Air Emissions Impacts of Plug-In Hybrid
Vehicles in Minnesota’s Passenger Fleet

March, 2007
Report for Plug-in Hybrid Task Force



This report was prepared by the Minnesota Pollution Control Agency by legislative
request for the Plug-in Hybrid Task Force.

Cost to prepare this report: Staff time $8700, production $100.

Report Coordinator: Anne Claflin

Primary Report Contributors: Peter Ciborowski, Innocent Eyoh, John Seltz, and Chun Yi
Wu

For Further Information:

David Thornton
Assistant Commissioner
(651) 284-0382

Todd Biewen, Manager

Environmental Analysis and Outcomes Division
(651) 296-8156

Photo Credits: MPCA photos.



Table of Contents

INAEX OF TADIES ... 4
INAEX OF FIGUIES ...ttt 5
Introduction and Background .............ccoceeiiiiiiiiii e 6
SUMMANY OF FINAINGS. ..o 9

Appendix A: Comparison of emissions between vehicle technologies and electricity
0 T= L= LT o PSSRSO 15

Appendix B: Annual Emissions from the Statewide Fleet: PHEV Market

Penetration Rates 1090, 2590, 5090 .........coovveiieiiiiiiee ettt 23
Appendix C: Annual Emissions from the State Owned and Leased Fleet: PHEV

Market Penetration Rates 10%, 25%, 50%0.........ccoereirrereneiineneese e, 31
Appendix D: Methods and ASSUMPLIONS ........cceovieiieieiiieieee e 39
Appendix E: EPRI PHEV model SUMMary .........ccccooveieiieieeiccec e 43
Appendix G: References and RESOUICES.........cccvciveveiieieeie e 45



Index of Tables

Summary of Findings
Table 1: Relative percent of total conventional vehicle emissions emitted by alternative

teChNOIOgY VENICIES. ... 9
Table 2: Fuel efficiency estimates for a GREET modeled passenger vehicle and an EPRI
MOdeled COMPACE CAN. ......oveeiiiitiiiie s 10
Table 3: Statewide fleet total annual emissions and percent emissions change with 10%
FIEET PENELIATION ..o 12
Table 4: State owned and leased fleet total annual emissions and percent emissions
change with 10% fleet PENEtration...........ccocveiiereiiieiese e 13

Appendix A: Comparison of emissions between vehicle technologies and electricity
generation
Table 5: Change in carbon dioxide emissions from alternative vehicle technologies

compared to a conventional VENICIE............cccccoveiieiiiii e, 16
Table 6: Change in volatile organic compound emissions from alternative vehicle
technologies compared to a conventional vehicle.. ...........cccooeviiiiiicii e, 17
Table 7: Change in carbon monoxide emissions from alternative vehicle technologies
compared to a conventional VENICIE. ...........ccooveiiic i 18
Table 8: Change in nitrogen oxides emissions from alternative vehicle technologies
compared to a conventional VENICIE............ccocveiiiiciicc e 19
Table 9: Change in particulate matter (2.5 microns) emissions from alternative vehicle
technologies compared to a conventional Vehicle .............cccocoeveiieiiic e, 20
Table 10: Change in sulfur dioxide emissions from alternative vehicle technologies
compared to a conventional VENICIE.............ccccviiiii i 21

Appendix B: Statewide fleet penetration impacts

Table 11: Percent changes in carbon dioXide emiSSIONS..........cccevverierieerieeriesrenseenieaeens 24
Table 12: Percent changes in volatile organic compounds emisSions..............ccceevevveennene 25
Table 13: Percent changes in carbon monoxide emiSSIiONS..........ccvevereereneeneerieseennean, 26
Table 14: Percent changes in nitrogen oXides eMISSIONS.........ccccevvevveiieeseeresieeseesieanens 27
Table 15: Percent changes in particulate matter (2.5 microns) emissions..............c.c...... 28
Table 16: Percent changes in sulfur dioxXide emiSSIONS ...........cccceveiievieiiieseese e, 29

