete choice model which is used to represent the response of individual
customers [19,24,29,44-53].

The multinomial logit model (MNL) is based on utility theory wherein each
individual is trying to choose an alternative that maximize his/her perstiitgl (U) [134].

It assumes that the probabil®ythat individualn will choose an alternativiefrom a set of
alternativeg in C (whereC is a set that includes all the potential alternatives) is given by:

P,=PlU,>U_,VjeC,,j=i) (1)

jn?
The general multinomial logit model is defined as

U

e in
i<, 2)
Where
YR =1
IECn (3)
P, is the probability that an individual n chooses an alterniattl\\mizereUin IS the

utility function of an individuah chooses an alternativgl34]. The utility function equation

is:
U =) B.X,+¢

Z”: (4)
& ~G0 u)
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Xin is an explanatory variable (measurable or observable) for alternétee

incremental cost or fuel economyp, is the slope parameter for the explanatory varizhle

and g is the alternativerandom component [134]. The slope param@gies calculated by
knowing the eIasticityE;’iin of the probability ;) of an individual n choosing an alternative

with respect to a change iX,,. For example the direct eIasticiEyEm formula can be

modified to calculate the slope parameier

L
" (1_ I:i))xin ©)

Each alternative’s elasticity can be estimated, or derived from surteey Tae slope
is then used to calculate the utility function for each alternative for eactdunal. The final
step is to use the MNL function to estimate individuals’ probabilities of choasing
alternativel. The method is applied for each group of individuals and each group of
alternatives over the forecasting period by changing the utility functiameders for each
alternative as a function of time or exogenous input.

In the discrete choice model, individuals are assumed to choose a vehicle that
achieves the highest score or utility value [48]. The mathematical nomeadéathe
discrete choice model will follow that of the study by Greene et al., (2004). ilibe ut

function equation is:

u; =b(A + Z|:1W| X + & (6)

The utility function is defined as the weighted sum of the relevant vehidleugts
considered such as fuel economy, price, range performance and safety [48fseBbese

will also be unquantified attributes for each individual, a random component is added to the
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utility function. Sou; is the ranking score fath vehicle for thgth individual, W, is the

weight of thdth attribute, X

j andg; isjth individual’'s random component for tita make

and model. A, is a constant that represent the value, in dollars, of the unmeasured attributes

of vehiclei andb is the price coefficient [48].

The probability of an individuat will choose alternativefrom k alternatives is the
exponential of the utility of the alternative divided by the sum of all of the expahent
utilities [48]. The probability that an individual will choose ttitemake and model from the

kth vehicle class is

expbu)

Pk ==
S expby)

(7)

The NMNL has been used in the context of vehicle choice modeling to estimate the
probability of a consumer choosing a vehicle class and then choosing among vehicle make
and model as a nested decision [48]. The utility function for each class is modeled as the

probability weighted average of the utility scores of vehicles within tss.clor each class

k the expected utilityJ , is:

0, =2nls e0,)

(8)
The probability that a consumer will choose a vehicle from élass
b, = exp@, +BU,)
> exp@y +BU,) ©)

WhereK is the summation of all vehicle classes anslthe number of vehicle
classes. A, is a constant that represent the value, in dollars, of the unmeasured attributes of

vehicle clask. B is a slope parameter that measures the sensitivity of vehicle classes choic
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to the change in their expected value [48]. The probability of the consumer choosaig vehi

i from clask is the product of equation (7) and (9):

P = P * Py

5231 Review of Key Consumer Choice Based Modeling Studies

In this section we review some key studies that have used consumer choice modeling
to estimate the adoption rate of HEVs, PHEVs and EVs.

The Advanced Vehicle Introduction Decision (AVID) model was developed by
Argonne National Laboratory (ANL) to predict consumer’s vehicle purchasaate{l8].
The model was developed using multinomial logit model to predict consumer’s preferenc
using weighted score for individual vehicle technologies and vehicle shat@s inddel,
consumers are divided into early adopter (15%) and majority buyer (85%) grouk8ihgs [
The study considered four multinomial logit models based on the four permutatibesef t
consumer groupings and vehicle production being either constrained or unconstrained. Som
of the factors considered were the change in consumer market preferende, atéfhutes,
fuel prices, and technology production decisions [18]. There were 13 vehicle atibtite
model including vehicle price, fuel cost, range, battery replacement cosleration, home
refueling, maintenance cost, luggage space, fuel availability and top speethase case
scenario used a gasoline price of $1.50'gald a 7% HEV incremental price increase
relative to the CV. Under these base case assumptions, the estimated HEYhdbathe
unconstrained vehicle production decision was estimated to be ~17% on 2020, ~23% on 2035
to 2050. Vehicle adoption rate was found to be sensitive to gasoline price and HEV
technology incremental cost. In the case of a gasoline price inéreas$1.50 gaf to

$3.00 gal' , HEV sales share increased to 56% in 2020 and to 64% from 2030 to 2050 [18].

85



In the case of an 18% increase in HEV incremental cost and gasoline price at $3.00 gal
HEV sales share is estimated to be between 5% and 8% from 2020 to 2050 [18].

The PHEV Market Introduction Study by Sikes K et al., 2010 developed consumer
choice modeling to study the diffusion of new technologies in the US automotive market
under different market and policy conditions [95]. The Market Adoption of Advanced
Automotive technology (MA3T) is based on nested multinomial logit (NMNL) model.
MAZ3T projects HEV demand and its impact on energy demand and the environment. The
model estimates the penetration rates of 26 vehicle technologies includingad&¥$EVs
for the passenger car fleet and light truck fleet over the period from 2005 to 2050. The model
has four decision makers: consumers, government, fuel producers and vehicle
produces/dealers. Three consumer types were considered: early adaediernsa@rity and
late majority. The US was divided into nine divisions and each division into urban, suburban
and rural statistical areas. Some of the factors included in the model wecée agtributes
such as: MSRP, performance, fuel economy, capacity, battery cost, vehidanahiyel
price. Other factors considered in the model are home refueling value ngfueli
infrastructure availability, subsidies, tax credits, housing type, consuatiénsde, driving
behavior, technology cost reduction , vehicle and components supply constraint and vehicle
makes and model availability and variations. Two scenarios that were cedsade the
base case and the PHEV success case [95]. Each scenario was examimedahdigierent
geographical regions, driver types, technology attitudes, rechargalalitgiand vehicle
technologies. HEV sales were estimated to range from 13 to 17 million in 2020 and PHE
sales to range from 332,975 current policy case to 3,569,400 in 2020 over different cases
considered [95].

Diamond (2009), developed a model of consumer demand based on consumer’s

behavior utility function for pre state market share of HEV [19]. The goal oétilny was
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to examine the effect of tax incentives and gasoline price on HEVs sales irStee bk to
communicate their effectiveness to policy makers. The primary model deddtophis

study was a cross-sectional model of hybrid vehicle market share deowed fvehavioral

utility function for automobile demand [19]. In this model Diamond accounts for consumer’s
income, average vehicle mileage and car dealership availability. Theaydata used in his
analysis was HEYV registration data for U.S states [19]. He observed thatwppénis
constrained the sales will be determined by automakers internal distnilpalicies and there

is a strong relationship between gasoline prices and hybrid adoption. He concluded that
incentives will be effective only if they are provided upfront [19].

Social influences have been shown to play a role in determining consumer’s openness
to adoption of new vehicles and technologies, and consumer choice modeling has been used
to model these effects. Axsen (2010) explored the role of social influences on theradbpti
plug-in hybrid electric vehicles [50]. The author used a discrete rationakecihamework
that models an individual’s personal utility for a particular vehicle to choosagdifferent
alternative vehicle technologies [50]. In the work of Sturben, and Struben, andigterm
(2006), (2008), the adoption rate of alternative fuel vehicles was estimateddrgtinip
diffusion models with discrete consumer choice theory [45,52,53]. In this model, the
consumer’s preference to a specific vehicle platform was defined throaighuttinomial
logit choice framework as the expected utility of the vehicle, includingythandics of social
influences, infrastructure, supply and vehicle demand [45,52,53]. Work by Bandivadekar,
(2008) uses a discrete choice modeling approach to estimate the marketipamates of
new vehicle technology sales [24]. The model was an extended version of the Heywood et
al., (2004) model and it included consideration of light-duty vehicle fleet saldsgtnsaare,
age, scrappage rate, travel, fuel consumption and greenhouse gas emissions [24,135]. Four

different scenarios were considered and it was estimated that in 2035 the lelEWwila
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range from 15% to 40% and PHEYV sales will range from 0% to 15% [24]. Greene et al
(2004) developed a nested multinomial logit model to estimate diesel and hybriéveaiel
would be 7-10% by 2008 and 15-20% by 2012 [48].

Some studies have used the consumer choice model to predict the penetration rate of
new technology vehicles outside the US Bolduc et al., (2008) have used a hybrid choice
modeling framework to estimate the adoption rate of HEVs in Canada [49]. The madel wa
based on a multinomial logit model with consumer’s utility function and contaers lat
psychometric variables [49]. Mau, (2005) research developed a discrete choicéhabdel
uses Canada national survey to estimate HEV adoption rate in Canada [2@y, F2@009)
has developed a vehicle choice model to predict the penetration rate of HEVs over 5-10
years, PHEVs over 5-20 years and EVs over 20 or more years in the NSW metropolita
region of Australia [47]. Three different charging infrastructure avéihalscenarios were
considered to measure the adoption rate of the vehicles [47].

Consumer choice methods have been used by many studies to model vehicle purchase
or holding decisions. They have been used to estimate the probability of consumers’
choosing a vehicle within a fleet or a vehicle class and then choosing among wediel
and model. Consumer choice model is consumer’s utility dependent where the utility
function for each vehicle is the probability weighted average of the utility scbvehicles.

The discrete choice model estimates the market penetration rate of nele tethnologies
based on consumers preferences and vehicle attributes. The validity of thesmodel i
dependent on the parameters considered and their estimated values. The intévpepts
and attributes coefficients must be estimated using data on the market shasxistipg
vehicles, actual vehicle attributes and vehicle attributes elastiCiypsumer choice model
studies simulated different scenario of market conditions without testingoithel ahata,

parameters or assumptions. The model advantages are that it uses and siomslatesrc
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preference to vehicle technology, class, make, and characteristicso itagrates
consumer’s attributes and sensitivity to technology characteristicsdiJdmbvantages are
that the models are derived from combinations of purchaser demographic datatand pas
vehicle sales data which are not available or does not exists. For technalobias s
PHEVs, where such data does not exist, the sensitivities of purchasing dectbien t
attributes of PHEVs must be estimated or be derived from survey. Resultdguied®ow
that an increase in fuel prices or a decrease in technology incremergdlycapplying tax
credits or subsidy will lead to a fast increase in HEV and PHEV penetrat@nlt is found

that the successful diffusion of HEVs may saturate the market and led to lowsP4Eg.

5.24 Diffusion Rateand Time Series Models

Diffusion is defined as the process of acceptance of a new invention or produoet by t
market. The speed with which a new product spreads through the market is caliee tfie r
diffusion. The sales of new products in the market are influenced by internaltarthe
factors which may be controllable or not [13]. There are many parameteirgltrence the
rate of diffusion including metrics of innovation, communication, time, and the surrounding
social system.[58] Diffusion rate and time series models seek to captufe tyele of new
products over time. Classical theories on diffusion include the concepts of ctdssifof
adopters, the role of social influence in adoption, and the S-shaped curve assotiateel wi
rate of an innovation’s adoption. The diffusion of innovation is often modeled as a normal
distribution over time, as shown in Figure 10 [58]. This normal distribution is divided into
five categories: innovators, early adopters, early majority, late myagorit laggards [58].
Innovators are the first adopters who are willing to take risks by purchasingidew a
innovative products. Early adopters are individuals who adopt an innovation following

innovators. Early adopters are influenced by their social connections to innovatather
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adopters. The rest of the categories will have slower adoption rate due toweeilevel of
social influence and lower financial status. According to Mahajan et al., (200@) Sdhe
best-known diffusion models in the marketing field are those of Fourt and Woodback, (1960),

Mansfield, (1961), and Bass, (1969) [54-57,136].

Rate of Adopters

Innovatars Early Adopters  Early Majority Late Majority Laggards
2.5% 13.5% 3494 3404 16%

Figure 10.Categories of Consumers inTzlamSiﬁusion of Innovation Framework [58].

Time series and diffusion rate models have been applied to the prediction of diffusion
in a variety of different markets including telecommunication, electronicsyyaead
transportation. The most widely used models are the Bass model, Gompertz model and
Logistic model. These models have been used extensively to model innovation diffusion in
automotive markets [37,41,54,55,60-70,72—-77,79,80].

The Bass model is used for forecasting the adoption rate of a new technology under
the assumption that no competing alternative technology will exists in thetpiadeg[55].

Bass divided consumers into two groups: innovators and imitators, as shown in Figure 11.
Innovators are defined as adopters due to a mass-media effect, wher@assrare defined

as adopters due to a word-of-mouth effect.
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Imitators

Mumber of new adopters

Innovator

Time

Figure 11 Categories of Consumers in a Bass Framework [55]

According to Bass there are two conditions at which the Bass model is aperémriat
use in forecasting the long-term sales pattern of the new technology [55].

1) The new technology has been introduced to the market for which the time

period sales are observed.

2) The new technology has not been introduced yet but it could have a market
behavior similar to some existing technology with known adoption
parameters.

In modeling the automotive market, the Bass model can be used to predict the
adoption time and rate of new vehicles. For vehicles where sales data akistslythe
parameters of the Bass model can be regressed. For vehicles wheenbdrssiorical
sales data, analogs or surveys must be used to determine consumer’s product adoption
characteristics. These assumptions cause a higher degree of uncertarstyuane more
extensive model calibration and/or the inclusion of more variables such as price and
advertising affects.

The Bass model formulation presented here includes the capability to perform both
methods of model construction and follows the notation of [55]. The fraction of the available

market that will adopt a product at timhean be defined as,
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f(t)/[1 - F(O)] = p + g*F(Y) (10)
where the adoption at timeakes the form,
a(t) = M*p + (g - p)*A(t) - (/M)A > (11)

M: market potential, (total number of customers in the adopting target segment)
p: coefficient of innovation, (external influence)

g: coefficient of imitation, (internal influence)

f(t): the portion of M that adopts at time t

F(t): the portion of M that have adopted by time t

a(t): adoption at time t

A(t): cumulative adoption at time t

The equation of the generalized Bass model can be fit existing sales dathesing

following equations:

_ a(ptot
E(t) = 1-e

1+ ﬂ e,( p+a)t
b (12)

where

() = F(t), t=1
C|FM)-F(t-Dt>1

Alt)=M * F(t),
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The time of the peak sales can be calculated as

t = 1/(p+g)*Ln(a/p) (14)

In addition, price and advertising affects canrmmrporated into the Bass model

through the inclusion of the functiot), wherex(t) can be a time dependent function of

price or other variables.

fFO/1-FO] = [p + g*F(O)]*x(t) (15)

A functionx(t) which includes consideration of price and adverjzan be

calculated from

x(t) =1+ o PO=PEDL g g o [ADD — AdC —1)]}
Pt-1 Ad(t-1)

(16)

« . Coefficient capturing the percentage increasekffnsion speed resulting from a 1%
decrease in price

P(t): price in period t

p . Coefficient capturing the percentage increasekffasion speed resulting from a 1%
decrease in advertising

Ad(t): Advertising in period t

Time series and diffusion models assume that ptsdare redesigned, remodeled or

updated and marketed in successive generatioriiough the period between generations is
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different for different products and technologyglegeneration will follow the diffusion
process. The ultimate diffusion rate for the pidamily will be the summation of the
diffusion for each generation. In the diffusionaebng of automotive products, automotive
product generations have been variously defineddraesy generation of a current carline
(Toyota Prius generation Il) [28], as the introdioictof a new technology within a current
carline (Toyota Camry HEV) [28], or as an entirew car line in the market (Chevrolet

Volt) [28].

The Bass formula for the first seven generations foduct line is:

Gri= F(t)M[1-F(t2)] (17)
Go,i= F(t2)[M2+F(t)M][1-F(t 5)]

G 1= F(ta){Ma+F(t2)[M+F(t)MaJ}1-F(t 4)]

Gui= F(taf{Ma+F(ta)[ Ma+F(t2)[M 2+ F(t)MIIHL-F(t 5)]

Gs,i= F(ts){Ms+F(ta)[ Ma+F(ts)] Ma+F(t2)[M2+F(t )MIIL-F(t 6)]

Ge,i= F(te){Me+F(ts)[ Ms+F(ta)] Ma+F(ts)[ Ma+F(t2)[M 2+ F(t)MIIHL-F(t 7)]

Gr7.= F(t7){M7+F(te)[ Met+F(ts)[ Ms+F(ta)[ Mat+F(ts)[ Ms+F(t2)[M2+F(t)M4]]]]1}

M;: incremental market potential for generation i
ti : time since introduction ath generation ané(t;) is Bass Model cumulative function

wherep andq are the same for each generation

Estimating the market potentid¥) is a critical part of the formulation of a difioa
model. The market potential need to be estimaieddch technology as it will be the upper
market bound for that technology. This has praeelne a complicating factor in automotive

technology market diffusion modeling because ofrteed to understand the market potential
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for each vehicle class, the market preferencedoh ¢echnology within each vehicle class,
and the share of manufacturers who will actualtggnate a given technology into each
vehicle class. The market potential must oftemgkaover the period of the analysis by
integrating fleet expansion, vehicle class volumange, manufacturer performance and the
availability of carline and technology. An exampfea market potential for the passenger

car HEV within the midsize class will be:
Mi = S*Prf*Sh (18)

M; :market potential over i year.

S Total number of new US vehicle class sales.

Pi: Consumer’s preference toward the technologytssncremental cost.

S: Market share of the manufacturers selling HEVarorounced to have introduce HEV

carline.

In addition to the Bass model, some HEV adoptioniss have used the Gompertz
and Logistic models to model HEV market diffusiofhe Gompertz model is a time series
mathematical model developed to describe humanafitgrage dynamics [137]. The

Gompertz model equation is

f(t) =ke e (19)

Where

Ft)=2 1)

A =M*F (), (20)
a(t) = M * f (t)
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k :long run market potential
b: delay factor

I: inflection point (time where 36.8% of the marketential is expected to be reached)

The Logistic model is a sigmoid curve used as ah&ped curve to model population

growth. The simple Logistic Model equation is

1
f)=———— 21
® 1+exptt) D)
The logistic model used to model the diffusionrofavation is:
S
f(t)= 22
® 1+ B*expEA*t) (22)
Where

S Long run market potential

T: time index

A: Delay factor (between 0 and 1)

I: Inflection point (time at 50% market potentialde reached)

B = exp(I*A)

In general, the frameworks for using the Gompentt laogistic models are similar to
the framework of the Bass models in that all regjthee fitting of preexisting data, the

concept of generations, and a detailed estimafiomaoket potential.
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Diffusion and time series models have been apptigde prediction of diffusion in a
variety of different markets including transporvati Diffusion models are based on the
process of acceptance of a new invention or proothe market over time. The models
seek to capture the life cycle of new products ovee. The adoption rate of a new
technology can be forecasted only under the assomibiat no competing alternative
technology will exists in the marketplace. Theadigantages are that assumptions used cause
a higher degree of uncertainty and require moreresite model calibration and/or the
inclusion of more variables such as price and ddbveg affects. Also the time of peak need
to be known in advanced, it cannot simulate thieisiién of technology where there an
existing competing technology, the market poteritinkach technology need to be estimated
which has proven to be a complicating factor iroendgtive technology. The advantages are
that it is easy to implement and use by known te®hcal trend of the technology or similar
technology. It simulates consumers’ adoption usiagsical theories on diffusion and like in
Bass generalize model it can model different geitars of vehicle technology over time.
Results show that using only Bass model can lea@npinconsistent results within and
between studies. Some studies show that a dedreBstEVs MSRP will lead to an increase
in there diffusion. A study by Jeon presentedréseilts of HEVs, PHEVs, and EVs using
Bass model with successful generation and withrg iieh market potential estimation. His
result show that HEVs will lead the market but wsticcessful PHEVs and EVs reaching 5

million, 1 million and 2 million by 2030 of new vette sales respectively.

5241 Review of Key Diffusion and Time Series Modeling Studies

In this section we review some key studies thatheed diffusion and time series

modeling to estimate the adoption rate of HEVs, FBlBnd EVs.
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Lamberson, (2009) examined the adoption rate of $1&inhg the Bass and Gompertz
models [25]. The study compared diffusion of HEE¢Hnologies to that of other automotive
innovations and extrapolated results to the US.fleach model gave a different result
though the Gompertz model was found to perform nfeorerably than Bass model [25]. He
concluded that government incentives and regulatitirplay a major rule in HEV adoption.
He uses a nonlinear least squares method to estthm@parameters of the Bass and
Gompertz model on the monthly US HEV sales. Tha& tonarket penetration is estimated to
be 1.6 million for the Bass model and 25.7 millfonthe Gompertz model [25]. The Bass
model estimated that HEV sales will peak out onm@m2008 and then decline whereas the
Gompertz model estimate it to increase until 20idb then decline. It is estimated that on
2015 the annual HEV sales will be 2636 and 1,296f8im Bass and Gompertz models,
respectively [25]. In 2020 the HEV sales will B2 &hd 1,208,039 from Bass and Gompertz
models, respectively [25].

McManus and Senter, (2010) studied market modelgrixdicting PHEV adoption
[96]. Two scenarios were considered, without fisaturation level and another with a fixed
saturation level. In the fixed saturation scendB@ass, Generalized Bass, Logistic and
Gompertz models were used. The market potentialasamated to be around 1.8 million
for the Bass, Generalized Bass and Logistic maslbtye it was 4.4 million in the Gompertz
model [96]. PHEV sales were estimated to pealb@i®0 after 7 to 8 years from
introduction [96]. In the without fixed scenareomodel presented in Centrone et al., (2007)
and consideration-purchase model were used [26;B&. consideration-purchase model
accounts for vehicle sales, stock and scrappagedifferent PHEV incremental cost $2,500
to $10,000, on 2015 the PHEV penetration ratetismased to be 118,793 to 4,726 units and
on 2025 it is estimated to be 1,891,576 to 84,34t and on 2035 it is estimated to be

6,021,141 to 379,615 units [96].
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Cao, (2004) used an extended Bass model with yanmarket potential to model
HEV market diffusion [27]. He included forecastgbsoline prices 2003-2025 and
prediction of consumer’s evolving awareness of HE&hnology. Some of the assumptions
considered are that the coefficients of the Basdaindo not change over time, there exists no
interaction among vehicle technologies, vehicl&émetogy supply always equals or exceeds
their demand and the diffusion rate is not effedtgdovernment policies or marketing
strategies. The model was tested under diffei@mnagios of; HEV awareness influence,
gasoline price change, and market potential scenatin the scenario analysis the market
potential was assumed to be around 10% of the WR&alegistered vehicles in 2000, and
consumers awareness to increase by 2% per yeare Were two peaks due to first HEV
purchases (2013) and replacement sales (2023)seTHBV sales are estimated to reach
510,000 in 2008 and 2 million in 2013. In the tgasoline price scenarios considered,
gasoline price is assumed to increase by 25 cadt$@cents per gallon per year from 2007
on. The average annual HEV sales are estimatied 202 million and 2.8 million from 2011
to 2025 for these two scenarios, respectively.

Jeon (2010) examined the penetration rate of HEYAE Vs and EVs until 2030
based on the Bass diffusion model [28]. He analy{he problem by using a successful
generations to overcome the limitations and fixadistion problems of the Bass model.
The generations were defined by either a starewof technology carline or a new generation
of current carline technology. The market potdntias estimated for each generation as the
approximate average sales of the US vehicle fleelass in which the technology exist
multiplied by the generation period. His modelraated the US annual sales of HEVS,
PHEVs and EVs to reach 5 million, 1 million and gnillion respectively.

Becker, (2009) reports the rate of electric vehaleption using the Bass model

under two gasoline price scenarios and accountingehicle purchase price and operating

99



costs [138]. In the baseline scenario the EV aNe a penetration rate of 3% in 2015, 18%
in 2020, 45% in 2025 and 64% in 2030 of the tot&lllght vehicles sales [138]. Trappey
and Wu, (2007) evaluated three forecasting metbadarge and small data sets [139]. An
extended logistic model fit large and small datbetter than a simple logistic or Gompertz
model and was well suited to predict market growith limited historical data [139].

Other studies have used diffusion models to es#inte diffusion rate of HEV in
countries other than the US. In a study by Waoal.e(2009) a Bass diffusion model was
used to estimate the adoption rate of PHEV in Kémeasing US HEV sales data [140]. The
study did not test or use any historical vehiclesdata in Korea but they only considered
the total vehicles registered and the year velsigles. They limit their analysis to small
sized HEV cars excluding light trucks and othegéairvehicles [140]. In their estimation of
Bass model parameters they assume that the mantegttial for HEVs are estimated from
US HEV sales data [140]. By 2032 the adoption chteHEV was estimated to reach its
maximum where in 2052 the Korean market would Iherated with PHEV [140].

Muraleedharakurup et al., (2010) used Gompertz tiranwd Logistic models to
forecast the adoption rate of HEV in the UK up @3@ [141]. The Bass model was not used
due to the absence of past vehicle sales datastlidg considered technology life cycle net
cost in the predicting of HEV adoption rates althiothey did not explain how they
integrated the life cycle cost in the penetratiate icurve fit [141]. The analysis was
performed by specifying the market segment, esiirgdhe market potential, estimating the
economic cost and estimating the technology petm@treate. The study considered the UK
fleet and results show that the penetration ralleashieve 7.5% by 2020 and 16% of the UK
vehicle market by 2030 [141]. Some of the facfotsd to affect HEV penetration rate are

the oil prices and increase in diesel vehicle patien [141].
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525 Other Models

Some studies have examined the penetration rdd&d6 using existing forecast,
survey data, or supplier’s capabilities.study by Balducci, (2008) examines the market
potential for PHEVs in the US [142]. Three sceosiwvere examined for PHEV market
penetrations from 2013 to 2045. The first scenaas based on existing forecast of hybrid
technology and the estimated PHEV shares as defieedEPRI and NRDC estimates [142].
The second scenario was based on asking domaintgxpethe best judgment under a given
set of PHEV conditions that range from marginalt togax incentives. The last scenario
was based on estimates of the supply capabilifiastomakers and battery manufacturers.
The study found that in 2045, the PHEV market patien is estimated to reach 11.9%
using the first scenario, 30.0% using the secorda and 73.0% using the third scenario
[142].

In another example of unconventional Curtin et(@009) examined the purchasing
probability of HEVs and PHEVs [114]. The analysias based on the results of interviewing
a nationally representative sample of 2,513 adrdts July to November 2008 in US [114].
The data showed social factors to affect consumanchasing decisions, but that economic

incentives dominate consumers’ automobile purclgedéectisions [114].

5.3  Penetration Rate Modeling Results and Discussion

In this section, we present the results of eaclevead study where the authors
performed a market penetration rate study for tBethat used a model of the US vehicle
fleet, and that attempted to predict HEV, PHEV bdfrarket share as a function of time.
Whereas the review of the literature presented albeNes on studies of HEV, PHEV and EV
market modeling, these results are restricted lp BHEV market studies. The results for

each modeling type are presented together.
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5.3.1 Agent Based Models

Using agent based models, only Sullivan et al. 2@3timated HEV, PHEV or EV
market penetration according to the above requingsneEppstein et al., (2010) predicted the
adoption rate of PHEVs as a function of time bubtwaut specifying initial start date [117].
Sullivan et al., (2009) estimated fleet penetratiod new PHEV sales for 2015, 2020 and
2040 using two fuel price scenarios [23]. The focases considered in each fuel price
scenario are, 1) a base case, 2) a case under attmmobile manufacturers subsidize the
incremental cost of PHEVs, 3) a case under whitdsdax for PHEVS is exempted, and 4) a
case under which both 2 and 3 are combined. Thdtsepresented in Figure. 4 show that
subsidy and sales tax exemption are required fé&\Patdoption. The increase of PHEV
sales over the base case is estimated to be 4% to 8020 and 17% to 24% in 2040. Itis
estimated that changes in fuel price are more fstgnt than the considered policies in
increasing PHEV sales. An increase in fuelingctst$4 per gallon will increase PHEV

adoption by 1% in 2020 and 8% in 2040 [23].

25%

20% Base Case $4/gal

) / A
15% // Base Case $2/gal
10%

=== Subsidy & sales tax
exemptions $4/gal
5%
e Subsidy & sales tax

0% exemptions $2/gal

PHEVs sales share

2010 2020 2030 2040
year

Figure 12 PHEV sales penetration rate fleet share as estimaiag agent based methods.
[23]
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5.3.2 Consumer Choice Model

Using consumer choice models, a few studies havmated HEV, PHEV or EV
market penetration according to the above requingsnelThe HEV sales rate was most
completely estimated by Santini and Vyas, by th&WMarket Introduction Study and by
Bandivadekar [18,24,95]. A comparison of theseltess shown in Figure 13.

The differences between the results of these ftuadeedue to the variation in
modeling, model parameters, and assumptions asssied in previous sections. The
variations of HEVs penetration rate estimated lphestudy are ~ 82% on 2020 and 46% on
2045. The variation within the AVID model is duethe fuel price scenarios of $1.5/gal and
$3/gal. HEV adoption rate is estimated to incrdase 41% for an increase of the fuel price
by $1.5/gal. PHEV Market Introduction Study resudhow higher HEV adoption rate where
the variation between scenarios considered ammatstd to be ~ 14% on 2020 due to the
change in HEV ownership cost. The variation betwssenarios results are ~ 4% on 2020, ~
19% on 2030 and ~ 30% on 2045. Ignoring studiearpeaters, assumption and data
dissimilarity the variation on HEV penetration ratgimated by each study are due to either a
decrease in HEV purchase cost or a decreaseapétstion cost due to an increase in fuel

price when compared to similar gasoline operated@ational vehicle.
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Figure 13HEV Fleet Penetration Rate Estimated Using Cons@heice Method
[18,24,95].

Figure 14 show the results of the PHEV Market ldtrction Study and Bandivadekar
model study for PHEV penetration rate [24,95]. $Shecessful PHEV scenario at the Market
Introduction Study of tax credit to 2020 show ttie adoption rate will reach ~18% by 2020
but this will be by taking some of HEV market shafd Bandivadekar model the variation

between scenarios results are ~ 2% on 2020, 5%080 &hd 9% on 2045.
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Figure 14 PHEV Fleet Penetration Rate Estimated Using Cons@heice Method [24,95].
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5.3.3 Diffusion Rate and Time Series Models

Lamberson used the Bass and Gompertz model toatstitEV and PHEV new
vehicle sales. He used the US monthly vehiclesteggion data [25]. Xinyu used an
extended Bass model with variable market potentiedre Jeon used the Bass model with

successful generation; results are presented urd-ith [25,27,28].

6,000,000
5,000,000
==¢==| amberson,
BASS

4,000,000
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=~ 3,000,000 Gompertz
]
T / === Xinyu Cao, BASS

2,000,000

1,000,000 - M Jeon. BASS

0 _Amv < T T )
2005 2010 2015 2020 2025 2030 2035

year

Figure 15HEV Penetration Rate Estimated Using Bass and Gampkethods [25,27,28].

The PHEV penetration rate was estimated by McMamasSenter for two PHEV
incremental cost scenarios [96]. The increaseHBW sales is estimated to be ~100,000
vehicles on 2015, 1.8 million on 2025 and 5.6 million 2035 this was due to a decrease in
PHEYV cost by $7,500 [96]. Jeon results show th#EY sales will slowly increase to reach
1 million vehicles by 2030 due to fast increaseliElV market share, results are presented in

Figure 16 [28].
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Figure 16 PHEV Penetration Rate Estimated Using Diffusion ieit[28,96].

The adoption rate of Electric vehicle was estimdtgdecker using two scenarios
[138]. The variation in electric vehicle adopti@te scenarios will increase to 256,000 on
2020, 480,000 on 2025 and decrease to 336,0003m[238]. Jeon estimated that EVs will
have a high market share compared to PHEVs andleedales will increase to reach ~ 2

million by 2030, results are presented in Figurg¢2B8].
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Figure 17 EV Penetration Rate Estimated Using Diffusion Metf28,138].

Results presented show there is a large variagbmnden models, studies and within

each study scenarios. Simulation of PHEV markagepation rate is very difficult but
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needed for researches and policy makers as pkntgefr analysis. In the next section the
recommendations will provide an essential guidda@nhance the PHEV market

penetration models.

54  Recommendations and Conclusions

This study has reviewed and analyzed the primargqaes, methods, and results of
studies of PHEV market penetration. The purpo$@gidorming vehicle technology market
diffusion studies are to 1) determine the futurmbar of PHEVs for planning purposes, 2)
understand whether PHEVs will be present in thevet8cle fleet, and 3) understand the role
of policy in encouraging PHEV market diffusion. elprimary methods used in literature are
agent-based behavior models, consumer choice madélmarket diffusion models. Each
method is analyzed to understand its strengthsv@attnesses. The results of these studies
have been shown to be highly variable due to diffees within and among studies in terms
of the methods used (agent-based methods, consinmee methods, and diffusion rate
models), the values of important parameters (inolytbtal available market), assumptions
(including fuel costs), and uncertainty in poliaydamarket condition scenarios.

On the basis of these findings, we can synthesizernmendations for improving the
utility of these studies for decision making byistg and in the vehicle and utility industries.
An improved interface between modeling and surveys needs to be developed.

Most studies do use consumer survey data to infbem adoption rate modeling, but the
fidelity with which the consumer is modeled does match the richness of data that could be
derived from survey. For instance, many adoptaia models divide consumers into
categories of innovation including: innovators,lgadopters, early majority, late majority
and laggards as defined by Rogers [58,95,114kt, k& unclear whether the innovation

categorizations developed for low-operation cosiscmer products are applicable to the
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high operations costs associated with vehicledéaehomy preference. Second, none of the
PHEV market preference surveys performed to datecposumers on their openness to
automotive innovation, so as to identify surveyeefgrences with these categories.

Include modeling of vehicle supply and the actions of automakers. None of the
reviewed studies have attempted to measure andl moienakers actions and plans for
PHEVs. Automakers represent the supplier of thkrtelogy under consideration and they
are constrained by factors including budget, tetdgyoavailability, brand preference, and
preexisting product plans. The primary assumpitormost of these studies is that
manufacturers are able to meet the proposed denianEBIEVs. This assumption has not
been strongly challenged, but numerous studies $tlaawn that policy demands and
consumer demands for fuel economy can be met iis Weat do not require the mass-
production and mass-marketing of PHEVs [2,81].

Include modeling of competition among technologies. Most of the models
assumed that consumers will consider the discredee between the new purchase of an
HEV and a CV. Most of the studies reviewed hederdit consider how consumers will
understand competition among the other technolabegswill be available. The majority of
models assume that one technology (HEV, PHEV or\E\l)'dominate for the next 10-30
years and the market of these vehicles will ndbbeto a new technology. Most models did
not consider automakers’ rate of adoption of impband fuel efficient CV technologies
[2,81]. Most models did not consider the presesfddEVs or other advanced technologies
in the used car market.

I mprove modeling of market volume and vehicle classifications. A majority of the
models reviewed here consider the vehicle flegetononolithic; only a few of the studies
consider the effect of variation in consumer prefiee for HEV, PHEV and EV technologies

among vehicle classes and types, and those useyieAehicle classifications. The market
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share of vehicle fleets, classes and makes muesdtheated and integrated in the modeling to
set the correct market potential for every vehietghnology.

I mproved sensitivity analysiswill support and verify the model results and
provide a guideline to futureimprovement in the model, parameter s and assumptions.
Studies have considered different scenario analysesere based on parameters that affect
vehicle technology cost. Studies are lacking stgianalysis within the model
assumptions, parameters, market condition suckaasogy, slops, utility functions, and
change in market or consumers economy. Studiethainmodels under different scenarios
assuming the validity of the model! There are fa@asures of uncertainty, model
components, model data, market potential, and tdobg cost/benefits. There is a need to
measure how the final model results are sensitivtkég model components and assumptions
used. Validation of the data needs to be followedalidation of the model, parameters,
data, and assumptions used. This will measurpaghifermance and accuracy of the model

and model results.

54.1 Conclusions

This literature review is focused on PHEV penetratiate model studies. PHEV
technology is a critical technology due to thedueed petroleum consumption and
consequent value to consumers, society, automakaigyolicymakers. PHEVs can reduce
greenhouse gas (GHG) emissions and increase U§yesezurity. This paper presented the
available research study in PHEV penetration raideh These studies are relevant and
defensible within their scope, but many researcaedspolicy makers will be using these
types of studies as components within larger arglyBhe large and unquantified sources of
uncertainty and the large variability among studiekes synthesis of the state of the art

simulation of PHEV market penetration very difficuBy following the recommendations of
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this literature review, it is hoped that the fielmh expand its impact and relevance to decision

making entities in the government, utility and am#éixers.
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Chapter 6- Multi-Criteria Modeling System of the U.S. New Vehicle Fleet

6. Chapter Summary

Policymakers, analysts, society, and consumersmtaested in understanding various
vehicle types and technologies under differentt fi@metration scenarios so as to understand the
trajectory of various sustainability indicatorsté personal transportation fleet including fuel
economy, total cost of ownership, air emissionsicédn, and imported oil reduction. These
long-term studies have concentrated on descrilhiegtfect of technological advancement on
these indicators without considering the policyteahin which these technological advances
occur.

For this example, we consider the effect of thetterm trajectory of US Corporate
Average Fuel Economy (CAFE) standards, which appgsed to double by 2025. CAFE policy
provides an aggressive baseline model of fleebpmidnce against which any advanced vehicle
technology must compete. In order to understaaddsts and benefits of vehicle electrification
(through PHEV technology) this study has constaietenulti-criteria modeling system to
simulate the fuel economy, total cost of ownershipemission and fuel displacement of the US
vehicle fleet over the period 2010-2030. VariolsvHand PHEV penetration scenarios are
simulated to understand the economic, environmam@lpolicy effects of the technologies.
Results show that only a very high PHEV penetrasioenario can meet the proposed CAFE
regulations, and that vehicle electrification i®af only a few technology paths that can realize

long-term economic and petroleum reduction benefits
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6.1 Introduction

This study presents a multi-criteria modeling systhat simulates the sales of US new
light-duty vehicles over the period 2010-2030. Elgstem model is based on the CAFE and
TCO models developed and discussed earlier butteg@amd upgraded to include all of the
vehicles sold in the US, and an assessment ofsulatement and emissions cost/benefits.

In 2008, The US National Academy of Engineeringadeped a study to review PHEVsS
projection, factors affecting PHEVs diffusion, PHEmMaximum practical penetration rate, and
estimating PHEVs costs and impacts on petroleurswoption and well-to-wheel GO
emissions under different PHEV penetration scesarlo their study the used mid-size car
PHEV 10 similar to Toyota Prius (parallel) and PHEYsimilar to Chevrolet Volt (series). The
fuel economy and electric use were similar to tssfubm Simpson (2006). PHEVs costs to
manufacturer relative to CVs were estimated usingrh. battery under two incremental costs
scenario, optimistic and probable. Some of thekwesses of the US National Academy of

Engineering study are

. Applying the technology to only mid-size car class.

. The cash flow analysis considered technology cstisfuel costs only.

o Not including the fleet CAFE achieved for each tealbgy scenario.

. The model used is simple and missing a level ddileéeded for the analysis; it

was based on NRC, 2008 model (STM (Simple TramsModel)) with some
modification.

. Electricity prices are kept constant at $0.08/kWh.

112



o The estimated cash flow was not discounted bumnesgid to be the required costs
to make PHEVSs.

o Fleet have the same total number of vehicles dweeperiod 2005-2050.

. The total technology incremental price chargedh&®dustomers was
overestimated and it is 140% of the PHEVs incremaiesusts.

o PHEVs emissions calculated do not account for batteinufacturing emissions

o Air emission assessment was for GHG emissions only.

Overall the US National Academy of Engineering gtuebsults and conclusions are

o Costs of Lithium-ion battery is high and it is exferl to have a limited price
reduction in the future

o PHEVs costs are very high and this without inclgdimes electric system
upgrades that might be needed. Incremental co$t&Y is estimated to be ~
56% of PHEV 10 and ~ 21% of PHEV 40

. The benefits of PHEVs are very sensitive to theremental costs and gasoline
prices. PHEV 10 will achieve cost-effectivenessdathan PHEV 40 because of
its lower incremental costs.

. Maximum Practical rate of PHEVs are unlikely to wicdue to market, consumer
and automakers behavior

. The impact of PHEVs on oil consumptions will beited before 2030 due to

their low penetration rate
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o PHEVs with large battery capacity will emits lesd@& but this benefits is driven
by how clean is the electric power used
o PHEVs will not harm the electric grid for next ddea if they are charged at night

. More research are needed

The primary goal of this analysis is to calculatd avaluate the achievable CAFE of US
fleets, and the net value of reduced costs, aisgons, and oil consumption over the period
2010-2030. The vehicle technologies that are albhalin this study are conventional vehicles
(CVs), hybrid electric vehicles (HEVs), and plughybrid-electric vehicles (PHEVsS). The
CAFE model evaluates the fuel economy of all US mehicle sales where the TCO, oil
displacement and emission assessment is calcdtatadset of vehicles representing ~95% of

U.S. new vehicle sales.

6.2 Mode Development
6.2.1 Data Collection and Modeling

This multi-criteria modeling system is based on@#d~E and TCO models described in
Chapter 3 and Chapter 4 with the addition of arisiplacement and air emission assessment.
The CAFE model was upgraded to include all of tbe IS carlines, carline sales, carlines
MSRP, carlines footprint, carlines weight and flaetual and forecasted sales over the period
2010-2030. Vehicles were classified into passengeand light truck fleets. In the light truck
fleet, SUVs and Pickups were divided into smalldrae and large classes based on their
footprints as shown in Table 13. The HEV and PHE®3echnologies are applied to four

vehicle classes within each fleet to cover 95%heftbtal vehicle sales. In the passenger car
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fleet, the four vehicle classes that are subjeetdotrification are the subcompact car, compact
car, midsize car and large car. In the light trilekt the four vehicle classes that are subject to
electrification are the midsize SUV, large SUV, imam, and large pickup. As proposed by
NHTSA [2] the required footprint CAFE standard &ach vehicle footprint category within each
fleet were calculated for the 2010-2030 using Mekitorecasted sales and reference year
footprints [2]. Vehicle classes and carline shameskept the same but their volume changes
with respect to NHTSA forecasted fleet volumes dlierperiod 2010-2030.