Appendix C: State owned and leased fleet penetration impacts

Table 17: Percent changes in carbon dioxide emiSSIONS............cceeivveiieeiiieiiee i ciie s 32
Table 18: Percent changes in volatile organic compounds emisSions...........cc.ccevvveveeennnns 33
Table 19: Percent changes in carbon monoxide emiSSIONS...........cccevvveeiieiiiecieesne e, 34
Table 20: Percent changes in nitrogen 0Xides eMISSIONS.........cccvevverieieesieeresreeseesieaeens 35
Table 21: Percent changes in particulate matter emiSSIONS ..........cccceeviveiieeviesieeciie e 36
Table 22: Percent changes in sulfur dioxide emiSSIONS. ........cccccvvveiieresienee e, 37



Index of Figures

Summary of Findings

Figure 1: Relative percent change in total pollutant emissions per vehicle compared to
conventional passenger VENICIES. ........cocvoiviiiiiiii e 11

Figure 2: Effects of penetration rates on emissions from a PHEV60. Percent emissions
compared to a conventional vehicle fleet for penetration rates of 10%, 25%, and
509 OF the FIEET. ....eevei e 13

Appendix A: Comparison of emissions between vehicle technologies and electricity
generation

Figure 3: Carbon dioxide emissions (grams/mile) vehicle-to-vehicle comparison. ........ 16
Figure 4: Volatile organic compound emissions (grams/mile) vehicle-to-vehicle
COMIPATISON. ..ttt ettt b bbb e b bt bt bt bt e st e st et bbbt 17
Figure 5: Carbon monoxide emissions (grams/mile) vehicle-to-vehicle comparison. .... 18
Figure 6: Nitrogen oxides emissions (grams/mile) vehicle-to-vehicle comparison. ....... 19
Figure 7: Particulate matter (2.5 microns) emissions (grams/mile) vehicle-to-vehicle
COMIPAIISON. ..ttt ettt bbbt b ekt b e bbb et e et nb bbb 20
Figure 8: Sulfur dioxide emissions (grams/mile) vehicle-to-vehicle comparison........... 21

Appendix B: Statewide fleet penetration impacts
Figure 9: Carbon dioxide emissions (annual tons) at 10%, 25%, and 50% market

PENELIALION FALES.. ..o.viiiieiiiiie ettt et e e re et e e e e s reesreeneeeree e 24
Figure 10: Volatile organic compounds emissions at 10%, 25%, and 50% market

PENELIALION FALES.. ..eveeiiceie ettt e e te e nte e e e st e e sre e e e nree e 25
Figure 11: Carbon monoxide emissions at 10%, 25%, and 50% market penetration rates

................................................................................................................................... 26

Figure 12: Nitrogen oxides emissions at 10%, 25%, and 50% market penetration rates. 27

Figure 13: Particulate matter (2.5 microns) emissions at 10%, 25%, and 50% market
PENELIALTION FALES. ...ttt ettt e bt 28

Figure 14: Sulfur dioxide emissions at 10%, 25%, and 50% market penetration rates... 29

Appendix C: State owned and leased fleet penetration impacts
Figure 15: Carbon dioxide emissions at 10%, 25%, and 50% market penetration rates. 32
Figure 16: Volatile organic compounds emissions at 10%, 25%, and 50% market

PENELIALION FALES.. ..o.viiiieiie ittt sttt sttt ne e b e sbeeneenre e 33
Figure 17: Carbon monoxide emissions at 10%, 25%, and 50% market penetration rates.
................................................................................................................................... 34

Figure 18: Nitrogen oxides emissions at 10%, 25% and 50% market penetration rates. 35

Figure 19: Particulate matter (2.5 microns) emissions at 10%, 25% and 50% market
PENELIALION FALES. ...e.vveiieeiesieee ettt e e et e e reete e e e sreeseaeneeeree e 36

Figure 20: Sulfur dioxide emissions at 10%, 25% and 50% market penetration rate. .... 37



Introduction and Background

Plug-in Hybrid Electric Vehicles (PHEVs) are hybrid vehicles (HEV) that have the
ability to charge batteries from an external electrical outlet connected to the power grid.
These vehicles can potentially operate as purely battery electric vehicles over short trips.
PHEVs are also called grid-connected hybrids and are designated by the all-electric
range. An all-electric range of 20 to 60 miles is the typical range now assumed for
PHEVs.