The TCO model was upgraded the same way and byp@tidd more vehicle classes to
each fleet to cover 95% of the fleet’s vehicletie TCO model calculates the total cost of
owning and operating each CV, HEV and PHEV5-60 alelsold in the period 2010-2030. The
model was updated with forecasts of vehicles 42le$uel economy [102], MSRP [102],
registration renewal and fuel prices [2,143]. Ebarce for the nation forecasted fuel prices
were NHTSA and EIA [2,143]. All costs are in 201&%] discounted at 6%.

The reference (baseline) case has the same vé&ypele as the 2008 MY vehicle sales
but with forecasted 2010-2030 fleet volumes.

Finally, a model of air emissions and oil displaeatvaluation is included. Oill
displacement and emissions costs assessment sita@ions and method were based on the
methods reported in [144]. The oil displacemerhiaton costs used are presented in Table 14
well-to-wheel GHG and other emission componentpeagsented in Table 15. The complete

emission quantity and costs are presented in app€énd
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Table 13. Additional classification of SUVs andRips in the Light truck fleet

Minimum | Maximum

Small SUV 41.0 42.5
Mid-Size SUV 43.1 47.0
Large SUV 47.1 61.0
Small Pickup 44.8 47.9
Mid-size Pickup 53.4 60.0
Large Pickup 63.8 75.2
Minivan 45.3 55.6

Van 63.5 65.2

Table 14. Oil displacement valuation, [144].
Military Monopsony| Supply disruption
$0.03/gal $0.22/gal $0.09/gal

Table 15. Air emission components evaluated [144].

Direct

Gasoline US refineries|  emissions CC, CHa N2O COs NOx | PMyp | PMss | SO, | VOC | CO
Emissions Upstream
emissions CC, CH, N.O CQs NO, | PMy | PMs | SO, | VOC | CO
Direct
) emissions GHG NG, PMio PM.s SG
Power Generation Upstream
emissions GHG co NQ PMuo PM,s | SO | VOC
GHG emission CQ CO4 NO GHG
Tailpipe emissions i ;
pip Air Pollution co NG, P PV Voo
emissions
Aiigﬁréy CO, CH, N2O CCe vocC CO | NG | PMyp | PMzs | SQ,
Battery emission Battery
upstream CG, CH, N.O COse vocC co NQ | PMy | PMys | SQ

6.2.2 System Mode Interaction, Input and Outputs
The function of the multi-criteria modeling syst@mocess is shown in Figure 18. The
inputs to the model are derived from an input/ou{p®) graphical user interface (GUI), and

from the database of information pertaining to egedr and each vehicle fleet. The inputs to the

model for each vehicle class within each fleet aner the period 2010-2030 are:

o Technology scenario penetration rates

J CVs MSRP
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o HEVs and PHEVs technology incremental costs

. CVs, HEV and PHEV5-60 fuel economy

o Fuel prices

. Fleet volume

o Discount rate

o Technology incremental costs learning curve coieffic

. CVs and technology fuel economy learning curve focehts
. Air emission and oil displacement valuation costs

The multi-criteria modeling system has a base saspario and works by updating each
CAFE, TCO and air emission model

The system model has 20 CAFE models for the passeag fleet and 20 CAFE models
for the light truck fleet, one for each year modeldhe CAFE models results for each fleet are
collected and sorted by the CAFE interaction maoadldle presented at the main I/O GUI. There
are 20 TCO models (one for each year modeled)don gehicle class. Each TCO model
calculates the TCO of each new vehicle sold. Eselts of each TCO model are collected and
sorted by the TCO interaction model and then prteseat the main I/O GUI. The air emission
and oil displacement model uses both emission &1 ihteraction models to assess the

emission and oil displacement quantity and value.

The outputs from the model for each fleet, vehatdess, and reference and scenario case

over the period 2010-2030 are:
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Achieved fleet CAFE

CAFE costs

Total cost of ownership (fuel costs, maintenancgs;salvage value, insurance
costs, purchase costs, and registration renewtd)cos

Annual and cumulative cash flow

Air emission (GHG, CQ CH,, N,O, NG, SGQ,, PMyo, PM, 5, VOC and CO)
guantity and valuation

Gasoline consumption, electricity consumption anldd@placement valuation

Gasoline fuel displaced and gasoline fuel tax lost

118



Phas=1I: CAFE Mode=l

(= H

Mlodal Synthasiz
Laval Interfaca

W

Phasa II: TCO Bhod=l

i

Adremizzion & odl
dizplacsment assazsmant

—

Mlodal Svnthasiz
Lanpal Interfaca

W

Modeal scenario
rasults

Figure 18. Multi-criteria modeling system flow char
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6.2.2.1  Scenario Definitions

Penetration rates for HEVs and PHEVs are presentidir scenarios and compared to a
reference case that assumes a fleet with no HERH&V technology. The four scenarios are
labeled

1. Low HEV,

2, High HEV,

3. Medium HEV/PHEYand

4. High PHEV.

The low HEV scenario assumes HEVs to reach 41%wfvyehicle sales by 2030 in both
passenger car and light truck fleets. HEV salaslrd00% of the new vehicle sales in the high
HEV scenario by 2030. In the medium HEV/PHEV scenddEVs reach 42% of the new
vehicle sales by 2030 in both fleets whereas PHEYsh 32% of sales in the passenger car fleet
and 45% of sales in the light truck fleet. ThelhRHEV scenario is designed to meet the
proposed footprint CAFE standards each year owepéhiod 2010-2030. The high PHEV
scenario also includes HEV sales. In the high PIdE&hario, HEV sales make up 7% of
vehicle sales by 2030 and PHEV make up 66% of #ssgnger car fleet and 75% of the light
truck fleet by 2030. The three PHEV technologigsdifor each scenario were PHEV 30, PHEV
40 and PHEV 60.

Figure 19 and Figure 20 shows the modeled cumelathicle sales of PHEV and HEV
technologies under the four considered scenaiibg. penetration rate of each vehicle
technology is presented in Figure 21 through Fi@4réor the passenger car fleet, and in Figure
25 through Figure 28 for the light truck fleet. deenarios 1 through 3, HEVs and PHEVs

gradually replace CVs with monotonically increasmgrket share. In scenario 4 (the high
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PHEV penetration scenario, PHEVs become the mgjmahnology by 2025 and HEV share

decreases between 2017 and 2030.

In each scenario of the multi-criteria modelingteys, the following assumptions apply:

Gasoline fuel and electricity prices are based @nojections, 2009 [2,143]
Fleet fuel economy efficiency improvements and medbgy incremental cost
decrease followed ANL average rates [102].

The estimated cash flow was discounted at 6% rate.

The base scenario used was a fleet without HEVHE\Ptechnology.

Fleet volumes are forecasted with reference to NKXb& carlines have the same
share over period 2010-2030 [2].

Vehicle miles traveled are similar to the VMT used CO model

Technologies incremental costs are the manufactostdas in CAFE and TCO

models
e PHEV, Scenario 3 == PHEV, Scenario 4 === HEV Scenario 1 === HEV Scenario 2
120 160 HEV Scenarig 3 === HEV Scenario 4
o o
o
5 / 5 120 7
g 80 / 8 100
2 S /
5 §60 5 § 80
“6 40 o /
2 / / 2 40
S 20 2 5 e
E / E i —
O B T T T 1 0 T T T 1
2010 2015 2020 2025 2030 2010 2015 2020 2025 2030

Figure 19. Market Penetration (Cumulative  Figure 20. Market Penetration (Cumulative
Sales) for PHEVs Under Scenarios 3 and 4.  Sales) for HEVs Under Scenarios 1 Through

4.
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Figure 21. Technology Penetration for thewvw HEV Scenario
in the Passenger Car Fleet
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Figure 22. Technology Penetration for tHigh HEV Scenario

in the Passenger Car Fleet
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6.22.2 CAFE and Cash Flow Results and Discussion

Based on the technology penetration scenarios alka/ean define the fleet CAFE and
economic cash flow for the US vehicle fleets. F&R9 and Figure 30 shows the fleet CAFE for
the reference case, and shows the footprint andalicelated achievable CAFE of the passenger
car and light truck fleet for each scenario. Gthly High-PHEV scenario is able to meet CAFE
regulations. Under all other scenarios, the autor@®EM will face economic penalties for not

meeting the required CAFE.

80

70 /
60

S Fleet CAFE,
g— / "BASE"
g Calculated
g 50 - Footprint CAFE
@]
2 ///“ Low HEV
g S
—— High HEV
3 =0 -
% Medium HEV &
o 20 PHEV
[
———High PHEV
10
0 T T T T T 1

2005 2010 2015 2020 2025 2030 2035

Figure 29 Achieved Passenger Car CAFE for Each of the Coraildéechnology Penetration
Scenarios
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Figure 30.Light Truck Fleet CAFE for Each of the Considerextiinology Penetration
Scenarios

The economic results of this analysis are showkignre 31 through Figure 34 for the
passenger car fleet and Figure 35 through Figurfer3®e light truck fleet. Figure 31 and
Figure 32 presents the cash flow and cumulative ttas for each scenario using the vehicles’
total cost of ownership as the only source of costenefit. Figure 33 and Figure 34 presents
the cash flow and cumulative cash flow for eachnage using the vehicles’ total cost of
ownership, oil displacement and emissions as theces of cost or benefit.

In each case, the cash flow starts negative bedtreggesents the cost difference of
scenario technology to the base case. The negatsleflow increases over time as more HEVs
or PHEVs sold since the prices of HEVs or PHEVsmaoge than that of CVs. and the net cash
flow then increases due to the economic benefitdefs or PHEVs over CVs. The year at
which the cash flow crosses the X-Axis is the breain year at which the benefits of a
technology scenario exceed their costs. The cuimeleash flow is the summation of year-by-
year cash flow over the life of vehicles and whas minimum (negative peak at the break-even

year) it represents the amount of funds requiratchpdement each technology scenario.
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Figure 31 Passenger Car Fleéash Flow (Only TCO) Figure 33. Passenger Car Fleet Cash Flow (TCOEHiission
and Oil Displacement Valuation)
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TCO) Figure 34.Passenger Car Fleet Cumulati@ash Flow (TCO,

Air Emission and Oil Displacement Valuation)
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Table 16. Cash Flow Analysis Results for Each Tetdgy Scenario

Buy-
Break- down
Study | Fleet Vehicle Class Scenario Technology Costin
Even Year| ggillion
S
PHEV 40, Maximum Practical PHEV 40 2040 $408
© PHEV 40, Maximum Practical, DOE Goal PHEV 40 2024 24%
E’ > 8 PHEV 40, Maximum Practical, High Oil PHEV 40 2025 413
g £ o PHEV 40, Probable case PHEV 40 2047 $303
< 2 g Midsize Car PHEV 10, Maximum Practical PHEV 10 2028 $33
T2 @ PHEV 10, Probable case PHEV 10 2028 $15
L 0, 0
g7 | e Mixed case, Maximum Practical | /07° HEV 19 3%%) 2037 $94
zZ
. 70% PHEV 10, 30%
_ _ Mixed case, Probable case PHEV 40 2034 $47
2| 8 Low HEV HEV 2026 $34
= % s Subcompact Car, High HEV HEV 2029 $83
= =) Compact Car, . HEV, PHEV 30, 40
@ C 1 ) 1
££| 8 | midsize Car, Large Medium HEV/PHEV 50 2030 $91
S5 | @ Car
=8| & High PHEV HEV, P'g%v 30,401 5007 $130
s 8| o Low HEV HEV 2030 $31
= 0 .
S & | 3 | Midsize SUV, Large High HEV NV P';'E\\// 36540 2030 $72
2| £ | suv Minivan, Medium HEV/PHEV RS 2021 $55
E g g) Large Pickup HEV, PHEV 30, 40
=2 — High PHEV a0 1| 2020 $73
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Table 16 summarizes the findings of the economatyais and compares the results to
the results of the National Academy of Engineesngly. In addition, some key comparators are
graphed in Figure 39. The US National Academymdi&eering scenarios of PHEV 40 are
found to have higher buy-down costs and a longealbeven time than this study. This is due
to the higher technology costs used in the anafysisthe NAE’s not including other costs or

benefits components for HEV/PHEVSs.

In each scenario of the NAE model the followinguasptions apply:

° Study was based on NRC, 2008 model with some nuoadiidin [145].

o Gasoline fuel prices are based on EIA projecti@088 (gasoline price, high)

o Electricity prices are kept constant at $0.08/kwWh.

. Fleet fuel economy efficiency assumed to have iwgmeents in engines and
other vehicle technologies. CVs and HEV fuel ecop@roposed to increase by
2.7%lyear from 2010 to 2025, 1.5%/year from 2028485, and 0.5%/year from
2036 to 2050.

o The estimated cash flow was not discounted buthastid to be the required costs

to make PHEVs.

o The base scenario used was a fleet without HEVHE\Ptechnology.

o Fleet will have the same total number of vehicléh the same vehicle miles
traveled

. PHEVs costs to manufacturer relative to CVs wetieneged using Li-ion battery

under two incremental costs scenario, optimistit probable and it is estimated

to decline over time as shownHigure 40
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The total technology incremental price chargedheodustomers is 140% of the
PHEVs incremental costs.

The PHEV market penetration probable scenario tieeprobable incremental
PHEV costs and assumes new PHEVs sales rise toyZa20, 15% by 2035 and
assumes the continuance of current policy incestive

The PHEV market penetration maximum practical sgensses the same
Hydrogen Case for HFCVs annual rate but start®¥02It uses the optimistic
incremental PHEV costs and assumes new PHEVs rgsdet® ~ 45% by 2035

and requires strong policy intervention.

$450
@ $400 u
g $350 BPHEV 40, Maximum Practical
g $300 [ - BPHEYV 40, Probable case
£ $250 APHEV 10, Maximum Practical
% $200 XPHEV 10, Probable case
g $150 X Mixed case, Maximum Practical
_§, $100 ® & X Mixed case, Probable case
a $50 ®Medium HEV/PHEV
$0 9\< . . ~ ®High PHEV
2020 2030 2040 2050
Break-even year

Figure 39 Cash Flow Analysis Results for Some of the Techyy®cenarios
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6.2.2.3  Air Emission, Oil Displacement and Total Cost of Owner ship Results and
Discussion

The GHG and other emissions quantity resulted froe-to-wheels, battery upstream
and assembly emissions of this analysis are shoviAigure 41 and Figure 42 for the passenger
car fleet and Figure 43 and Figure 44 for the lightk fleet. In each case, the air emission
increases as the cumulative number of vehiclegasas and then decline when vehicles retired.
A scenario with HEV or PHEV technology found to baa lower GHG emission in both
passenger car and light truck fleets. For therath@ssions, results are varies but the reference
case scenario found to have a lower other emissi@en compared to the high PHEV scenario
and this is mainly because of PHEVs battery assgsrhissions.

The valuation of air emission and oil displacemmsnpresented in Figure 45 for the
passenger car fleet and Figure 47 for the lightktrileet. In both fleets technology scenarios
will impose a lower air emission costs compareth&reference case scenario.

Figure 47 presents the oil displacement, air emnssand total cost of ownership for the

passenger car fleet and Figure 48 for the lightktleet for each scenario and compared to the
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reference case. In each scenario the total costgraater than the reference case and this is

mainly due to technology incremental costs.
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Figure 49 and Figure 5f@resents the quantity of gasoline reduction afsemgieact
scenario and the amount of gasoline tax lost fempssenger car fleet aFigure51 and Figure

52 for the light truck fleet.
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Figure 49.Quantity of Gasoline Reduced at Each Scenario in Figure 51. Quantity of Gasoline Reduced at Eacm&we, in

the Passenger Car Fleet
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6.3  Chapter Conclusions

Plug-in hybrid electric vehicle are found to be thest successful technology to be
able to meet the proposed footprint CAFE standaves the next few years. A scenario
without high PHEV technology cannot increase theflé&ts fuel economy to meet the
required footprint CAFE standards. To double therage fuel economy of new US cars and
light trucks by 2030, PHEV must be considered fsth technology options in addition to
the three technology options considered by Cheah,&2007 [146]. The three technology
options considered by Cheah et al., 2007, to dainglé).S. fleet fuel economy are: (1)
Improving vehicles fuel efficiency rather than taeotogy, (2) increasing the penetration rate
of diesel, turbocharged and hybrid gasoline vehjd®) reduction in vehicles weight and size
[146]. Our analysis show that low HEV, high HEMdamedium HEV/PHEV scenario will
increase the U.S. new vehicles sales CAFE but ¢attuble the U.S. fleet fuel economy to
meet the proposed footprint CAFE over the periodG#0 to 2030.

In our multi-criteria modeling system the cash ffoat different vehicle technology
penetration rates is the total cost of owning goerating the new sales vehicles rather than
only the price and fuel costs of vehicles as cared by the National academies study
“Transition to Alternative Transportation Technakg—PIlug-in Hybrid Electric Vehicles.”

At this analysis we have extended the cash flowatadn by adding air emission and oil
displacement costs. As explained at chapter hegatal cost of ownership need not to
restrict the costs and benefits of vehicle techgwlo its purchase and fuel costs. Vehicles
might have benefits due to their lower gasolinescomptions and maintenance costs but with
an increased purchase price and associated ingisales tax and registration renewal costs.

PHEVs are found to be successful in increasindltets’ fuel economy that break-

even within 20 years. This comes with lower aiission damages but at increased
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incremental costs. The benefits of PHEVs will @ase under high oil prices, clean electric

energy and lower battery manufacturing emissions.
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Chapter 7-Conclusions

The final chapter of this thesis will give a bregefmmary of the results and list the
major conclusions achieved from each chapter.
7. Chapter Summary

The objective of this research was to build a franor& that can model and optimize
the costs and benefits of PHEVS to a variety déedtalders.

Chapter Three focused on the economic value of PHEMIlowing an automobile
manufacturer to meet increasing CAFE standardéh®years 2012-2016. This analysis
compared the effects of 3 designs of PHEV and Hicsstimate the cost of CAFE
compliance with PHEVs as a component of the domestssenger car fleet and as a
component of the domestic light truck fleet. Thed®l describes the costs of CAFE
compliance of a major US automaker for model yead-2016. Novel models of HEV and
PHEYV fuel economy and incremental costs have beed to quantify the relative costs and
benefits of these vehicle technologies. Resulisciscussion sections compared the costs of
CAFE compliance among HEV technologies, and velyges, and proposed that PHEVs
can be an important component of auto manufactI@AFE compliance strategy.

The goal of Chapter Four was to more systematicgityhesize a PHEV total cost of
ownership (TCO) and consumer acceptability modtgbresented a novel TCO model and
compared it to those in similar studies in the nyriterature so as to understand the effects
of TCO study scope, methods and assumptions. T model proposed for this study
included models of various vehicle types, variobkEN types, vehicle purchase cost, loan
cost, tax cost, insurance cost, annual registraiosn, fuel cost, maintenance cost and salvage
value. The more comprehensive PHEV ownershiproostel developed for this study
showed a lower cost of ownership than previous ywatich resulted in a shorter payback

period and higher consumer preference. This sagdgrted that the most effective means to
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gauge the market potential and consumer accepyatilPHEVSs is through a TCO model
connected to a survey-derived consumer preferemckin The consumer preference model
used the cost and benefits derived from the congm®tie ownership model to determine
consumer preference for each vehicle type and PHR¥. It presented the sensitivity of
TCO, payback period, and consumer preference setsultehicle characteristics, economic
assumptions and model scope.

Chapter Five presented a comprehensive literaawiew of PHEV and HEV
penetration rate studies. This study reviewedaradyzed the primary purposes, methods,
and results of studies of PHEV market penetratibime purposes of performing vehicle
technology market diffusion studies were to 1) datee the future number of PHEVSs for
planning purposes, 2) understand whether PHEVsbwijresent in the U.S. vehicle fleet,
and 3) understand the role of policy in encouradhtlEV market penetration rates. The
primary methods used in literature were agent-basédvior models, consumer choice
models, and market diffusion and time-series modeklch method was analyzed to
understand its strengths and weaknesses. Thesre$these studies were highly variable
due to differences within and among studies in seoffmodels used, parameters,
assumptions, and uncertainty in future scenariggbfy and market conditions. The
findings provided recommendations for researchetsitierstand and define model
components and parameters that need to be intdgréteestimation of HEV and PHEV
adoption rates.

Chapter Six developed a multi-criteria modelingteysthat used and interacted with
phase I and Il models. The comprehensive moded gadeeper understanding of hybrid
vehicle costs and benefits over the next twentysyasaing different hybrid vehicles
penetration rate scenarios. The model estimateddhieved U.S. fleet CAFE, fleet total

cost of ownership, fleet air emissions damagesraission costs, and society costs. The
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model was used as the basis for a decision supgstem with negotiation process presented

in Appendix D. The results show that PHEVs hawetbenefit to society under a variety of

market penetration scenarios and that PHEVs cam li@portant component of an

aggressive program for improving the sustainabditthe US transportation sector.

71

Conclusions

A list of conclusions drawn from this work are aidws:
The results of phase | analysis (Chapter Three)stidhat in many vehicle classes,
PHEVs with 20 miles of electric vehicle range havewer cost of CAFE compliance
than both grid-independent HEVs and PHEVs with @@sof electric vehicle range.
The baseline results show that in both the passeageand light truck fleets, PHEVsS
have a lower cost of compliance with CAFE reguladithan conventional HEVS.
Passenger car PHEVs were shown to provide redwstd of CAFE compliance than the
suite of conventional technologies used to bencki@&FE compliance costs. The more
detailed scenario analysis showed that passeng®HiaVs can enable a lower CAFE
cost of compliance than the suite of more conveatitechnologies considered in
NHTSA's preferred alternative scenario. The reiuncin CAFE compliance costs to the
automakers is approximately 50% of the averageeimental PHEV retail price in the
passenger car fleet, thereby potentially redudiegricremental cost to the automaker of
PHEV production and sale. These results can ke msautomakers and regulators to
understand that incentives for PHEV production Hratpreexisting in the CAFE
regulations. The methods that will be used to teape incentives will be specific to
each automaker’s market, regulatory, financial emasumer position. Overall, results

show that PHEVs can contribute to a reduction endbsts of CAFE compliance for
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domestic automakers and should be considered mteena regulatory and industrial
analyses of CAFE compliance strategies.

The results of the phase Il study (Chapter Fousystinat a comprehensive TCO model
requires significant increase in scope over preyioodels in literature. The TCO model
scope presented in this work is shown to reprabentosts to own and operate vehicles
in the U.S. The analysis showed that TCO and pekypariod are sensitive to parameters
that have been well-modeled in literature includimgemental cost, gasoline prices, and
annual driving distance. It also showed that T@@ payback period are sensitive to
relatively understudied parameters of TCO modeliSgch parameters include models of
various vehicle types, various PHEV types, vehelechase cost, loan cost, tax cost,
insurance cost, annual registration cost, fuel,goaintenance cost and salvage value.
An additional result of Chapter 4 is to show thatsumer preferences toward the
purchase of PHEV must be modeled considering niame only PHEVs cost or benefits.
There are a many factors that influence consumeiseir vehicle purchase decision and
some are quantitative and others are qualitafiee highest fidelity means for assessing
consumers’ willingness to pay for PHEVs incrementats is the combination of TCO
modeling and consumer survey data.

An additional result of Chapter 4 is that consunagesfound to be willing to pay for

more incremental costs at fewer benefits than wbaldssumed from a requirement for 5
year payback period. This leads us to the cormtusiat consumers should have a tool to
evaluate PHEV design based on their needs andrenefes in which the tool has to
include all of the cost/benefits parameters fotedént PHEV designs within different
vehicle classes.

In Chapter Five, a literature review of HEV and RHmBarket penetration studies shows

that the large and unquantified sources of uncestand the large variability among
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PHEV penetration rate studies makes synthesiseastéite of the art in simulation of
PHEV market penetration infeasible. In order &t tend estimate the economic
feasibility of PHEV technology, there is a needruwdels that consider manufacturers’
supply capacity, energy cost uncertainty, air eimmspolicy, CAFE policy, market
conditions, consumer characteristics, consumeepate, and technology improvements
over time. A set of recommendations for improving utility of these studies for
decision making in the vehicle and utility indussriare:
= Develop an improved interface between modelingsamdeys within each
adoption rate model.
= Develop and integrate an improved model of veldeleelopment and supply
= Integrate competition among vehicle technologies.
= Improve vehicle classification modeling to suppart provide a level of detail to
the adoption rate model.
= Construct an improved sensitivity analysis to suppod verify the model results
and provide a guideline to future improvement ia thodel, parameters and
assumptions.

e In Chapter Six, results show that PHEVs can rediueg-term societal costs relative to
conventional and hybrid vehicles but at highereneental costs. Plug-in hybrid electric
vehicles combine a reduction in air emission dammagel oil dependency with economic
benefits to consumers. HEVs can increase thefileéeconomy but PHEVs are the
most economically efficient vehicle to meet thegmeed footprint CAFE standards for
both passenger car and light truck fleets. Plulgyiorid electric vehicle are found to be
the most successful technology to be able to nhegbitoposed footprint CAFE standards
over the next few years. A scenario without higtERN technology cannot increase the

US fleets fuel economy to meet the required footglAFE standards. To double the
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average fuel economy of new US cars and light suik2030, PHEV technology must

be considered. Our analysis show that low HEVh &V and medium HEV/PHEV
scenario will increase the U.S. new vehicles sGBEE but cannot double the U.S. fleet
fuel economy to meet the proposed footprint CAFErdkie period of 2010 to 2030.
Results of the cash flow analysis show that inpesenger car fleet, the break-even year
is 2028 where it is 2021 in the light truck fleet the high PHEV scenario. After this
payback date, the total societal cost of PHEVs béllower than the total societal cost of
CVs. PHEVs are found to be successful in increptie fleets’ fuel economy that break-
even within 20 years. This comes with lower aiission damages but at increased
incremental costs. The benefits of PHEVs will @ase under high oil prices, clean

electric energy and lower battery manufacturingssions

Resear ch Contributions of this Dissertation

The primary contributions of this dissertation presented below:

A quantitative and general mathematical assessafi¢#iE\V/PHEV technology
incremental cost, fuel economy and fleet CAFE improent.

A set of hybrid vehicle valuation sub-system modetsuding vehicle physical,
energetic, economic, and consumer preference dbasics that can be assembled
into a comprehensive system model. These sub-madelapplication integrated,
scalable, parametric, optimizeable, validated asable in the final comprehensive
system model of U.S. fleet new sales technologgsassent.

A comprehensive total cost of ownership model of &¥#V and PHEV with
assessment systematic defense of the model scdseasitivity.

A literature survey and synthesis of recommendatfonthe existing hybrid vehicles

penetration rate literature.
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. A comprehensive personal transportation system htbdecan calculate and
evaluate the U.S. fleet achievable CAFE, total cbsiwnership, air emission
damages, and societal quantitative and qualitatdee and benefits using different
technology penetration scenario of HEVs and PHEXs the period of 2010 to

2030.

7.3  Recommendationsfor Future Research

This dissertation involves the valuation and assess$ of PHEV technology
cost/benefits to consumers, automakers, and socldtg models and methods developed for
this research effort are widely applicable to @ffather than PHEVs. In general, the models
and methods constructed for this research effdioeiuseable to answer other relevant
guestions regarding the sustainability and comrakvability of the US vehicle fleet.

For example, this research has assumed the doonretHEV/PHEYV vehicles
technology in the next few years. As an upgradéeanodel, the next stage of this research
will be to consider additional vehicle technologsegh as diesel engine, electric vehicle, fuel
cell, and other alternative fuel vehicles. Thise@ch has performed a survey on the existing
hybrid vehicles technology penetration rates aredl s®@me of the results as input to the
system model and as a next step a penetratiomadel will be constructed and integrated
with this research models. In this research we &®A vehicle classification which is based
on vehicles interior volume and weight but differeahicle classification that classifies
vehicles using more of the vehicle characterigtigsh as fuel economy, horse power, engine
displacement, axle ratio, emissions and dynamometar be developed and used. This will
group vehicles with similar design and performacicaracteristics into clusters that represent

the U.S. fleet and can be used to apply and me#saieffect of any technology
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advancement. This will lower the computationaldiand simplify the modeling of the

vehicle fleet.
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Appendix A- Supporting Material for Chapter 3

Table 17:Ford Motor Company 2008 Model Year Vehicles UnileSaand Price, 2010$

Vehicle Quantity MSRP ($) Fuel Economy (mpg)
Mustang 91,251 $19,901 23.14
Crown Victoria 48,557  $24,935 19.87
Focus 195,823  $14,579 36.78
Fusion 147,569  $18,367 28.75
Taurus (new) 52,667 $23,937 26.44
Edge 110,798  $26,064 24.56
Escape 156,544  $20,398 30.58
Expedition 55,123  $31,746 18.51
Explorer 78,439 $26,834 20.41
F-series 515,513  $23,294 19.83
Ranger 65,872 $14,675 21.7
Taurus X 23,112 $27,376 24.56
MKS 12,982 $41,393 24.56
MKZ 30,117  $31,376 28.01
Town Car 15,653  $45,874 22.8
MKX 29,076  $39,413 24.87
Mark LT 4,631 $49,368 17.47
Navigator 14,836 $25,760 18.51
Grand Marquis 29,766 $19,339 19.87
Milan 31,393 $19,339 28.75
Sable 16,187 $24,241 26.44
Mariner 32,306 $21,815 29.25
Mountaineer 10,596  $27,143 20.41
S-Type 742 $48,953 25.89
X-Type 382 $35,508 23.6
XF 3,457 23.47
Xj 1,133 $64,651 24.94
Xk 1,307 $75,792 23.9
LR2 (1) 2,919 $34,420 2251
LR3 (1) 2,158 $49,146 18.2
Range Rover (1) 3,681 $78,162 18.14
Range Rover Sport (I) 5,534 $58,463 18.26
Volvo 30 (1) 4,299 $26,029 29.71
Volvo 40 (1) 9,687 $24,677 29.14
Volvo 50 (1) 1,856 $27,158 29.14
Volvo 60 (1) 8,966 $31,371 27.09
Volvo 70 (1) 18,276  $39,742 24.05
Volvo 80 (1) 11,038  $39,200 23.66
Volvo truck XC90 (I) 18,980  $36,673 20.96
Mazda3 (1) 49,129 $14,073 33.36
Mazda6 29,378 $19,385 28.67
MX-5 Miata (1) 6,085 $20,899 31.21
RX-8 (1) 1,548 $26,773 24.04
B series 709 $15,734 21.83
CX-7 (I) 13,999 $24,054 24.89
CX-9 (I) 11,393  $29,776 23.54
Mazda5 (1) 10,561 $18,225 31.13
Tribute 6,568 $19,380 30.58
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Table 18: Domestic and Imported (1) Vehicles Alltezhto each Ford Motor Company Vehicle Class f@&0

Class Vehicle Type

Two Seater Mazda MX-5 (1)

Minicompact

Cars Jaguar XK (1)

g:?;mmpact Mazda RX-8 (I), Ford Mustang, Volvo C70 (1)

Compact Cars
Midsize Cars

Large Cars
Luxury Large
Minivan

SUV Mid-Size

SUV Large
Pickup

Mazda MAZDAS3 (1), Jaguar X-Type (I50/1), FOCUS, C30 (1), S40 (1), S60 (1)
V70 (1), Mazdaspeed3 (1), Jaguar S-Type (l), Jagt:dype (1), Fusion, Milan, MKZ,
Mazda 6
Jaguar XJ (1), Crown Victoria, Taurugar@d Marquis, Sable
MKS, S80 (), Town Car
Mazda 5 (1)
CX-7 (1), Tribute, Escape, Mariner, MKLR2 (I), Range Rover Sport (I)
Edge, Taurus X, XC90 (1), CX-9 (1), LR3 (I) ,RanBever (1), Mountaineer, Expedition,
Navigator, Explorer
Mazda B, Ranger, Explorer Sport, F150, Mark
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Table 19:Comparison Between NHTSA and Modified Ford Moton@pany Passenger Car Fleet for 2012-2016, (theEasiomy is the Median of the Carlines FE)

Modified Passenger Car Fleet NHTSA Passenger Car Fleet
Nameplate Mggcl)e;]r;?;el MY2011 Sales Number of Carlineg Nameplate Mggé?}g;‘;el MY2011 Sales Nég;ﬁr?é:f
MUSTANG 22.93 118,844 5 MUSTANG 22.93 118,844 5
SHELBY MUSTANG GT 22.60 4,081 3 SHELBY MUSTANG GT 250 4,081 3
FOCUS 36.62 223,804 2 FOCUS 36.62 223,804 2
FUSION 28.86 204,111 4 FUSION 28.86 204,111 4
MILAN 28.86 48,303 4 MILAN 28.86 48,303 4
TAURUS 26.42 108,869 2 TAURUS 26.42 108,869 2
MKZ 26.42 42,690 2 MKZ 26.42 42,690 2
TOWN CAR 22.42 16,178 2 TOWN CAR 22.42 16,178 2
GRAND MARQUIS 22.80 59,165 1 GRAND MARQUIS 22.80 ,565 1
CROWN VICTORIA 22.80 12,484 1 CROWN VICTORIA 22.80 12,484
SABLE 26.42 35,431 2 SABLE 26.42 35,431 2
Generic Mini Car 36.34 48,284 1
TAURUS X 23.57 58,028 2
MKX 24.20 17,202 1
C30 29.02 7,378 2
C70 CONVERTIBLE 27.71 9,082 2
S40 29.25 15,458 4
S60 27.05 17,877 4
S80 23.25 15,037 3
V50 28.56 2,466 3
V70 24.05 5,080 1
XC 90 20.95 9,960 1
EDGE 24.20 77,684 1
ESCAPE 28.95 138,290 3
ESCAPE HYBRID 43.41 19,156 1
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Modified Passenger Car Fleet NHTSA Passenger Car Fleet
Nameplate Median Fuel Economy MY2011 Sales Number of Carlineg Nameplate Median Fuel Economy MY2011 Sales Number of Carlines
MARINER 27.57 27,016 2
MARINER HYBRID 43.41 2,451 1
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Table 20. Comparison Between NHTSA and modifieddRdotor Company Light Truck fleet for 2012-2016

Modified Light Truck Fleet

NHTSA Light Truck Fleet

M edian Median
Nameplate Fuel MY 2011 Sales Numb_er of Nameplate Fuel MY?2011 Sales Numb_er of
Econom total Carlines Econom total Carlines
ESCAPE 28*44 250,286 5 ESCAPE y26.70 111,996 2
ESCAPE HYBRID 40.72 33,307 2 ESCAPE HYBRID 38.03 1A 3
MARINER 27.32 55,038 4 MARINER 26.70 28,022 2
MARINER HYBRID 40.72 5,169 2 MARINER HYBRID 38.03 217 1
EDGE 23.57 127,468 2 EDGE 22.93 49,784 1
EXPLORER 19.81 49,803 4 EXPLORER 19.81 49,803 4
EXPLC.)FIEEA%SPORT 19.81 14,701 4 EXPLQFRRI'EA%SPORT 19.81 14,701 4
EXPEDITION 18.36 15,971 1 EXPEDITION 18.36 15,971 1
MKX 23.57 36,557 2 MKX 22.93 19,355 1
NAVIGATOR 18.36 3,992 1 NAVIGATOR 18.77 41,593
MOUNTAINEER 19.81 12,095 4 MOUNTAINEER 19.81 12,095 4
RANGER 22.11 56,217 10 RANGER 22.11 56,217 10
MARK LT 17.69 4,775 2 MARK LT 17.69 4,775 2
F150 PICKUP 18.95 363,012 11 F150 PICKUP 18.95 BB3, 11
E-SERIES MDPV 14.86 2,972 12 E-SERIES MDPV 14.86 972, 12
E-SERIES WAGON 1563 10,472 3 E-SERIES WAGON 1563 10,472 3
TAURUS X 23.57 58,028 2 XC 70 22.11 12,680 1
XC 90 20.10 19,778 2




Table 21:Forecasted U.S. Sales for Ford Motor Camassenger Car Fleet, (In Thousands)
Passenger Car 2012 2013 2014 2015 2016
NHTSA reported 1,468 1,486 1,568 1,542 1,559
Modified fleet 920 908 957 931 956

Table 22:Forecasted U.S. Sales for Ford Motor Camphaght Truck Fleet, (In Thousands)
Light Truck 2012 2013 2014 2015 2016

NHTSA reported 852 940 966 937 911
Modified fleet 1,195 1,308 1,356 1,334 1,297
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Appendix B- Supporting Material for Chapter 4

Table 23. Maintenance Costs, (Compact Car).

PHEV
Vehicle life| CV | 0 5 | 10| 15] 20] 25/ 3d 33 40 46 50 35 0 6
1 $141] $141 $129 $120 $99 $99  $09 P9 $99 $69 56B9 |$$60 | $69
2 $226| $226 $204 $117 $204 $173 $173 $L73 $173 $BAF3| $173 $173 $178
3 $343] $381 $32%5 $314 $233 $2p1 $435 P35 235 $32B3| $233 $233 $206
4 $793| $793 $771 $834 $834 S$TWT $147 747 $722 $BARO| $722] $722 $74F
5 $162| $162 $15%5 $78 $78 $187 $161 978 $78 H78 [$WBL | $81| $55
6 $328] $360 $169 $242 $194 $1p1 $169 $p25 9169 $EABO| $169 $147 S171L
7 $169| $169 $289 $289 $175 $1B1 $129 $129 $182 $8AP9| $109 $129 $120
8 $367| $367 $551 $535 $535 9$578 $537 $535 9535 $I684| $535 $535 $51b
9 $383] $410 $244 $163 $285 S$142 $182 $144 $142 $8A24| $189 $124 $14p
10 $180] $180 $166 $100 $109 $225 $109 $147 $1109 $¥A09| $91| $153 $91
11 $79| $79] $72] $59 $57 55 $1B5 $Hh5 39 $39 630  [$5m9 | $39
12 $410] $433 $280 $391 $336 $336 $336 $B20 $3707 HIB36| $320 $336 $375
13 $70| $70| $193 $21p $1/8 $1BO $178 $276 G178 $&NBO| $178 $164 $164
Table 24. Maintenance Costs, (Mid-size Car).
PHEV
vehicle | 0 5 10 15 20 25 30 35 40 45 50 54 6

life

$183 $183 $168|  $168 $12
$330 $330 $264|  $126 $26
$298 $336 $323]  $34d $21
$1,317] $1,317 $1,302 $1,368 $1,3

1 $10
2
3
4 ;
5 $203 $203 $194 $96 $96 $15
6
7
8
9

$23
$25

$102  $102  $l02
$284  $234  $234
$213 $213  $213
$1|28P262| $1,227 $1,2

$7373 $73 $73 $73
$21%217 | $199| $199| $199
$218210 | $226| $226| $184
66 $1,265 $1,222 $1,222 $1/262
$196 $96 $96 $96 $58598 $98 $58
$298 | $330| $176] $27¢ $21 $21 $1Y6  $235 $176  $17B176 | $176| $141] $179
$603 | $603| $657] $657 $57 $52 $523  $523  $578  $48E623 | $489| $523| $523

$

$

9

$

9

$

[ I Bl

©
&+
|_\
\lml\)OO'o\gm.bl\)
N

[SSAR®A NI~

$753 | $782| $722| $68§ $68 $73 $690  $688  $688 749740 | $688| $688| $656
$57 $57 $192 $85 $171 $53 $99 $55 $53 53 $23 2 9$10%$23 $53
10 $197 | $197| $188 $114  $l11 $19 11$114 $86 $161 $86
11 $102 | $102 $94 $67 $69 $61 41 $41 67 $ $41 $41
12 $480 | $502| $319] $461 $39 $39 395394 | $369| $394) $434
13 $45 $45 $462|  $475 $438  $44 A75440 | $438 | $415| $415

I~
©

$114  $158 $116 4
$147 $67 $41
$394 $369 $433 6
$438  $510  $438

I~

[SIEN
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Table 25. Maintenance Costs, (Mid-size SUV).