PHEVs are in early demonstration stages and are not currently in production, but can be
converted by increasing the battery capacity, adding an AC-powered battery pack
charger, and changing the controller circuitry to require the vehicle to make full use of
the increase in electrical energy. The CalCars Initiative created PHEV prototypes; a
Prius was converted into a PRIUS+ by adding EDrive Systems lithium-ion batteries,
achieving a 25-30 mile range functioning on all-electric power.

The Plug-in Hybrid Task Force and the Minnesota Legislature, under Chapter 245,
Section 3, tasked the Minnesota Pollution Control Agency (MPCA) to evaluate the
emissions impacts of incorporating PHEVSs into the vehicle fleet.

This study models the environmental impacts, specifically criteria pollutant and
greenhouse gas emissions, associated with converting portions of all light-duty vehicles
operated in Minnesota to PHEVs. We also evaluate the emission consequences of
converting the fleet of light-duty vehicles owned or leased by the State of Minnesota to
PHEVs. Light-duty vehicles include compact cars, sedans, and station wagons.
Emissions are evaluated for 2020. To understand how PHEVs would affect emissions in
2020, a base-case non-PHEV scenario relying on conventional vehicles operating with
standard internal combustion engines (ICE) was developed. As an additional alternative
to conventional ICE vehicles, a scenario involving pure hybrid electric vehicles (HEVS)
was considered.

Similar studies have been undertaken that yielded results supporting our findings.
Bentley (1992) conducted a fuel-cycle study examining CO, emissions and found that all-
electric vehicle CO; emissions decrease as coal combustion in electricity generation
decreases. Wang and Santini (1993) completed a similar fuel-cycle study that included
criteria pollutants; all-electric vehicles reduced air emissions except for SO, emissions,
which increased as a result of coal-based electricity generation. A study from the
Argonne National Laboratory (1998) also found an increase in SO, emissions because of
electricity generation, and that NOx and SO, emissions were very dependent on the
control technology installed at electric power plants. All-electric vehicle emissions have
been more extensively studied than PHEV emissions, but can be compared through the
proportions of electric and ICE operation. Argonne National Laboratory developed the
GREET model to compare PHEVs, and found the same patterns in emissions,
considering a combination of gasoline end electric fuel.



Included in the evaluation for this study are: all emissions from vehicle operations,
emissions at the electric power plant, and, in the case of refined petroleum fuels, refinery
emissions and emissions associated with movements of refined petroleum products. The
emissions from fuel production were estimated using the Greenhouse Gases, Regulated
Emissions and Energy Use in Transportation (GREET) model created by Argonne
National Laboratory. This model is able to estimate emissions from future technology
and the effects of future emissions controls. A 90:10 gasoline-to-ethanol mixture, E10,
was assumed for use in all vehicles.

Modeled outputs from MOBILEG6 were used to develop information for the conventional
vehicle baseline forecast. MOBILESG, developed by the Environmental Protection
Agency, estimates the emission factors from vehicle operations, including tailpipe and
evaporative emissions and brake and tire wear. This model takes vehicle characteristics,
vehicle age distribution, fuel characteristics, activities, changes in vehicle emission
standards, ambient conditions, and other factors into account when calculating vehicle
emissions. Emissions factors taken from the MOBILEG6 conventional vehicle output were
then used in the GREET model to calculate projected emissions from alternative
technology vehicle operations.