PHEV
Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 5( 5 0 6
1 $336| $336 $267| $267 $267  $222  $2p2  $222  $222 222 | $177| $177| $177
2 $379| $420 $338] $295 $295 $295 $295 $250  $250  $258P50 | $250| $250, $25(Q
3 $664| $664 $1,290 $1,290 $1,2p0 $1,228 $1,188 3%1,21,191] $1,191 $1,191 $1,188 $1,188 $1,188
4 $890| $890 $323] $224 $18y  $282  $282  $187  $187  $18F187 | $189| $189 $149
5 $371| $405 $353] $339 $248  $210 $210 $265 $300 $21PL75 | $210| 210 $212
6 $679| $679 $1,112 $1,214 $1,1p4 $1,166 $1,114 181,151,078 $1,130 $1,078 $1,0y8 $1,045 $1,078
7 $679| $710 $228] $194 $290 $163  $212  $165 $163  Plew11 | $211| $163| $163
8 $273| $273 $223] $17§ $180 $268 $148 $194  $150  $H14®148 | $118| $194| $118
9 $598| $625 $578] $547 $504  $504  $617 $504  $548  $508604 | $504 | $476| $547
10 $103| $103 $478  $52( $510  $480 $4b2  $532  $452 3 $4%453 | $452| $452| $425
11 $550| $550 $225 $151 $124  $124  $126  $124  $200 4 125163 | $126| $124| $124
12 $382| $405 $321) $391  $358 $332  $2p5  $295  $R95 2 27272 | $272| $272] $295
13 $408| $408 $400  $374 $378  $378  $3F8  $379  $B78 5 $44$378 | $412| $379] $355
Table 26. Maintenance Costs, (Large SUV).
PHEV
Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 5( 5 0 6
1 $374| $374 $318] $31§ $318  $275  $2y5 < $276  $276 2776 | $232| $232| $232
2 $465| $505 $388| $347 $34Y  $347  $347  $299  $299  $2H¥L99 | $300| $300/ $300
3 $617| $617 $1,355 $1,355 $1,3p5 $1,265 $1,227 731,261,232 $1,232 $1,232 $1,227 $1,227 $1,p27
4 $995| $995 $442|  $267 $231  $352  $3b62  $231  $231  $234231 | $236| $236] $194
5 $494| $528 $467| $45] $291  $252  $2b52  $332  $366 < 2518 | $252 | $252| $257
6 $670| $670 $1,176 $1,347 $1,294 $1,299 $1/181 7$1,151,143] $1,219 $1,143 $1,143 $1,111 $1,143
7 $751| $781 $262| $23] $388  $196  $307  $201  $196  PLIB267 | $267| $196| $196
8 $351| $351] $279] $217 $216 $364  $183  $288  $187  $18RI83 | $154 | $250, $154
9 $665| $692 $680] $613 $550 $550 $7P0  $550  $649  $558550 | $550| $522| $613
10 $101] $101 $488  $581  $54F  $491  $462  $597  $462 5 §55p466 | $462| $462]  $436
11 $576| $576 $305 $181  $154 $154  $1b7  $154  $281 4 §15p242 | $157| $154] $154
12 $468| $490 $339  $45¢ $42p  $366  $312  $312  $B12 9O $285289 | $289| $289] $317
13 $406| $406 $439  $417  $41y  $417  $417  $420  $417 1 §53p417 | $496| $420] $396
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Table 27. Registration Renewal Costs, (Compact.Car)

PHEV

Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 50 55 0 6
2 $238| $286 $294 $301 $308 $316 $322 $328 $334 $HFEA6| $352| $358 $364
3 $192| $228 $234 $240 $245 $2b1 $255 360 $264 $AXF3| $278 $283 $28f7
4 $150| $176 $180 $184 $188 $1P92 $195 9198 $202 $AHMM8| $211 $21% $218
5 $98 | $110, $112 $114 $116 $118 $120 $121 $H123 $®BMP6| $127| $129 $13D
6 $93 | $104 $106 $108 $110 $111 $113 $114 $116 $HWIA9| $120, $122 $1238
7 $87 | $98| $100 $102 $103 $105 $106 $108 $109 $11M2 $$113] $115 $116
8 $83 | $93| $94| $96 $97 $9P $1p0 $102 $103 $104 $HI7| $108 $11(
9 $78 | $88| $89] $90 $92 PO9B $95 $96 $P7 $98 $100 $®ID2| $103
10 $43 | $43| $43] $43 $483 P43  $43  $43  $43 $43  $43  B4A3 | $43
11 $40 | $40| $40] $40 $40 $40 $40 $40 $41 41 $41  Bp4U1 | $41
12 $38| $38| $38] $38 $38 $3B $38  $B8 P38  $38 $38 $IB8 | $38
13 $36| $36] $36] $3d $36 $3b $36 $B6 I36  $36  $36  $IB6 | $36

Table 28. Registration Renewal Costs, (Mid-size) Car
PHEV

Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 50 55 0 6
1 $413| $481 $489 $497 $505 $513 $522 $531 $540 $HEBH8| $567| $576 $58b
2 $297| $343 $349 $354 $360 $3p5 $371 $377 $383 HIFD6| $402] $408 $414
3 $237| $272 $276 $280 $284 $288 $293 $R98 $302 $HBAL| $316| $320 $32b
4 $183| $207, $210 $213 $216 $219 $222 3$p26 $229 $AZB5| $239 $242 $24b
5 $114| $126 $127 $129 $130 $132 $133 S$135 $136 $H3AB9| $141 $142 $144
6 $108| $119 $120 $121 $123 $1p4 $126 9127 $129 $H3AB1| $133 $134 $13b
7 $102| $112 $113 $115 $116 $1p7 $118 $120 $121 $¥A24| $125 $127 $128
8 $96 | $106/ $107 $108 $109 $110 $112 $113 $114 $HIA7| $118] $120 $121
9 $91 | $100] $101 $10R $103 $1p4 $105 $107 $108 $HI90| $112] $113 $114
10 $44 | $44| $44] $44  $44 P44 P44 B44 44 $44 0 $44 04 | 44
11 $41 | $41| $42] $42  $42 B4R $42  B42  $42  $42  $42  BpAA2 | $42
12 $39 | $39| $39] $39 P39 $3P  $39 $B9 $B9 $39 $39 BIF}B9 | $39
13 $37 | $37| $37| $37 $37 B3y $37 $B7 37 $37 $37 BPIB7 | $37
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Table 29. Registration Renewal Costs, (Mid-size UV

PHEV

Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 50 55 0 6
1 $560| $659 $672 $685 $699 $712 $720 P28 $736 $WB3| $761 $769 $77[7
2 $398| $465 $474 $483 $493 $5D2 $508 9$p13 $519 $HEBL| $537| $542 $548
3 $314| $365 $372 $379 $386 $303 $398 $402 $407 $AMA6| $421 $42% $43D
4 $238| $275 $280 $285 $290 $206 $299 $302 $306 HHIH3I| $316| $320 $32B
5 $143| $160 $163 $166 $169 $172 $174 S$176 $178 $1AB2| $184| $186 $18B
6 $135| $151] $154 $157 $160 $1p2 $164 9166 $168 $®HAT2| $174| $17% $17)7
7 $127| $143 $145 $148 $150 $153 $155 S$I57 $158 $®WAG2| $164| $166 $16[7
8 $120| $135 $137 $140 $142 $144 $146 3148 $149 $®EB3| $154| $156 $158
9 $113| $127, $129 $132 $134 $136 $138 S$139 $141 $BA4| $146| $147 $14P
10 $47 | $48| $49] $49 $50 $50 $851 $H2 $b2 $53 $53 MBS | $55
11 $45 | $45| $46] $46 $47 P48 $48 $49 $49 $50 $50 $Hb1 | $52
12 $42 | $43| $43] $44 P44 $4p  $45 $46 46 $47  $47 4RO | $49
13 $40 | $40| $41] $41 $42 P4AR  $43  $43 44 $44  $45  B4EI6 | $46

Table 30. Registration Renewal Costs, (Large SUV).
PHEV

Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 50 55 0 6
1 $568| $668 $676 $684 $693 $701 $712 P22 $733 $HB¥HA| $765 $77% $78b
2 $408| $475 $481 $486 $492 $4P8 $505 $pl2 $519 $HBBA| $541] $548 $55b
3 $324| $375 $379 $384 $388 $302 $398 $403 $409 H4AUR0| $425 $431 $43b
4 $249| $285 $288 $291 $294 $297 $301 3$B05 $309 $HFR7| $321] $32% $320
5 $154| $171 $173 $174 $176 $1y7 $179 S$181 $183 $mAB7| $189 $191 $19B
6 $145| $161 $163 $164 $166 $1p7 $169 SL71 $173 $®HAY6| $178 $180 $18p
7 $137| $152 $154 $155 $156 $158 $160 9161 $163 $MWB6| $168 $170 $17p
8 $129| $144 $145 $146 $148 $149 $151 3152 $154 $®EB7| $159 $160 $ie6p
9 $122| $135 $137 $138 $139 $140 $142 3144 $145 $BAA8| $150, $151 $158
10 $57 | $57| $57| $57 P57 P57 $87 $H7 $58 $58 $58 B8 | $58
11 $53 | $53| $54| $54 $54 P54 $854 $H4  $h4  $54 $55 BEHS | $55
12 $50 | $50| $51] $51 $51 51 $851  $H1  $b1  $51  $52 B2 | $52
13 $47 | $48| $48] $48 $48 $4B  $48 $48 48  $48  $49  p4R9 | $49
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Table 31. Insurance Costs, (Compact Car).

PHEV

Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 50 55 60
1 $1,093| $1,093 $1,104 $1,114 $1,2425 $1,135 $1]1¥K156| $1,167 $1,17F $1,188 $1,198 $1,209 $1)219
2 $1,067| $1,061 $1,077 $1,088 $1,098 $1,108 $1|14B129| $1,139 $1,14p $1,1%9 $1,170 $1,180 $1]190
3 $1,042| $1,042 $1,052 $1,062 $1,072 $1,082 $1,0kR102| $1,1127 $1,12Pp $1,132 $1,142 $1,152 $1]162
4 $1,017| $1,017 $1,027 $1,087 $1,047 $1,057 $1,066076| $1,08 $1,096 $1,105 $1,115 $1,125 $1]135
5 $993 | $993| $1,008 $1,013 $1,0p2 $1,032 $1,041 5%1,061,060; $1,070 $1,079 $1,089 $1,098 $1,108
6 $970 | $970| $979] $98¢9 $998 $1,007 $1,017 $1]/02603%1, $1,045 $1,054 $1,063 $1,0y3 $1,082
7 $947 | $947| $956| $965 $974  $984  $993 $1,002 $1,R1N1020| $1,029 $1,038 $1,047 $1,056
8 $925 | $925| $934| $943 $951  $960 $969 $978  $987  $994,005| $1,014 $1,028 $1,031
9 $903 | $903| $912] $92(€ $920 $938 $946  $955  $964  $97R081 | $990| $998| $1,007
10 $882 | $882| $890] $894 $90F $916  $924  $933  $941 O $94$958 | $966| $975  $983
11 $861 | $861| $869 $8717 $88p  $894  $9P02  $911  $919 7 $926935 | $944| $952| $96(
12 $841 | $841| $849  $857 $86p  $873  $881  $889  $897 5 $o0b913 | $921| $929] $938
13 $821 | $821| $829] $837% $844  $852  $860 $868  $876 4 $885892 | $900| $908] $915

Table 32. Annual Insurance Costs, (Mid-size Car).
PHEV

Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 5( 5 0 6
1 $1,159| $1,159 $1,167 $1,175 $1,183 $1,191 $1,10B207| $1,214 $1,22Pp $1,230 $1,238 $1,246 $1)254
2 $1,132| $1,132 $1,139 $1,147 $1,155 $1,163 $1,1%¥0178| $1,18 $1,194 $1,201 $1,209 $1,217 $1)224
3 $1,105| $1,105 $1,118 $1,120 $1,128 $1,135 $1,1¥B150| $1,158 $1,166 $1,173 $1,180 $1,188 $1]196
4 $1,079| $1,079 $1,086 $1,094 $1,101 $1,108 $1|19K123| $1,131 $1,138 $1,145 $1,153 $1,160 $1]167
5 $1,053| $1,053 $1,0601 $1,068 $1,075 $1,082 $1,0BR097| $1,104 $1,111 $1,118 $1,125 $1,133 $1]140
6 $1,029| $1,029 $1,036 $1,043 $1,050 $1,057 $1,064071| $1,074 $1,086 $1,092 $1,009 $1,106 $1)113
7 $1,004| $1,004 $1,011 $1,018 $1,025 $1,032 $1,0BR046| $1,052 $1,05p $1,066 $1,073 $1,080 $1)087
8 $981 | $981| $987| $994 $1,001 $1,007 $1,014 $1,0211028| $1,034 $1,041 $1,048 $1,064 $1,061
9 $958 | $958| $964| $971 $977  $984  $990  $997 $1]0030181 $1,0160 $1,023 $1,029 $1,086
10 $935 | $935| $941] $944 $954  $961  $967 $973  $980 6 H98$992 | $999| $1,005 $1,012
11 $913 | $913| $919] $925% $93P  $938  $944  $950  $957 3 $96$969 | $975| $982] $988§
12 $891 | $891| $897] $904  $91D $916  $9L2  $928  $934 0 H94$946 | $952| $958| $964
13 $870 | $870| $876] $881 $888  $894  $9D0 $906  $912 8 $91$924 | $930| $936] $947
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Table 33. Annual Insurance Costs, (Mid-size SUV).

PHEV

Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 5( 55 06

$1,050, $1,050 $1,068 $1,087 $1,105 $1,123 $1,180160| $1,178§ $1,197 $1,215 $1,233 $1,252 $1/270

$1,025| $1,025 $1,043 $1,061 $1,079 $1,097 $1,1495133| $1,151 $1,168 $1,186 $1,204 $1,222 $1/240

$1,001] $1,001 $1,019 $1,086 $1,053 $1,071 $1,08B8106| $1,123 $1,141 $1,158 $1,176 $1,193 $1/211

$977 | $977| $995| $1,012 $1,0P9 $1,046 $1,063 $1,G80097| $1,114 $1,131 $1,148 $1,165 $1,182

1

2

3

4

5 $954 $954 $971 $988 $1,004 $1,021 $1,038 $1/05407%| $1,088 $1,104 $1,121 $1,138 $1,154
6

7

8

9

$932 | $932| $948] $964 $98L  $997 $1,013 $1)030 61,1,062) $1,078 $1,095 $1,111 $1,127
$910 | $910| $926| $947 $958  $973  $989 $1,005 $1,RA1037| $1,053 $1,06p $1,085 $1,101
$888 | $888| $904| $91¢9 $935 $950 $966  $982  $997 131,661,028 $1,044 $1,059 $1,075
$867 | $867| $883] $899 $918  $928  $943  $958  $974  $989,004| $1,019 $1,034 $1,049
10 $847 | $847| $862] $871 $89L  $906  $9P1  $936  $951 5 H96$980 | $995| $1,010 $1,025
11 $827 | $827| $841]  $85¢ $870 $885  $8D9  $914  $928 3 $94$957 | $971| $986| $1,000
12 $808 | $808| $822| $83¢ $850 $864  $8F8  $892  $906 O $926934 | $949| $963] $977
13 $789 | $789| $802] $81¢ $830 $844  $8b7  $871  $885 9 $89%912 | $926| $940| $954
Table 34. Annual Insurance Costs, (Large SUV).
PHEV
Vehicle life | CV 0 5 10 15 20 25 30 35 40 45 5( 5 0 6
1 $1,089| $1,089 $1,111 $1,183 $1,156 $1,178 $1,2A0222| $1,244 $1,266 $1,289 $1,311 $1,833 $1)355
2 $1,063| $1,063 $1,085 $1,107 $1,128 $1,150 $1|1%p193| $1,215 $1,236 $1,2%8 $1,280 $1,301 $1)323
3 $1,038| $1,038 $1,059 $1,081 $1,102 $1,123 $1;18m165| $1,186 $1,20F $1,228 $1,250 $1,271 $1)292
4 $1,014| $1,014 $1,034 $1,055 $1,076 $1,096 $1|1417138| $1,158 $1,17p $1,199 $1,220 $1,241 $1)261
5 $990 | $990| $1,010 $1,030 $1,060 $1,070 $1,091 1%$1,1$1,131] $1,151 $1,171 $1,191 $1,211 $1,p32
6 $966 | $966| $986| $1,006 $1,026 $1,045 $1,065 $1,085104| $1,124 $1,144 $1,163 $1,183 $1,203
7 $944 | $944| $963] $982 $1,001 $1,021 $1,040 $1,059078| $1,097 $1,11y $1,136 $1,155 $1,174
8 $921 | $921| $940] $959 $978 $996 $1,015 $1,034 31,068,071 $1,090 $1,109 $1,128 $1,147
9 $900 | $900| $918] $93¢6 $955  $973  $991 $1,010 $1,6A8046| $1,065 $1,088 $1,101 $1,119
10 $878 | $878| $896] $914  $932  $950 $968 $986 $1,00402%| $1,039 $1,05V $1,075 $1,003
11 $858 | $858| $875  $893 $910  $928  $945  $963  $980 7 $9$1,015| $1,032 $1,050 $1,067
12 $838 | $838| $855 $871 $88P  $906  $9P3  $940  $957 4 $97$991 | $1,008 $1,025 $1,042
13 $818 | $818| $834] $85] $868  $884  $9D01  $918  $934 1 $95$968 | $984| $1,001 $1,018
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Table 35. Fuel Economy Parameters and Incremental Costs, ff@cinCar).

PHEV | FCT, kWh milé PCT, mile gallod | UF Petro FE Adj UF
Range| FCT U FCT Hwy PCT U PCT Hw MPG UF[U UF_Hjwmnc Cost
CcV 0 0 31.6 49.3 32.2 0 0 0
0 0.235 0.237 48.50) 50.50 42 0 0 $4,051
5 0.235 0.237 48.63 52.38 48 0.17 0.04 $4,661
10 0.235 0.236 48.75 54.25 56 0.32 0.12 $5,270
15 0.235 0.236 48.88 56.13 64 0.44 0.17 $5,880
20 0.235 0.235 49.00 58.00 74 0.4 0.23 $6,489
25 0.235 0.235 49.29 58.30 84 0.2 0.28 $6,995
30 0.235 0.234 49,58 58.60 95 0.9 0.32 $7,500
35 0.235 0.234 49.86 58.90 107 0.74 0.3} $8,006
40 0.235 0.233 50.15 59.20 119 0.79 0.41 $8,511
45 0.235 0.233 50.44 59.50 133 0.82 0.45 $9,017
50 0.235 0.232 50.73 59.80 148 0.85 0.48 $9,522
55 0.235 0.232 51.01 60.10 164 0.98 0.52  $10/028
60 0.235 0.231 51.30 60.40 181 0.9 055  $10,533
Table 36. Fuel Economy Parameters and Incremental Costs,-¢M&Car).
PHEV | FCT, kWh milé PCT, mile gallod | UF Petro FE Adj UF
Range| FCT U FCT Hwy PCT U PCT Hwy MPG UF]U UF_Hjwmnc Cost
CcV 0 0 23.2 41.4 24.8 0 0 0
0 0.29 0.303 40.60 43.70 35 0 0 $3,881
5 0.29 0.302 40.68 4455 41 0.17 0.06 $4,284
10 0.289 0.301 40.75 45.40 47 0.32 0.12 $4,7136
15 0.288 0.299 40.83 46.25 53 0.44 0.17 $5,188
20 0.288 0.298 40.90 47.10 61 0.4 0.23 $5,641
25 0.287 0.297 41.09 47.43 69 0.62 0.28 $6,144
30 0.286 0.296 41.28 47.75 78 0.69 0.32 $6,647
35 0.286 0.295 41.46 48.08 88 0.74 0.37 $7,150
40 0.285 0.293 41.65 48.40 98 0.79 0.41 $7,653
45 0.284 0.292 41.84 48.73 109 0.82 0.45 $8,156
50 0.284 0.291 42.03 49.05 122 0.85 0.48 $8,659
55 0.283 0.29 42.21 49.38 135 0.48 0.52 $9,163
60 0.282 0.288 42.40 49.70 149 0.9 0.5% $9,666
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Table 37. Fuel Economy Parameters and Incremental Costs-¢MaSUV)

PHEV | FCT, kWh milé PCT, mile gallod | UF Petro FE Adj UF
Range| FCT U FCT Hwy PCT U PCT Hwy MPG UF[U UF_Hjwmnc Cost
CcV 0 0 18.4 29.7 19 0 0 0
0 0.356 0.359 30.60) 36.50 28 0 0 $5,505
5 0.354 0.357 31.05 36.85 32 0.17 0.04 $6,191
10 0.351 0.354 31.50 37.20 37 0.32 0.12 $6,877
15 0.349 0.352 31.95 37.55 43 0.44 0.17 $7,563
20 0.347 0.349 32.40 37.90 49 0.4 0.23 $8,249
25 0.345 0.347 32.54 38.01 55 0.2 0.28 $8,651
30 0.343 0.345 32.68 38.13 62 0.9 0.32 $9,053
35 0.341 0.342 32.81 38.24 70 0.74 0.37 $9,456
40 0.339 0.34 32.95 38.35 78 0.79 0.41 $9,458
45 0.337 0.337 33.09 38.46 86 0.2 0.4%  $10,p61
50 0.335 0.335 33.23 38.58 96 0.45 0.48  $10,663
55 0.333 0.332 33.36 38.69 106 0.98 052  $11/065
60 0.33 0.33 33.50 38.80 116 0.9 0.55 $11,468
Table 38. Fuel Economy Parameters and Incremental CostsgéLauV).
PHEV | FCT, kWh milé PCT, mile gallod | UF Petro FE Adj UF
Range| FCT U FCT Hwy PCT U PCT Hwy MPG UF]U UF_Hjwmnc Cost
CcV 0 0 14.9 24.8 16 0 0 0
0 0.400 0.425 25.60 30.50 23 0 0 $5,686
5 0.401 0.422 26.10 30.93 27 0.17 0.04 $6,100
10 0.402 0.419 26.60 31.35 31 0.32 0.12 $6,563
15 0.403 0.416 27.10 31.78 36 0.44 0.17 $7,026
20 0.404 0.413 27.60 32.20 41 0.4 0.23 $7,489
25 0.405 0.410 27.71 32.26 47 0.62 0.28 $8,078
30 0.406 0.407 27.83 32.33 53 0.69 0.32 $8,668
35 0.408 0.404 27.94 32.39 59 0.74 0.37 $9,257
40 0.409 0.401 28.05 32.45 66 0.79 0.41 $9,846
45 0.410 0.398 28.16 32.51 73 0.92 0.4%5  $10,435
50 0.411 0.394 28.28 32.58 81 0.45 0.48  $11,024
55 0.412 0.391 28.39 32.64 89 0.48 052  $11,613
60 0.413 0.388 28.50 32.70 98 0.90 055  $12,p02

171



Table 39. Vehicle Miles Traveled (VMT) and Fuel Prices in B$1

Calendar Yeaf Vehicle Lifé¢ VMT, Passenger Car VMiBht Truck | Electricity, $ kWH | Gasoline, $ galloh
2012 1 12,000 15,000 $0.11 $2.84
2013 2 11,754 14,739 $0.11 $3.00
2014 3 11,484 14,437 $0.11 $3.16
2015 4 11,192 14,097 $0.10 $3.32
2016 5 10,881 13,724 $0.10 $3.44
2017 6 10,551 13,321 $0.09 $3.57
2018 7 10,206 12,893 $0.09 $3.66
2019 8 9,848 12,444 $0.09 $3.74
2020 9 9,479 11,978 $0.08 $3.81
2021 10 9,101 11,499 $0.08 $3.83
2022 11 8,716 11,011 $0.08 $3.86
2023 12 8,327 10,518 $0.07 $3.88
2024 13 7,936 10,024 $0.12 $3.88

Table 40. EPRI 2001 Incremental Costs of HEV $2000.
Incremental cost, Battery NiMH cost
Base ANL | Average Base ANL| Averagenc cost - NiMH Battery
HEVO $3,602| $2,490, $3,046 $1,200 $1,400 $1,300 41,7
Compact Car] PHEV20| $6,062| $4,483 $5,278 $1,800 $2,600 $2,200 ,0783
PHEV60| $10,305 $8,077 $9,191 $4,100 $6,400 $5,250 3,944
HEVO $4,058| $2,483] $3,271 $2,103 $1,606  $1,855 1%1,4
Midsize car | PHEV20| $5,982| $4,081 $5,032 $3,117 $2,193 $2,655 3782
PHEV60| $10,269 $7,629 $8,949 $7,317 $4,634 $5,976 2,978
HEVO $5,503| $3,960, $4,732 $1,900 $2,600 $2,250 2,4
Midsize SUV | PHEV20| $8,505| $6,381 $7,443 $2,800 $4,100 $3,450 ,9983
PHEV60| $13,098 $10,109 $11,604 $6,200 $9,800 $8,000 $3,604
HEVO $6,282 | $4,482] $5,382 $2,500 $3,500 $3,q00 82,3
Fullsize SUV| PHEV20| $8,542| $6,017 $7,280 $3,5p00 $5,300 $4,400 ,8882
PHEV60| $14,505 $11,006 $12,7%6 $7,100 $11,500 $9,30 $3,456
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Table 41. Kalhammer et al. Reported Li lon Battery and Modtdsts and Final Incremental Cost $2010.

2006 data 2008 data, f=6.8% 2000 data  2010$ data 10%2@ata
Module Cost ($/kWh), Battery Cost Module Cost ($/KWHhBattery Cost| (Inc cost — NiMH Battery) Cost withlon Battery
HEVO $535 $1,700 $571 $1,816 $1,746 $2,212 $4,051
Compact Car| PHEV20 $341 $2,400 $364 $2,563 $3,073 $3,892 $6,489
PHEV60 $256 $5,120 $273 $5,468 $3,941 $4,992 $80,53
HEVO $470 $1,930 $502 $2,061 $1,416 $1,794 $3,882
Midsize car | PHEV20 $315 $2,500 $336 $2,670 $2,377 $3,011 $5,716
PHEV60 $249 $5,570 $266 $5,949 $2,974 $3,767 $9,795
HEVO $390 $2,250 $417 $2,403 $2,482 $3,143 $5,578
Midsize SUV | PHEV20 $285 $3,050 $304 $3,257 $3,993 $5,058 $8,359
PHEV60 $235 $6,520 $251 $6,963 $3,604 $4,564 $11,62
HEVO $338 $2,420 $361 $2,585 $2,387 $3,018 $5,636
Fullsize SUV | PHEV20 $275 $3,550 $294 $3,791 $2,880 $3,647 $7,490
PHEV60 $224 $7,230 $239 $7,722 $3,456 $4,377 $22,20
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Table 42. Payments for Compact Car, 2010$, (Sales Tax andstReggpn Payments are Included in the Loan)

Vehicle Type| MSRP| Down Paymept Monthly Payment &akex| Title and Registration  Loan
CVv $14,587 $1,459 $330 $977 $248 $14,354
HEVO $18,639 $1,864 $422 $1,249 $317 $18,840
PHEVS5 $19,248 $1,925 $436 $1,290 $327 $18,040
PHEV10 $19,858 $1,986 $450 $1,33p $338 $19,540
PHEV15 $20,467 $2,047 $464 $1,371 $348 $20,140
PHEV20 $21,076 $2,108 $478 $1,41p $358 $20,[739
PHEV25 $21,582 $2,158 $489 $1,446 $367 $21,237
PHEV30 $22,087 $2,209 $500 $1,48p $375 $21,734
PHEV35 $22,593 $2,259 $512 $1,514 $384 $22,231
PHEV40 $23,098 $2,310 $523 $1,548 $393 $22,729
PHEV45 $23,604 $2,360 $535 $1,58] $401 $23,226
PHEV50 $24,109 $2,411 $546 $1,61H $410 $23,724
PHEV55 $24,615 $2,461 $558 $1,64P $418 $24,221
PHEV60 $25,120 $2,512 $569 $1,688 $427 $24,718

Table 43. Payments for Mid-size Car, 2010$, (Sales Tax argldRation Payments are Included in the Loan)

Vehicle Type| MSRP| Down Paymept Monthly Payment &akex| Title and Registration  Loan
CVv $19,373 $1,937 $439 $1,29¢ $329 $19,063
HEVO $23,256 $2,326 $527 $1,558 $395 $22,884
PHEVS5 $23,714 $2,371 $537 $1,589 $403 $23,835
PHEV10 $24,172 $2,417 $548 $1,620 $411 $23,/786
PHEV15 $24,631 $2,463 $558 $1,650 $419 $24,237
PHEV20 $25,089 $2,509 $568 $1,681 $427 $24,688
PHEV25 $25,599 $2,560 $580 $1,71H $435 $25,189
PHEV30 $26,109 $2,611 $592 $1,749 $444 $25,691
PHEV35 $26,619 $2,662 $603 $1,788 $453 $26,193
PHEV40 $27,129 $2,713 $615 $1,818 $461 $26,694
PHEV45 $27,638 $2,764 $626 $1,85R $470 $27,196
PHEV50 $28,148 $2,815 $638 $1,886 $479 $27,698
PHEV55 $28,658 $2,866 $649 $1,920 $487 $28,200
PHEV60 $29,168 $2,917 $661 $1,954 $496 $28,701
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Table 44. Payments for Mid-size SUV, 2010$, (Sales Tax angistation Payments are Included in the Loan)

Vehicle Type| MSRP| Down Paymept Monthly Payment &akex| Title and Registration  Loan

Cv $27,391 $2,739 $621 $1,835 $466 $26,953
HEVO $32,969 $3,297 $747 $2,209 $560 $32,442
PHEVS $33,664 $3,366 $763 $2,256 $572 $33,126
PHEV10 $34,359 $3,436 $778 $2,302 $584 $33,810
PHEV15 $35,055 $3,505 $794 $2,349 $596 $34,494
PHEV20 $35,75(0 $3,575 $810 $2,396 $608 $35,178
PHEV25 $36,157 $3,616 $819 $2,428 $615 $35,679
PHEV30 $36,565 $3,657 $828 $2,450 $622 $35,980
PHEV35 $36,973 $3,697 $838 $2,477 $629 $36,381
PHEV40 $37,38] $3,738 $847 $2,50b $635 $36,/783
PHEV45 $37,788 $3,779 $856 $2,53P $642 $37,184
PHEV50 $38,196 $3,820 $865 $2,559 $649 $37,685
PHEV55 $38,604 $3,860 $875 $2,586 $656 $37,986
PHEV60 $39,012 $3,901 $884 $2,614 $663 $38,387

Table 45. Payments for Large SUV, 2010$, (Sales Tax and Ragitm Payments are Included in the Loan)

Vehicle Type| MSRP| Down Paymept Monthly Payment &akex| Title and Registration  Loan

Cv $27,003 $2,700 $612 $1,809 $459 $26,571
HEVO $32,640 $3,264 $739 $2,187 $555 $32,117
PHEVS $33,103 $3,310 $750 $2,218 $563 $32,673
PHEV10 $33,566 $3,357 $760 $2,249 $571 $33,029
PHEV15 $34,029 $3,403 $771 $2,28p $578 $33,485
PHEV20 $34,493 $3,449 $781 $2,311 $586 $33,041
PHEV25 $35,082 $3,508 $795 $2,350 $596 $34,520
PHEV30 $35,671 $3,567 $808 $2,390 $606 $35,[100
PHEV35 $36,260 $3,626 $822 $2,429 $616 $35,680
PHEV40 $36,849 $3,685 $835 $2,469 $626 $36,259
PHEV45 $37,438 $3,744 $848 $2,508 $636 $36,839
PHEV50 $38,027 $3,803 $862 $2,548 $646 $37,418
PHEV55 $38,616 $3,862 $875 $2,58) $656 $37,998
PHEV60 $39,205 $3,921 $888 $2,627 $666 $38,578
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Appendix C- Supporting Material for Chapter 6

Table 46. Tailpipe Emissions, ton/gallon

GHG emission Air Pollution emissions
Technology] CO2 | €04 | N20 | NetGHG co NO_x PM_10 PM_25 vOC
CcVv 8.78E-03 2.65E-07 2.98E-07 8.88E-0 8.66E-05 10QE- 7.11E-07 3.64E-07 3.77E-06
HEV 8.78E-03 1.62E-07 4.17E-07 8.91E-0 1.21E-04 208E- 9.96E-07 5.09E-07 3.73E-06
PHEV 5 8.78E-03 1.54E-07 3.98E-07 8.90E-0] 1.15E-04 196E- 1.31E-06 5.22E-07 3.55E-06

PHEV 10 8.78E-03 1.44E-07 3.75E-07 8.89E-0]
PHEV 15 8.78E-03 1.41E-07 3.66E-07 8.89E-0
PHEV 20 8.78E-03 1.39E-07 3.58E-07 8.89E-0
PHEV 25 8.78E-03 1.37E-07 3.50E-07 8.89E-0]
PHEV 30 8.78E-03 1.35E-07 3.41E-07 8.89E-0]
PHEV 35 8.79E-03 1.33E-07 3.33E-07 8.89E-0
PHEV 40 8.79E-03 1.30E-07 3.25E-07 8.88E-0
PHEV 45 8.79E-03 1.28E-07 3.16E-07 8.88E-0]
PHEV 50 8.79E-03 1.26E-07 3.08E-07 8.88E-0]
PHEV 55 8.79E-03 1.24E-07 3.00E-07 8.88E-0
PHEV 60 8.79E-03 1.22E-07 2.91E-07 8.88E-0

1.08E-04 108E- 1.79E-06 5.40E-07 3.32E-0¢4
1.05E-04 108E- 1.74E-06 5.43E-07 3.23E-0¢
1.02E-04 106E- 1.70E-06 5.47E-07 3.14E-0¢
9.95E-05 166E- 1.66E-06 5.51E-07 3.05E-0¢
9.65E-05 168E- 1.61E-06 5.54E-07 2.96E-0¢4
9.36E-05 166E- 1.57E-06 5.58E-07 2.87E-0¢
9.06E-05 16RE- 1.52E-06 5.61E-07 2.78E-0¢
8.76E-05 1@8E- 1.48E-06 5.65E-07 2.69E-0¢
8.47E-05 1@8E- 1.43E-06 5.69E-07 2.60E-0¢4
8.17E-05 1868E- 1.39E-06 5.72E-07 2.51E-0¢
7.88E-05 186E- 1.35E-06 5.76E-07 2.42E-0¢

Table 47. Power Generation Emissions, ton/kWh

Direct emissions Upstream emissions

GHG,CO2_e NO X PM_10 PM_25 SO2] GHG,CO2e CO NO xPM_10 PM_25  SO2 VOC

5.76E-04 8.72E-07 1.43E-07 1.19E-07 2.39E}06 303E- 2.40E-08 1.06E-07 9.24E-07 2.30E-07 5.30E-08 OE-098

Table 48. Gasoline U.S. Refineries Emissions, @iug
CO2 CH4 N20 CO2_e NO_x PM_10 PM_2.5 S02 VOC co
1.39E-03 ~ 1.75E-06  1.88E-08  1.44E-03  2.13E-06  50BE- 2.63E-07 1.50E-06  2.88E-06  7.38E-07
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Table 49. Tailpipe Emissions Cost, $2010/ton

GHG emission

Air Pollution emissions

CO2 | CO4| N20| NetGHG co | NO_x | PM_10 | PM_25 | voC
$42.00 $42.00 $886.00  $3,445.00 $11,644.00 850500 $7,159.00
Table 50. Power plant Emission Costs, $2010/kWh
Direct emissions Upstream emissions
GHG,CO2_ e NO x PM_10 PM 25 SO02 GHG,CO2_e CO NO_XPM_10 PM_25  SO2 VOC
$0.02403 | $0.00137 $0.00007 $0.00J20 $0.01550  $6301 $0.00000 $0.0000B $0.000$5 $0.00953 $0.0401300801

Table 51. Gasoline U.S. Refineries Emissions C&&810/ton

CO2 CH4 N20 CO2e NO_x PM_10 PM_2.5 S02 vOC co
$42.00 $42.00 $2,006.00 $6,712.00 $43,844.00  8,085.00 $4,136.00 $648.00
Table 52. Battery Assembly Emissions Costs, $20h0/t
Technology CO2 e VOC co NO_x PM_10 PM_2.5 sox |
$42 $2,400 $448 $2,577 $4,763 $31,966 $12,735
Table 53. Battery Upstream Emissions Costs, $2040/t
Technology COo2 e voC co NO_x PM_10 PM_2.5 sox |
$42 $2,400 $448 $2,577 $4,763 $31,966 $12,735

177



Table 54. Passenger Car Battery Assembly Emissiamnss

Vehicle

Class | Technology CHC co NOx PM_10 PM_25  VOC SO_x
cv 3.39E-01 8.70E-05 3.56E-04 4.30E-04 1.13E-04 2@BE-7.82E-04

HEV 1.27E-01 3.22E-05 1.33E-04 1.61E-04 4.29E-05 105E- 2.93E-04

PHEV 5 1.68E-01 4.26E-05 1.76E-04 2.13E-04 5.69E-05 1@2E-3.88E-04

PHEV 10 | 2.09E-01 5.31E-05 2.19E-04 2.65E-04 7.08E-05 105E-4.83E-04

PHEV 15 | 2.50E-01 6.36E-05 2.63E-04 3.18E-04 8.47E-05 2032E-5.78E-04

5 | PHEV20 | 2.92E-01 7.40E-05 3.06E-04 3.70E-04 9.87E-05 2@FE-6.73E-04
(é PHEV 25 | 3.65E-01 9.26E-05 3.83E-04 4.63E-04 1.23E-04 308E-8.42E-04
S | pHEV30 | 4.38E-01 1.11E-04 459E-04 556E-04 148E-04 3UBE-1.01E-03
G | pHEvss | 5.11E-01 1.30E-04 536E-04 6.48E-04 173E-04 4G2E-1.18E-03
PHEV40 | 5.84E-01 1.48E-04 6.13E-04 7.41E-04 1.98E-04 403E-1.35E-03

PHEV 45 | 6.57E-01 1.67E-04 6.89E-04 8.34E-04 2.22E-04 58BE-1.52E-03
PHEV50 | 7.31E-01 1.85E-04 7.66E-04 9.27E-04 2.47E-04 60BE-1.69E-03

PHEV 55 | 8.04E-01 204E-04 843E-04 102E-03 272E-04 68BE-1.86E-03

PHEV 60 | 8.77E-01 222E-04 9.20E-04 111E-03 297E-04 7@%E-2.02E-03

cv 3.39E-07 8.70E-11 3.56E-10 4.30E-10 1.13E-10 2.8DE- 7.82E-10

HEV 1.67E-01 4.23E-05 1.75E-04 2.11E-04 5.64E-05 1@3E-3.85E-04

PHEV 5 2.09E-01 5.30E-05 2.19E-04 2.65E-04 7.07E-05 10FE-4.83E-04

PHEV 10 | 2.51E-01 6.38E-05 2.64E-04 3.19E-04 8.50E-05 203E-5.80E-04

PHEV 15 | 2.94E-01 7.45E-05 3.08E-04 3.73E-04 9.93E-05 2@BE- 6.78E-04

5 | PHEV20 | 3.36E-01 852E-05 352E-04 4.26E-04 1.14E-04 2@BE-7.76E-04
S.Nﬁ PHEV 25 | 4.22E-01 1.07E-04 4.42E-04 535E-04 1.43E-04 3BFE-9.74E-04
% | pHEV30 | 5.07E-01 1.29E-04 5.32E-04 6.44E-04 1.72E-04 4QSE-1.17E-03
2 | pHEv3s | 5.93E-01 150E-04 6.22E-04 7.52E-04 2.01E-04 508E-1.37E-03
PHEV40 | 6.79E-01 172E-04 7.12E-04 861E-04 230E-04 508E-1.57E-03

PHEV 45 | 7.64E-01 1.94E-04 8.02E-04 9.70E-04 2.59E-04 6@BE-1.76E-03
PHEV50 | 8.50E-01 216E-04 891E-04 1.08E-03 2.88E-04 7.05E-1.96E-03
PHEV55 | 9.36E-01 237E-04 9.81E-04 1.19E-03 3.17E-04 703E-2.16E-03

PHEV 60 | 1.02E+00 2.59E-04 1.07E-03 1.30E-03 3.45E-04 8@BE-2.36E-03
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Table 55. Light truck Battery Assembly Emissionens

Vehicle Class| Technology GHG co NO_x PM_10 PM_25 VOC SO_x

cv 3.39E-07 8.70E-11 3.56E-10 4.30E-10 1.13E-10 2.9DE- 7.82E-10

HEV 2.35E-01 5.96E-05 2.46E-04 298E-04 7.94E-05 108E-5.42E-04

PHEV 5 2.89E-01 7.33E-05 3.03E-04 3.66E-04 9.77E-05 2@BE-6.67E-04

PHEV 10 | 3.43E-01 8.70E-05 3.60E-04 4.35E-04 1.16E-04 2@BE-7.92E-04

PHEV 15 | 3.97E-01 101E-04 4.16E-04 503E-04 134E-04 3@6E-9.16E-04

> PHEV 20 | 451E-01 1.14E-04 473E-04 572E-04 152E-04 3@4E-1.04E-03

% PHEV 25 | 5.61E-01 1.42E-04 588E-04 7.12E-04 1.90E-04 A4GUBE-1.29E-03
N

z PHEV30 | 6.71E-01 170E-04 7.04E-04 851E-04 2.27E-04 5@5E-1.55E-03

= PHEV 35 | 7.81E-01 198E-04 8.19E-04 991E-04 2.64E-04 6@4E-1.80E-03

PHEV 40 | 8.91E-01 226E-04 9.35E-04 1.13E-03 3.01E-04 7.6BE-2.06E-03

PHEV 45 | 1.00E+00 2.54E-04 1.05E-03 127E-03 3.39E-04 8@FE-2.31E-03

PHEV50 | 1.11E+00 2.82E-04 1.17E-03 141E-03 3.76E-04 9@BE-2.57E-03

PHEV 55 | 1.22E+00 3.10E-04 1.28E-03 155E-03 4.13E-04 108E-2.82E-03

PHEV 60 | 1.33E+00 3.38E-04 1.40E-03 169E-03 4.50E-04 108E-3.07E-03

cv 3.39E-07 8.70E-11 3.56E-10 4.30E-10 1.13E-10 2.9DE- 7.82E-10

HEV 2.97E-01 7.54E-05 3.12E-04 3.77E-04 101E-04 2BAE-6.87E-04

PHEV 5 3.56E-01 9.02E-05 3.73E-04 451E-04 120E-04 304E-8.21E-04

PHEV 10 | 4.14E-01 105E-04 4.34E-04 525E-04 140E-04 38BE-9.55E-04

PHEV 15 | 472E-01 120E-04 4.95E-04 599E-04 1.60E-04 3@SE-1.09E-03

S PHEV 20 | 5.30E-01 1.35E-04 556E-04 6.73E-04 1.79E-04 4@SE-1.22E-03

% PHEV 25 | 6.61E-01 168E-04 693E-04 839E-04 2.24E-04 569E-1.53E-03

> PHEV 30 | 7.92E-01 201E-04 830E-04 100E-03 2.68E-04 60UBE-1.83E-03

- PHEV 35 | 922E-01 234E-04 9.67E-04 117E-03 3.12E-04 7@BE-2.13E-03

PHEV 40 | 1.05E+00 2.67E-04 1.10E-03 1.34E-03 356E-04 8@AE-2.43E-03

PHEV 45 | 1.18E+00 3.00E-04 1.24E-03 150E-03 4.00E-04 108E-2.73E-03

PHEV50 | 1.31E+00 3.34E-04 138E-03 167E-03 4.45E-04 104E-3.03E-03

PHEV 55 | 1.45E+00 3.67E-04 152E-03 1.83E-03 4.89E-04 10QRE-3.34E-03

PHEV 60 | 1.58E+00 4.00E-04 1.65E-03 2.00E-03 5.33E-04 1G8E-3.64E-03
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Table 56. Passenger Car Battery Upstream EmissSions,

Vehicle Class| Technology GHG co NO_x PM_10 PM25  VOC SO_x
cv 3.46E-02 1.80E-05 5.90E-05 1.19E-04 4.40E-05 7.Q6E-4.46E-04

HEV 3.80E-01 1.11E-04 4.44E-04 552E-04 1.82E-04 3@5E-2.39E-03

PHEV 5 5.03E-01 1.46E-04 5.89E-04 7.31E-04 242E-04 4B3E-3.16E-03

PHEV 10 | 6.26E-01 1.82E-04 7.33E-04 9.10E-04 3.01E-04 6.0RE- 3.94E-03

PHEV 15 | 7.49E-01 218E-04 877E-04 109E-03 3.60E-04 7.QBE-4.72E-03

5 PHEV 20 | 8.73E-01 254E-04 1.02E-03 127E-03 4.19E-04 B8@9E-5.49E-03
% PHEV 25 | 1.09E+00 3.18E-04 1.28E-03 1.59E-03 525E-04 105E-6.87E-03
g PHEV30 | 1.31E+00 3.82E-04 153E-03 1.90E-03 6.30E-04 1Q4E-8.25E-03
S PHEV 35 | 1.53E+00 4.45E-04 179E-03 222E-03 7.35E-04 1@%E-9.62E-03
PHEV 40 | 1.75E+00 5.09E-04 2.05E-03 2.54E-03 8.40E-04 1B8E- 1.10E-02