To model the operation in 2020 of a PHEV, information was taken from Electric Power
Research Institute (EPRI) reports comparing the benefits and impacts of hybrid electric
vehicles for various configurations and sizes. Two possible configurations are a PHEV
20 vehicle that has an all electric (battery-powered) range of approximately 20 miles, and
a PHEV 60 vehicle has an all-electric range of approximately 60 miles. EPRI provided
the proportions of miles traveled under all-electric and internal combustion engine (ICE)
power. Because a number of regular trip lengths fall within the all-electric ranges, a
PHEV 20 runs on electricity for 40% of the miles traveled, and a PHEV 60 runs on
electricity for 75% of the miles traveled, considering average trip lengths.

Because of the difficulty in determining exact emissions profiles for future electricity
generation, the task force approved evaluating rough estimates of anticipated emissions,
over a range of entirely coal-based generation, to entirely wind-based generation. This
does not include the other fuels that are used for electricity generation in Minnesota.

Five hypothetical scenarios were examined:

100% of electricity will be generated by coal

80% of electricity will be generated by coal, 20% by wind
60% of electricity will be generated by coal, 40% by wind
40% of electricity will be generated by coal, 60% by wind
100% of electricity will be generated by wind.

Considering the Governor’s initiative to increase renewable energy, the electricity
generation mix in 2020 will likely be most similar to the scenario where 60% of
electricity is generated by coal and 40% is generated by wind; nuclear power generation
also has zero emissions and would be a portion of the electricity modeled as wind power.



Minnesota also uses natural gas, which was not included in modeling. The scenario
where all electricity is generated by wind is used only for modeling the impacts of
vehicle technology penetration in the state owned and leased fleet because green power
could be realistically purchased at that scale.

In order to compare the technologies and fuel sources, the emissions per mile for a single
vehicle are shown in addition to the effects of market penetration. For the purpose of this
study, models were set up representing the impacts of including each type of alternative
technology vehicle in the statewide and state owned fleets at rates of 10%, 25% and 50%
of the miles traveled by all passenger vehicles.

Detailed explanations of methods for calculation and data sources are included in
Appendix D.



Summary of Findings

Single Vehicle Comparison

Comparing alternative vehicle emissions per mile is the basis for calculating the impacts
of incorporating the vehicles into the state fleet. Table 1 shows GREET-modeled PHEV
emissions as a percentage of modeled 2020 emissions for a conventional ICE vehicle;
these results are shown graphically in Figure 1. As noted above, emissions for the
conventional ICE vehicle were developed using MOBILEG. The emission estimates
shown in Table 1 are for comparable mid-sized sedans (GREET average passenger car).
Emissions estimates were calculated from the emissions produced by fuel production and
vehicle operations (Appendix A).

The following conclusions can be drawn from a vehicle-to-vehicle comparison:

e With the exception of SO,, emissions for both the PHEV and the HEV are lower
than emissions from the conventional ICE vehicle.

e A PHEV has marginally lower emissions for all emittants, except CO; and SO,.

e Emissions from PHEVs per mile decrease as the all-electric range increases from
20 miles to 60 miles, again with the exception of SO,.

e Emissions per mile from PHEVs are generally 30% to 60% lower than emissions
per mile for the conventional ICE vehicles.

PHEV Air Emissions as a % of Emissions from Conventional VVehicles

Hybrid Electric Vehicle

PHEV 20

PHEV60

60% Coal, 40% Wind

60% Coal, 40% Wind

CO,
VOC
CcO
NOX
PM ;5
SO,

59%

65%

66%

69%

42%

18%

100%

60%

25%

80%

62%

48%

76%

71%

66%

63%

170%

265%

Table 1: Relative percent of total conventional vehicle emissions emitted by alternative technology
vehicles for each class of technology at the future scenario where electricity is generated by 60% coal
and 40% wind power.

Per-mile PHEV emissions of SO, are higher than for either the conventional gasoline-
driven ICE or the hybrid electric vehicles due to the high sulfur content of the coal that is
assumed to be combusted at the power plant. In the example shown in Table 1, 60% of
the electricity consumed by the plug-in electric side of the vehicle is assumed to be
generated through coal combustion. For purposes of this calculation, an average SO,

! Current SO, emissions are approximately 0.5 Ibs per MMBtu. For a PHEV, SO, emissions must be less
than 0.1 Ibs per MMBtu for a PHEV 20 using 60% coal electricity to outperform the modeled conventional
vehicle.



emission rate of 0.2 Ibs per MMBtu of energy input was assumed. This was developed
from an analysis of the likely regional rate of emission in 2020 under the Clean Air
Interstate Rule (CAIR) issued in 2005 by the U. S. EPA.