PHEV 45 | 1.97E+00 5.73E-04 2.30E-03 2.86E-03 9.45E-04 1BE- 1.24E-02

PHEV50 | 2.19E+00 6.36E-04 256E-03 3.18E-03 1.05E-03 204E- 1.38E-02

PHEV 55 | 2.41E+00 7.00E-04 2.81E-03 3.49E-03 1.16E-03 2BAE-1.51E-02

PHEV 60 | 2.62E+00 7.64E-04 3.07E-03 3.81E-03 1.26E-03 2BRE- 1.65E-02

cv 3.46E-08 1.80E-11 5.90E-11 1.19E-10 4.40E-11 7.PRE- 4.46E-10

HEV 4.99E-01 1.45E-04 5.84E-04 7.25E-04 2.40E-04 A4USE-3.14E-03

PHEV 5 6.25E-01 1.82E-04 7.32E-04 9.09E-04 3.00E-04 604E- 3.93E-03

PHEV 10 | 7.52E-01 2.19E-04 8.80E-04 109E-03 3.61E-04 7.QSE-4.73E-03

PHEV 15 | 8.79E-01 256E-04 103E-03 128E-03 4.22E-04 B8@3E-553E-03

. PHEV 20 | 1.01E+00 2.93E-04 1.18E-03 1.46E-03 4.83E-04 9BBE- 6.33E-03
© PHEV 25 | 1.26E+00 3.67E-04 1.48E-03 1.83E-03 6.06E-04 1QAE-7.94E-03
g PHEV 30 | 1.52E+00 4.42E-04 178E-03 221E-03 7.29E-04 1@4E-9.55E-03
= PHEV 35 | 1.77E+00 5.17E-04 2.08E-03 258E-03 853E-04 104E-1.12E-02
PHEV 40 | 2.03E+00 5.91E-04 2.38E-03 295E-03 9.76E-04 1O5E-1.28E-02

PHEV 45 | 2.29E+00 6.66E-04 268E-03 3.32E-03 1.10E-03 2Q0E- 1.44E-02

PHEV 50 | 2.54E+00 7.40E-04 298E-03 3.69E-03 122E-03 2@4E- 1.60E-02

PHEV 55 | 2.80E+00 8.15E-04 3.28E-03 4.07E-03 1.35E-03 2BE- 1.76E-02

PHEV 60 | 3.06E+00 8.90E-04 3.58E-03 4.44E-03 1.47E-03 2O4E-1.92E-02
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Table 57. Light Truck Battery Upstream Emissionsnd

Vehicle Class| Technology GHG co NO_x PM_10 PM25  VOC SO_x

cv 3.46E-08 1.80E-11 5.90E-11 1.19E-10 4.40E-11 7.PRE- 4.46E-10

HEV 7.03E-01 2.05E-04 822E-04 102E-03 3.38E-04 605E-4.42E-03

PHEV 5 8.64E-01 2.52E-04 1.01E-03 1.26E-03 4.15E-04 8GiE-5.44E-03

PHEV 10 | 1.03E+00 2.99E-04 1.20E-03 1.49E-03 4.93E-04 9@BE- 6.45E-03

PHEV 15 | 1.19E+00 3.46E-04 1.39E-03 1.72E-03 570E-04 104E-7.47E-03

> PHEV 20 | 1.35E+00 3.93E-04 1.58E-03 1.96E-03 6.48E-04 1GOE- 8.49E-03

% PHEV 25 | 1.68E+00 4.89E-04 1.96E-03 2.44E-03 8.06E-04 1BAE-1.06E-02
N

z PHEV 30 | 2.01E+00 584E-04 235E-03 292E-03 9.65E-04 1O8E-1.26E-02

s PHEV 35 | 2.34E+00 6.80E-04 273E-03 3.40E-03 1.12E-03 2@5E-1.47E-02

PHEV 40 | 2.67E+00 7.76E-04 3.12E-03 3.87E-03 1.28E-03 2B6E- 1.68E-02

PHEV 45 | 3.00E+00 8.72E-04 3.51E-03 4.35E-03 1.44E-03 2@8E- 1.88E-02

PHEV 50 | 3.33E+00 9.68E-04 3.89E-03 4.83E-03 160E-03 3Q0E-2.09E-02

PHEV 55 | 3.65E+00 1.06E-03 4.28E-03 5.31E-03 1.76E-03 3BAE- 2.30E-02

PHEV 60 | 3.98E+00 1.16E-03 4.66E-03 5.79E-03 1.91E-03 3BBE- 2.51E-02

cv 3.46E-08 1.80E-11 5.90E-11 1.19E-10 4.40E-11 7.PRE- 4.46E-10

HEV 8.90E-01 2.59E-04 1.04E-03 1.29E-03 4.28E-04 8B5E-5.60E-03

PHEV 5 1.06E+00 3.10E-04 1.25E-03 1.55E-03 5.11E-04 102E- 6.69E-03

PHEV 10 | 1.24E+00 3.60E-04 1.45E-03 1.80E-03 595E-04 108E-7.79E-03

PHEV 15 | 1.41E+00 4.11E-04 1.65E-03 2.05E-03 6.79E-04 1G6E- 8.89E-03

S PHEV 20 | 1.59E+00 4.62E-04 1.86E-03 231E-03 7.62E-04 1B2E-9.98E-03

3 PHEV 25 | 1.98E+00 576E-04 231E-03 287E-03 9.50E-04 100E-1.24E-02

;'j’ PHEV 30 | 2.37E+00 6.90E-04 277E-03 3.44E-03 1.14E-03 2Q8E- 1.49E-02

- PHEV 35 | 2.76E+00 8.03E-04 3.23E-03 4.01E-03 1.33E-03 2B5E- 1.74E-02

PHEV 40 | 3.15E+00 9.17E-04 3.69E-03 4.58E-03 151E-03 308E- 1.98E-02

PHEV 45 | 3.54E+00 1.03E-03 4.14E-03 5.15E-03 1.70E-03 3@OE- 2.23E-02

PHEV 50 | 3.93E+00 1.15E-03 4.60E-03 5.71E-03 189E-03 308E-2.47E-02

PHEV 55 | 4.32E+00 1.26E-03 5.06E-03 6.28E-03 2.08E-03 404E-2.72E-02

PHEV 60 | 4.72E+00 1.37E-03 5.52E-03 6.85E-03 2.27E-03 4B8E- 2.97E-02
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Figure 53Passenger Car Fleet Cash Flow for Low HEV Scenario,
(Reference Case and Scenario Case Left Axis), iliofs of Dollars)
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Figure 55Passenger Car Fleet Cash Flow for Medium HEV & PHEV

Scenario, (Reference Case and Scenario Case Lisf, flx Billions of
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== Refrence case e SCENArO Case
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Figure 62 Light Truck Fleet Cash Flow for High HEV Scenario,
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== Refrence case e SCENArio case

e Cash flow e Cumulative Cash flow
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Figure 64 Light Truck Fleet Cash Flow for High PHEV Scenario,
(Reference Case and Scenario Case Left Axis), i(liofs of Dollars)
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Table 58. Forecasted Gasoline Price, ElectricityePand Gasoline Tax, with NHTSA Forecasted Flakiss Based on NHTSA and
EIA Projections, 2009 [2,143]

Gasoline price, $/gallonElectricity price, $/kWh Gasoline tax, 2010$% Passenger Car Light Truck
2010 $2.73 $0.10 $0.45 5,136,304 5,270,257
2011 $2.85 $0.11 $0.45 7,922,670 5,457,537
2012 $2.86 $0.11 $0.45 9,122,736 5,798,295
2013 $3.02 $0.10 $0.44 9,797,100 6,038,091
2014 $3.11 $0.10 $0.44 10,231,299 5,947,426
2015 $3.19 $0.10 $0.44 10,626,436 5,826,239
2016 $3.23 $0.10 $0.43 10,831,738 5,669,364
2017 $3.31 $0.10 $0.43 10,694,688 5,490,255
2018 $3.35 $0.10 $0.43 10,688,660 5,281,916
2019 $3.39 $0.10 $0.42 10,930,975 5,191,409
2020 $3.43 $0.10 $0.42 11,387,039 5,154,528
2021 $3.44 $0.10 $0.41 11,411,599 5,048,215
2022 $3.51 $0.10 $0.41 11,406,247 4,938,710
2023 $3.52 $0.10 $0.41 11,512,041 4,900,411
2024 $3.58 $0.10 $0.40 11,744,449 4,938,249
2025 $3.60 $0.10 $0.40 11,997,263 4,968,891
2026 $3.62 $0.10 $0.40 12,196,569 4,995,376
2027 $3.67 $0.10 $0.40 12,379,459 5,018,973
2028 $3.69 $0.11 $0.39 12,554,529 5,025,871
2029 $3.74 $0.11 $0.39 12,711,839 5,027,889
2030 $3.70 $0.11 $0.39 12,888,821 5,068,244
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Table 59. Technology Incremental Costs in 2010$.

Technology Subcompact _— Midsize .. L_arge
Car Compact Car Midsize Car Large Car SUV Large SUV| Minivan| Pickup
Ccv $0 $0 $0 $0 $0.00 $0.00 $0.00 $0.00
HEV $4,051 $4,051 $3,882 $3,882 $5,578.37 $5,636,315,578.37| $5,636.31
PHEV5 $4,661 $4,661 $4,341 $4,341 $6,273.47 $66099| $6,273.47| $6,099.6
PHEV10 $5,270 $5,270 $4,799 $4,799 $6,968.57 $63862| $6,968.57| $6,562.88
PHEV15 $5,880 $5,880 $5,258 $5,258 $7,663.67 $71626| $7,663.67| $7,026.16
PHEV20 $6,489 $6,489 $5,716 $5,716 $8,358.77 $74489 $8,358.77| $7,489.44
PHEV25 $6,995 $6,995 $6,226 $6,226 $8,766.53 $34878| $8,766.53| $8,078.48
PHEV30 $7,500 $7,500 $6,736 $6,736 $9,174.28 $85@67| $9,174.28| $8,667.52
PHEV35 $8,006 $8,006 $7,245 $7,245 $9,582.04 $KB56| $9,582.04| $9,256.56
PHEV40 $8,511 $8,511 $7,755 $7,755 $9,989.80 $96845 $9,989.80| $9,845.60
PHEV45 $9,017 $9,017 $8,265 $8,265 $10,397/56 81064 | $10,397.56 $10,434.64
PHEV50 $9,522 $9,522 $8,775 $8,775 $10,805{31  ¥BIGB | $10,805.31 $11,023.68
PHEV55 $10,028 $10,028 $9,285 $9,285 $11,213/07 ,682172 | $11,213.0Y $11,612.72
PHEV60 $10,533 $10,533 $9,795 $9,795 $11,620[83 291276 | $11,620.883 $12,201.76

Table 60. Calculated CVs MSRPs

EPA Class Technology | Weighted average MSRP, 2010%
SupCompact Car cv $24,011
Compact Cars Ccv $21,840
Midsize Cars CcVv $26,646
Large Car cv $30,011
Midsize SUV CcVv $27,101
Large SUV CcVv $38,942
Minivan CcVv $29,197
Large Pickup CV $29,699
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Table 61. Technology Incremental Cost Decline RatH-2030, (ANL) [102]

Technology Subcompact Compact| Midsize | Large Midsize | Large Minivan Large

Car Car Car Car SUV SUV Pickup
Ccv 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.0(¢
HEV -0.61% -0.61% -0.96% -0.969 -1.38% -1.49% -%38 -1.49%
PHEV5 -0.74% -0.74% -1.12% -1.12% -1.51% -1.61% 51% -1.61%
PHEV10 -0.86% -0.86% -1.28% -1.28% -1.64% -1.72% .64% -1.72%
PHEV15 -0.99% -0.99% -1.45% -1.45% -1.77% -1.84% . 7% -1.84%
PHEV20 -1.11% -1.11% -1.61% -1.61% -1.90% -1.96% .90% -1.96%
PHEV25 -1.24% -1.24% -1.77% -1.77% -2.04% -2.08% .04% -2.08%
PHEV30 -1.37% -1.37% -1.93% -1.93% -2.17% -2.20% .17% -2.20%
PHEV35 -1.49% -1.49% -2.09% -2.09% -2.30% -2.32% .30% -2.32%
PHEV40 -1.62% -1.62% -2.25% -2.25% -2.43% -2.44% .43% -2.44%
PHEV45 -1.74% -1.74% -2.41% -2.41% -2.57% -2.56% .57% -2.56%
PHEV50 -1.87% -1.87% -2.57% -2.57% -2.70% -2.68% .70% -2.68%
PHEV55 -1.99% -1.99% -2.73% -2.73% -2.83% -2.80% .83% -2.80%
PHEV60 -2.12% -2.12% -2.90% -2.90% -2.96% -2.91% .96% -2.91%
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Table 62. Passenger Car Fleet Fuel Economy Chaaige2R10-2030, (ANL) [102]

Compact and Subcompact Carsg Mid-size and Large cars

Year | FCT_u| FCT_H PCT-iPCT_h|FCT_u| FCT_h| PCT-4y PCT_h

Ccv 0.00% | 0.00%| 0.34% 0.60% 0.00% 0.0d% 0.6p% 0.31%

HEV 0.00% | 0.00%| 0.75% 0.67% 0.00% 0.0d% 0.6/% 0.10%
PHEVS | -0.43%| -0.39%| 0.57%| 0.55%| -0.61% -0.87%]| 1.70% | 1.69%
PHEV10|( -0.45%/| -0.41%/( 0.63% | 0.60%| -0.65% -0.87%| 1.70% | 1.69%
PHEV15( -0.46%]| -0.43%]| 0.68% | 0.64%| -0.70% -0.87%| 1.70% | 1.69%
PHEV20( -0.48%]| -0.46%]| 0.74%| 0.69%| -0.75% -0.87%| 1.70% | 1.69%
PHEV25( -0.50%| -0.48% | 0.80% | 0.73%| -0.79% -0.87%| 1.70%| 1.69%
PHEV30| -0.52%| -0.50%( 0.85% | 0.78%)| -0.84% -0.87%]| 1.70% | 1.69%
PHEV35( -0.54%] -0.53%]| 0.91%| 0.82%| -0.88% -0.87%| 1.70% | 1.69%
PHEV40( -0.56%| -0.55%]| 0.97% | 0.87%| -0.93% -0.87%| 1.70% | 1.69%
PHEV45( -0.57%] -0.57%] 1.02%| 0.91%| -0.98% -0.87%| 1.70% | 1.69%
PHEV50 | -0.59%| -0.59%( 1.08% | 0.96%| -1.02% -0.87%]| 1.70%| 1.69%
PHEV55( -0.61%| -0.62%( 1.14% | 1.00%| -1.07% -0.87%]| 1.70% | 1.69%
PHEV60 | -0.63%| -0.64%]| 1.20%| 1.05%| -1.11% -0.87%| 1.70% | 1.69%

=4

=

190



Table 63. Light Truck Fleet Fuel Economy ChangeeR&t10-2030, (ANL) [102]
Mid-size SUV and Minivan Large SUV and Pick Up tkac

Year | FCT_u| FCT_H PCT-iPCT_h|FCT_u| FCT_h| PCT-4y PCT_h

Ccv 0.00% | 0.00%| 0.46% 0.63% 0.00% 0.0d% 0.2P% 0.49%

HEV 0.00% | 0.00%| 0.84% 0.76% 0.00% 0.0d% 0.6B% 0.30%
PHEVS | -0.59%| -0.42%]| 1.80% | 1.46%| -0.74% -0.56%| 1.58%( 1.35%
PHEV10|( -0.63%| -0.45%( 1.87% | 1.53%| -0.75% -0.57%]| 1.70%| 1.41%
PHEV15( -0.66%| -0.47%] 1.94% | 1.60%| -0.76% -0.58%| 1.81% | 1.47%
PHEV20( -0.70%]| -0.50%]| 2.02%| 1.67%| -0.76% -0.59%| 1.92% | 1.53%
PHEV25( -0.73%| -0.53%( 2.09% | 1.74%| -0.77% -0.59%| 2.03% | 1.59%
PHEV30| -0.76%| -0.56% | 2.16% | 1.81%| -0.78% -0.60%| 2.15% | 1.65%
PHEV35( -0.80%]| -0.59%]| 2.23%| 1.88%| -0.78% -0.61%| 2.26% | 1.71%
PHEV40( -0.83%] -0.62%]| 2.30%| 1.95%| -0.79% -0.62%| 2.37% | 1.77%
PHEV45( -0.87%]| -0.65%]| 2.38% | 2.02%| -0.80% -0.62%| 2.49% | 1.83%
PHEV50 | -0.90%| -0.68% | 2.45% | 2.09%| -0.80% -0.63%| 2.60% | 1.89%
PHEV55( -0.94%| -0.70% | 2.52% (| 2.16%| -0.81% -0.64%| 2.71%| 1.95%
PHEV60| -0.97%]| -0.73%]| 2.59% | 2.23%| -0.82% -0.65%| 2.82% | 2.01%
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Table 64. Vehicles Unadjusted Fuel Economy, (mpg)

Technology Compact| Midsize | Large Midsize | Large N Lgrge

Subcompact Car| Car Car Car SUV SUV Minivan | Pickup
cv 33.15 33.15 31.58 27.93| 27.04 | 22.12 25.08 19.75%
HEV 49.38 49.38 41.94 37.39| 33.00 27.59 30.74) 24.59
PHEV5 57.42 57.42 48.40 43.26 38.31 32.18 35.80 28.64
PHEV10 66.67 66.67 55.76 4997 4432 | 37.39| 4155  33.25%
PHEV15 77.26 77.26 64.09 5758 51.10 | 43.29| 48.07 38.45
PHEV20 89.33 89.33 73.46 66.18 58.69 49.93 55.38 44.29
PHEV25 101.62 101.62 83.54 75.48 66.61 | 56.62 63.05| 50.18
PHEV30 115.15 115.15 94.64 85.75 75.31 63.96 71.49] 56.62
PHEV35 129.95 129.95 106.8( 97.03 84.79 71.95 80.72 63.63
PHEV40 146.06 146.06 120.06 109.36 95.08 80.61 90.77 71.22
PHEV45 163.51 163.51 134.44  122.77106.19| 89.95| 101.64 79.40
PHEV50 182.32 182.32 149.99 137.29118.13| 99.98| 113.36 88.17
PHEV55 202.52 202.52 166.7( 152.93130.91| 110.69 125.92 97.54
PHEV60 224.13 224.13 184.63 169.72144.55| 122.10 139.34 107.51
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Appendix D- Multi-Criteria Decision Support System and Negotiation Process System

The objective of this study is to provide a toal imderstanding the tradeoffs among
various vehicle technologies, and vehicle technekgenetration scenarios of HEVs and
PHEVs for the North American market. This toollveihable the qualitative and quantitative
comparison of the benefits and costs of desigmradtives to inform decision makers (DMs).
This section starts with literature review of desssupport systems (DSS) and negotiation
support systems (NSS). Then two DSS methods agktosnvestigate the preferred PHEV
design and PHEV penetration scenario through thieldpment of decision support
environment.

Previous studies have developed many decision sugysiems and negotiation support
systems but few have tested the impact of the idecsipport system with negotiation process
on the outcomes. The negotiation process invdivesor more decision makers with a conflict-
of-interest. Negotiation support systems use diffeapproaches including model-driven, data
drive and communication driven. Negotiation supggstem will assist DMs by providing them
with a modeled communication process integratealtimé decision making process. A feedback
loop between the DMs and the DSS is establishedaay that the final result needs to satisfy
each DM. Several prior studies have considereaé¢igetiation support system to be an area
within the DSS. Consumers, automakers and polialers should be able to choose a vehicle
among different vehicle technologies based on iffecriteria. Each DM should interact and
negotiate to arrive at the preferred vehicle tetdmpalternative.

Kersten and Lo (2001) [147] describe the steps®Negotiation Support Systems
(NSS) to be:

o Help and advice negotiators
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. Structure and analyze the problem

. Elicit preferences to be used for constructingilgyufunction
o Find feasible and efficient alternatives

. Visualize different aspects of the problem andgioxess

o Facilitate communication

Schoop (2004) state that there are three diffeapptoaches in the NSS: automation-
oriented for finding an economic best solution; cammication-oriented to support the
communication processes; and document-orienteddoument exchange management [148].
There is a need to combine the automation-orieateldcommunication-oriented approaches
with the document-oriented approach in the decisigeport to achieve the goal of electronic
negotiation support than enables complex negotiat&rnott and Pervan (2005) describe that
the negotiation support systems as a subfieldeotitision support system [149]. Power (2007)
argues “Negotiation Support Systems is not a ndiedd related to decision support [150].
There has been a Negotiation Support Systems ragk ait the Hawaii International Conference
on System Sciences (HICSS) since 1991. Articlethisntype of system began appearing in the
literature in 1986.” Arnott and Provan (2005) diedl the negotiation system into problem-
oriented and process-oriented [149]. The problelented phase was mainly focused on
providing support to a specific problem type susiCa-Op and MEDIATOR. The process -
oriented system provided a support of the give{akd-process of negotiation.

Matsatsinis and Delias (2004) defined a multi-cidt@rototype negotiation protocol that
allowed agents to follow a process toward findingpatimal decision [151]. The model found a
convenient solution based on agents estimatedrprefes. One advantage of the methodology

was implementation through the internet [151].v@ilia et al., (2008) introduced a multi-issue
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negotiation protocol for one-buyer-to-many-selieteractions [152]. The study included an
illustration of the negotiation process that showexlusefulness as a product and market
brokering tool [152]. Goeltner (1987) developegratotype systems whereby a computer acted
as a third party in the negotiation process betweerparties in a single or multi-issue case
[153]. The study developed two computer prograddDINE [, dealing with two parties
Single-Issue Negotiation where optimization waspussible. ONDINE Il dealt with two party
Multi-Issue Negotiations [153].

Lai et al., (2004) reviewed the existing reseanciMulti-attribute Negotiation in the
field of Economics and Artificial Intelligence [1p4The motivation and difficulties of multi-
attributes negotiations were examined where ontypgarties multiple issues were considered.
Turban et al., (2011) described the use of collatam 2.0 software to improve the process and
tasks in virtual group decision making [155]. &viability model was used to find if the social
software fit a decision task and to determine vulm@iortant organizational factors were needed
to make it an effective tool. Utomo et al., (2088)dy developed a model of agreement options
on negotiation support for civil engineering demis[156]. An analytical hierarchy process
(AHP) approach was created with three level ofslenihierarchy. One advantage of the AHP
approach was to assist decision makers evaluateaakdlternatives in advance prior to the
negotiation process. In et al., (2001) found grurements for negotiation to be very critical
[157]. A multi-criteria preference analysis re@umrents negotiation model was presented that
assisted agents in the evaluation, negotiatioragneement process.

Bellucci et al., (2008) developed a system thatlesapirical evidence to dynamically
modify the initial preferences during the negotiatprocess [158]. The system used trade-offs

and compensation to allocate issues. Bui and 8ab42010) based their model on the Pareto
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concepts that maximize the social utility funct{@9]. An optimization technique based on a
mixed integer linear programming (MILP) model wasnbined with a negotiation approach
using multi-attribute utility functions using a hytb and iterative method [159]. Espinasse et al.,
(1997) developed a negotiation support systemisiaased on a multi-criteria conceptual
framework of the negotiation and development [1608Jang et al., (2011) used a game theory
approach to develop a quantitative methodologyifmert negotiations over the allocation of
costs and benefits of brownfield redevelopmentqutsj [161]. In. and Olson (2004) proposed a
“Multi-Criteria Preference Analysis Requirementsgdgation (MPARN).” [162] The step-by-
step process in the MPARN model resulted in unbiaspects for the stakeholders through
cooperation and trust. Jaramillo et al., (2008spnted multi-objective decision support systems
with a negotiation process that helped decisionarsakeach a satisfactory solution [163]. The
model solved a problem where conflict of interesikssted between decision makers. The
model allowed the DMs to propose their preferrédrahtives and then for that set of
alternatives to define the region for each critetio be negotiated. The model proposed a
balanced solution and if the DMs were not satistigth it they would adjust their preferences

and the process continue when the DMs agreed gortip@sed alternative [163].

Multi-Criteria Decision Support System Methods and Results

This section presents the methods, models andsexftdpplying multi-criteria decision
support systems (MCDSSs) methods to find the medarehicle technology and scenario of
vehicles technology options. Two MCDSSs used W®MOTHEE and Compromise
Programming methods. Methods were chosen becéssamlicity, clearness and the ability to

integrate criteria weighting.
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The objective of this study is to create a decisiopport system (DSS) that allows decision

makers (DM) to evaluate different vehicle technglagiernatives and scenarios. The

stakeholders groups of this MCDSS are:

a)
b)
C)
d)
e)

f)

Fuel manufacturers

Fuel distributers

Vehicle manufacturers (including material and parts

Vehicle distributers (including maintenance andarey)

Customers for vehicles and fuel

Government at all levels whose cognizance covers@mmental, safety, zoning

and other aspects of new technologies includingiptong their development

Each stakeholder has need, goals and constrdihesmain stakeholders in this system

are consumers, automakers, and policymakers. $bthe goals and need for the main

stakeholders are:

Consumers:

The decision to purchase a technology (CV, HEV or PHEV)
Purchase and ownership costs

Weighting or prioritizing local emissions or global warming

M anufacturer:

The decision to invest in PHEV

The decision to adopt or support PHEV
How many vehicles to make

What PHEV design to make

What PHEV class to make
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Policymakers:
e CAFE and GHG emission standards
¢ Required Energy
e Use of renewable energy
e Imported oil dependency

e Improving oil security

PROMOTHEE Method

PROMOTHEE method is an outranking method that peréoa pairwise comparison of
each alternative in each single criterion in omlaluates and calculates the strength of
preference of each alternative over other alteraati In PROMOTHEE method it is required to
provide weights for each criteria and to specify pineference function when comparing criterion
contribution [164].

In this analysis the two types of PROMETHEE todediare PROMETHEE | partial
ranking, and PROMETHEE Il complete ranking. PRONHEE | provides a ranking of
alternatives by comparing each alternative to odiiternatives but in some cases some
alternatives cannot be compared and the rankingwiincomplete. PROMETHEE Il provides
a complete ranking of the alternatives from thd bethe worst one. It compares each
alternative to others and other alternatives to which calculates each alternative rank and
outrank with relative to other alternatives. In PROMOTHEE method the preference function
(P;) assigns a score from 0 to 1 based on the diftereetween the evaluations of two
alternatives for the chosen criterion. In thislgsia only two preference functions were chosen;
U-shape function and V-shape function as in Figuaad Figure 2. The U-shaped is applied

where there is a strict preference between tworatses where the V-shaped is applied where
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there is increasing preference between two alteesat The preference function has two
elements called threshold. Indifference threshqjagpresents the largest difference in the

decision criterion between the two alternatives stnidt preference threshold)(

1] »
q

Figure 71 U-shape Preference Function

]
Figure 72V-shape Preference Function

The intensity of preference betwegandb actions is represented as:

Pi(a, b) =0 an indifference betweemandb, or no preference af overb;

Pi(a, b) ~0 weak preference @ overb
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Pi(a, b) ~ 1 strong preference @foverb

Pi(a, b) =1 strict preference af overb

Where this preference function is a function ofdifeerence between the two

evaluations:
Pi(a, b) = R(f(a) — (b))

Then the computation of the multi-criteria prefer@nndex and ranking value for each

alternativea andb:

m(a,b)= Zk: Pi(a,b)w;,

=1

W criteria weight
Finally the evaluation of each alternative A widl by using the outranking relation

Leaving flowg" (a)=Zpea 7r(a,b),
Entering flowg (a)=2pea (b, a),

Net flow ¢p(a)= ¢ (a)- ¢'(a)

Compromise Programming Method
Some of the multicriteria decision support systamesgoal programming (GP),

multiobjective programming (MOP) and compromisegoeanming (CP). Compromise
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programming was preferred over goal programmin@bee it does not requires the specification
of DM’s target value and weights for each variat@eiation which are not easily determined. It
is preferred over multiobjective programming beeaisioes not require a lot of computations
[165]. Compromise Programming (CP) optimizes dibjecsubjects to a set of constraints by
seeking a solution that is as close as possilileetideal point [166]. It was first introduced by

Zeleny (1973). The equation for the compromisg@mmming is:

w= e Ly

Where

Z 1,2,3..t and represents t criteria or objectives;

J 1,2,3..n and represents n alternatives;

L distance metric of alternatiye

W, corresponds to a weight of a particular criteri@lojective;
p parameterg = 1,2,inf)

f, and best and the worst value for critedaespectively

f; actual value of criteriom.

Decision Support System at Vehicle Level M odel

In this multi-criteria decision support system gs& we have investigated a set of
vehicle technology and a vehicle technology scertaat might leads to PHEV market success.
Two decision support system models were developaelat vehicle technology level and

another at set of vehicles scenario level.
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Vehiclelevel Model Components

Vehicleclass:
. Compact Car
o Mid-size Car
o Mid-size SUV
. Large SUV

Alternatives (Vehicle Technology):

o CV, gasoline
. CV diesel
. HEV

J PHEV 5-60

° EV

CriteriaUsed in the DSS modd!:

Consumer:
o MSRP
J Performance
o Fuel Economy
. Driving Range
J Safety

Lack of refueling Infrastructure
GHG emission, (tons)

Pay back
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. New Technology

. Lifetime Cost, 13 years
o Gasoline price
Automaker:

o Cost of Technology

o Marginal cost of technology to charge consumer
o Impact of technology on the brand
. Expertise required to bring technology
J CO2 emissions
J CAFE
Policymaker:

o Oil dependency

J Use of Clean Energy

. GHG emission

o Fuel prices effect

. Infrastructure Cost or need
DSS M ethods:

3 PROMOTHEE |
o PROMOTHEE I

o Compromise Programming
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DSSModsd 1/0:

Model Inputs:
1. Criteria weights and thresholds
2. Inputs for each scenario

Model Outputs:

1. Preferred technology for each DMs
2. Preferred technology for a combination of or all ®M
3. Final DM’s preferred alternative ranking

This multi-criteria decision support system modesiPROMETHEE | & Il outranking
method to rank alternatives based on each deasakers and choice the preferred alternative
for each decision maker inputs and for all decisim@akers inputs. Then a Compromise
Programming method is used to rank the preferredraitive chosen for each decision maker.

The model could be used by consumers, automakgrslioy makers. Based on each
decision makers preference towered each critegianthdel will give the preferred vehicle

technology within each vehicle class.

I nstruction:
1) The threshold levels for each criterion within e&ehicle class can be changed
2) Each decision maker will adjust the weights (betw@€.0) for each criterion on

the main model window for each vehicle class
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3)

4)

5)

6)

7)

Note:

The results will be presented for each decisionenhlat results could be
presented for individual or combination of decisioaker’s inputs by choosing
the decision maker type.

Adjust the weights of each criteria to have a vdlaiveen 0-10

The result will be presented in the graph and table

The results in the table will show the preferradralative in each vehicle class for
PROMETHEE I and Il method

Compromise Programming method will rank each pretealternative chosen by

PROMOTHEE Il method for each DM.

Phi + : PROMETHEE |, partial preorder

Phi: PROMETHEE I, net outranking flow where altiaos are compared

PROMETHEE | & Il Methods Results

Main Model
Decision Maker Control

Consumer

Automaker

Policymaker

Main Model
PROMETHEEI PROMETHEE II
Preferred Technology Preferred Technology

Phi
684.00 309.70 EV PHEV40
684.00 312,19 EV PHEV4
701.32 37467 EV PHEV40
608.00 7Ty EV PHEV4

Figure 73Main Model Decision Maker Type Control and AssoethResults
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DM1
Consumer

PROMETHEE I PROMETHEE IT

Phi Preferred Technology Preferred Technology

Compact Car PHEVID PHEVID
Mid-size Car 295.97 156.38 PHEV2D PHEV2D
Mid-size SUV 33l.65 165.67 PHEVG0 PHEV40
Large Car 309.28 162.77 PHEVS0 PHEV40

DM2

Automaker
PROMETHEE I PROMETHEE IT
Preferred Technology Preferred Technology

Compact Car EV
Mid-size Car 211.00 76.00 EV EV
Mid-size SUV 211.00 76.00 EV EV
Large Car 211.00 81.00 EV PHEV3D

DM3

Policymaker

PROMETHEE I PROMETHEE II
Preferred Technology Preferred Technology

Compact Car 216.00 171.00 PHEVSD PHEVS0
Mid-size Car 216.00 171.00 PHEVSO PHEVS0
Mid-size STV 216.00 171.00 PHEVSD PHEVSD
Large Car 216.00 171.00 PHEVSD PHEVS0

Figure 74 Results for Each Decision Maker

Compromise Programming Method Results

Note that Compromise Programming method was useghtothe preferred alternative

technologies chosen by each decision maker usi@MRRTHEE |l methods.
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Compromise Programming

L1 LZ
Compact Car PHEVSI( PHEVSI(
Mid-size Car PHEVSO PHEVSO
Mid-size SUV PHEV40 PHEVS0

Large Car PHEV40 PHEV40

Compact Car

Alternative
PHEWZ0 3

EW 2 3
PHEWYSO 1

Mid-5ize Car

Alternative

PHEWZO 3 3
EV
PHEWSO 1 1

Mid-Size SUV
Alternative
PHE"'40 1 2
EW 3 3
PHEYSO 2 1

Large Car Lz
Alternative ark Rark
PHEY40 1 1
PHE''30 3 3
PHEYSO 2 2

Figure 75Ranking PROMETHEE Il Results for Each Decision Maksing Compromise
Programming Method
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formance

Fuel Ecanomy

Drivis

Consumer

G
Gasaline price

Cost of
Techno

Automaker

Policymaker

Critertion 3 5 4 17
‘min or max max max max max
al 5 322 2 5 1 219 0 1 3 o 1 1 219 1 3 1 3 3 1
al 5 35 2 4 2 2 18 1 3 o 1 2 2 1 4 1 3 3 1
a3 4 42 2 3 1 1.69 21 3 4 $4.051 2 3 169 2 3 2 3 4 1
a4 4 48 2 4 3 1.65 1453 3 4 54,661 2 3 165 2 2 2 3 4 2
af 3 36 3 4 3 162 13.02 = §45.398 3 $5.270 2 3 162 3 2 2 3 3 2
af 3 64 3 4 2 159 1.7 3 $43.174 2 $3.880 3 4 159 3 2 3 2 3 2
a7 3 74 3 4 2 1.56 11.75 3 $43.161 2 56,489 3 4 156 3 2 3 2 2 3
a8 2 84 3 4 2 156 12.07 = §45.249 2 $6.995 3 4 156 4 2 3 2 2 3
a9 2 95 4 3 2 153 13 3 $43.389 2 $7.500 3 b] 155 4 2 3 2 2 3
ald 2 107 4 3 2 155 133 = §45.,515 2 $8.006 4 3 153 4 2 4 1 2 4
all 2 119 4 3 2 1.55 13.92 3 $43.792 1 §8.311 4 3 135 3 1 4 1 1 4
al2 1 133 4 3 2 5] 13 3 546,090 T 59017 4 3 155 3 1 4 1 1 4
al3 1 148 3 2 2 154 16 3 §46.452 [ §9.522 4 3 154 3 1 3 1 1 3
al4 [ 164 3 2 2 154 17.6 3 546,849 [ 510,028 3 3 154 3 1 3 1 1 3
als T 13T 3 2 2 JRE) T 5 547266 T 510,333 b] b] 134 b] | b] T | 3
alé 1 200 1 1 3 120 35 = $60.000 1 $14,000 3 3 120 3 1 3 1 1 3
Criterion Type m o m i i i o m o o o i o o i I i o I i I
3 300 1 3 1 1 1 0.05 1 1 300 2 300 1 1 02 1 1 1 02 1 1
Parameters 3 3 8 3 3 3 6 4 = 7 8 3 3 7 8 8 8 8 8 8 3
Weight 3 3 8 3 3 3 3 7 8 3 3 7 8 8 8 8 8 8 3

Figure 76 Criterion Value, Threshold and Method in the Comigzar Class for Each Decision Maker Over Vehiclehielogy

Compact Car

Lack of
refueling

GHG, 13
years

Gasoline
price

Lifetime
Cost, 13

New
Technology

Pay back

Consumer

[
Technology

Experties
required to

Impact of
technology on

Marginal cost of
technology to

Automakeres

4 (] [} K] (3] (Kl 3

oil Use of Clean
dependency Energy

Infrastructure Cost
or need

GHG emission Fuel prices

effect

Policy Makers a 1

Figure 77 Criterion Weight in the Compact Car Class for EBetision Maker at the Main 1/0O GUI
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Vehicle Level Decision Support System Conclusions
. Policymakers are pulled towered more electrifiediele technology seeking for
high fuel economy and lower GHG emissions
. Consumers are resistance to long rang PHEVs andib&®'$o their high MSRP
costs, and longer payback period
o Automakers are in between, they are seeking higimtdogy vehicle to meet the
CAFE and air emissions standards but sensitiverenveew technology initiation

and costs

Scenario Level Decision Support System Model
In this section the decision support system moaielsised to rank nine different
scenarios from the multi-criteria modeling systefie nine scenarios results and technology

penetrations used are shownTable 65andFigure 870 Figure 95

212



Table 65 Multi-Criteria Modeling System Scenario Results dgethe Decision Support System

(millions (millions (Millions - .
of gallons) KWh) 2010$) (Billions 2010%) millions (ton)
. . Technology .
Scenario CAFE, Gasoll_ne Electricity Incremental Cumulative Cash GHG co NQ PMyo PM, < VOC e
(mpg) | reduction usage Cost flow
Regggce -346.11 0 0 0 0 5566 5429 109 050 0. 4726 020
Low HEV | -299.90 35,713 0 $129,308 $33 5277 54.5.081| 0.54 0.31 51.32 0.15
High HEV | -226.40 77,886 0 $289,083 $83 4,938 54,181.08 0.59 0.33 56.69 0.33
Mid -172.49 97,576 388,978 $287,225 $91 5,043 49(23.46 1.09 0.53 101.40 1.54
PHA%Q/ -9.28 142,361 898,758 $358,257 $129 5470 46[16 1 2.22.02 0.89 162.79 3.68
Scenario 5 1.37 153,227 774,594 $403,63[L $102 4{83B.94 | 1.80 1.61 0.72 137.55 2.77
Scenario 6 2.84 155,279 777,749 $408,058 $94 4/8148.82 1.79 1.60 0.71 132.17 2.7%
Scenario 7 1.09 154,278 822,030 $406,058 $129 4{874B.57 1.87 1.69 0.77 154.27 3.0
Scenario 8 151 153,759 816,944 $403,83R $120 4/8743.61 1.86 1.67 0.76 149.89 2.9¢
Scenario 9 2.40 154,248 867,126 $401,911 $140 4/913.11 1.93 1.76 0.80 164.51 3.1
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Figure 87.Low HEV Scenario Penetration Rate Share in thedtager Car Fleet.
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Figure 88 High HEV Scenario Penetration Rate Share in tresétayer Car Fleet.
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Figure 89 Medium HEV/PHEV Scenario Penetration Rate ShatbeérPassenger Car Fleet.

214



mCV mHEV w®mPHEV15 mPHEV30 mPHEV40 ®=PHEV60
100%

80%

60%

40%

20% |

R -rllrllTllTlllllLLlll

2005 2010 2015 2020 2025 2030

fraction of new vehicles sold

Figure 90High PHEV Scenario Penetration Rate Share in #sséhger Car Fleet.
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Figure 91.Scenario 5 Penetration Rate Share in the Pass€agéileet.
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Figure 92.Scenario 6 Penetration Rate Share in the Pass€agéileet.
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Figure 93.Scenario 7 Penetration Rate Share in the Pass€agéileet.
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Figure 94 Scenario 8 Penetration Rate share in the Pass€agéileet.
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Figure 95.Scenario 9 Penetration Rate Share in the Pass€agéileet.
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In this section we first present the modeling asliits of PROMOTHEE methods and
then that of the Compromise Programming method.eBoh method weight, model components

and results for each decision maker are presented.

PROMOTHEE Method Results

Table 66.Compromise Programming Weighs:;fwv,) for Each Decision Maker (DMi)
DM1 | DM2 | DM3 DM4

Electricity usage (millions kWh) 2 5 10 1
CAFE, different to required 10 5 8 4
Gasoline reduction (millions of gallons) 10 5 10 4
Total Technology Incremental Cost (Millions 2010%) 4 10 5 1
Cumulative Cash flow (Billions 20103$) 4 10 5 1
GHG 10 5 5 10
CO 10 5 6 9
NOy 5 5 5 8
PM;¢ 3 5 3 8
PM; 4 5 4 8
VOC 4 5 5 8
SO 4 5 4 8
Total weight 70 70 70 70
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Table 67PROMOTHE Method Model Components

Criteria Criterion Type p,q
Electricity usage (millions kwWh) [l 3000
CAFE, different to required Il 0.001
Gasoline reduction (millions of gallons) 1] 100D
Total Technology Incremental Cost (Millions 2010f) Il 500
Cumulative Cash flow (Billions 2010$) 1] 2
GHG 1l 2
CO 1l 0.2
NO Il 0.05
PM¢ Il 0.03
PM;e Il 0.05
VOC Il 4
SO Il 0.05

Table 68 Preferred Scenario for Each Decision Maker ChogegAROMOTHEE | & Il Methods

Main Modd
PROMETHEE | PROMETHEE ||
_ . Preferred Technology = Preferred Technology
Phi+ Phi

Scenario 6 Scenario 6

420.00 | 246.09 Reference Case Reference Case
384.44 | 161.44 Scenario 6 Scenario 6
372.15 | 158.15 Scenario 6 Scenario 6
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Figure 96 Ranking of Alternative for Each Decision MakeHROMOTHEE | Method
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Figure 97 Ranking of Alternative for Each Decision MakeHROMOTHEE Il Method
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Compromise Programming Method Results

Table 69 Compromise Programming Weighs;fwvs) for Each Decision Maker (DMi)
DM1 DM2 DM3

Electricity usage (millions kWh) 0.05 0.05 0.01
CAFE, different to required 0.15 0.15 0.2
Gasoline reduction (millions of gallons) 0.15 0.15 0.19
Total Technology Incremental Cost (Millions 2010$) 0.1 0.05 0.05
Cumulative Cash flow (Billions 2010$) 0.1 0.05 0.05
GHG 0.1 0.2 0.15

CO 0.1 0.1 0.1
NOy 0.05 0.05 0.05
PMac 0.05 0.05 0.05
PM, = 0.05 0.05 0.05
VOC 0.05 0.05 0.05
SO 0.05 0.05 0.05

Total weight 1 1 1

Table 70 Preferred Alternative Scenario, (Rank 1)

[e))

High HEV | Scenario 6| Scenario
High HEV | Scenario 6| Scenario

~

Scenario 6/ Scenario 6 Scenariq 6

[2)
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Figure 98 Alternative Scenario Ranking for Decision MakeiDM1)
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Figure 99 Alternative Scenario Ranking for Decision MakeiDiM2)
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Figure 100 Alternative Scenario Ranking for Decision MakgiD3/13)

Scenario Level Decision Support System Conclusions

In this DSS the main DMs were policymakers and rmatdcers who are categorized as
low cost technology seekers or high fuel econond/law emission vehicle technology seekers.
The preferred technology scenario for DMs in thstftase was do nothing (reference case)
scenario, but the preferred technology scenari®fds with interests on high fuel economy and

low emission vehicles was scenario 6.

222