PHEV CO, emissions are lower than the conventional ICE vehicle emissions but are
marginally higher than the hybrid electric vehicle emissions. This is due in part to the
relatively higher carbon content per MMBtu of coal compared to the carbon content of
gasoline. A conventional passenger vehicle in 2020 releases 5.4 tons of carbon dioxide
annually; a hybrid vehicle (HEV) releases 3.2 tons annually; a PHEV 20 (60% coal, 40%
wind) 3.5 tons per year; and a PHEV60 (60% coal, 40% wind) 3.6 tons per year?.

Carbon dioxide emissions are also dependent on fuel efficiency. Fuel use by single
vehicles of each type can be represented as gasoline fuel efficiency and kWh per mile
(Table 2). Gasoline and electric sides of the vehicle are separated so that the fuel
efficiency is for the miles traveled on the gasoline or electric side only. Considering that
the PHEVs only use gasoline for a portion of miles, the fuel efficiency is often advertised
as gasoline used over all miles traveled, resulting in much higher fuel economy.
(Appendix E provides detail on fuel consumption, fuel efficiency, and miles traveled
under gasoline ICE and electric power.)

Fuel Efficiency Projections from GREET and EPRI Models
(Miles Per Gallon Gasoline Equivalent where electricity is used)
Conventional Vehicle|Hybrid Electric Vehicle|PHEV 20 PHEV 60
GREET ICE side mpg 25 mpg 43 mpg 43 mpg 43 mpg
GREET Net Fuel Efficiency 25 mpg 43 mpg 56 mpeg 68 mpeg|
EPRI ICE side mpg 34 mpg 42 mpg 45 mpg 47 mpg
EPRI Electric side KWh/mi 0.299 KWh/mi| 0.296 KWh/mi
EPRI Net Fuel Efficiency 34 mpg 42 mpg 74 mpeg 194 mpeg|

Table 2: Fuel efficiency estimates for a GREET modeled passenger vehicle (average sedan) and an
EPRI modeled compact car, for both gasoline and electric sides, expressed in gasoline equivalent
gallons. Efficiency based on average fleet efficiency. The gain in fuel efficiency from regenerative
braking is seen in the hybrid vehicle and the reduced dependence on gasoline because of electric
power is shown in the increased fuel efficiency of the PHEV models.

2 Carbon dioxide emissions were additionally calculated with a range of possible fuel efficiencies. For the
emissions listed in the text, an on-road average fuel economy of 23.8 miles per gallon was used taken from
the EIA Annual Energy Outlook 2005, representing a more conservative prediction. GREET predicts a
higher fuel efficiency of 25.3 mpg. Using this higher fuel efficiency, 3.0 tons are emitted annually from an
HEV, 3.4 tons of CO, are emitted annually from a PHEV 20 and 3.8 tons from a PHEV 60 where 60% of
electricity is generated by coal; a conventional ICE would emit 5.1 tons annually. A more optimistic view
of average on-road conventional vehicle fuel economy, 35 mpg, further reduces carbon dioxide emissions
to 4.0 annual tons from a conventional vehicle; 2.3 annual tons from an HEV; 3.0 annual tons from a
PHEV 20 where 60% of electricity is generated by coal; 3.6 annual tons from a PHEV 60.
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Figure 1: Relative percent change in total pollutant emissions per vehicle compared to conventional
passenger vehicles, for each class of technology in the future scenario where electricity is generated
by 60% coal and 40% wind power. Emissions greater than 100% represent an increase in emissions
over a conventional ICE vehicle.

Change in Fleet Emissions

To estimate the fleet effects of the introduction of PHEVS, the emissions changes
identified in Table 1 were introduced into the conventional vehicle base emission
forecast. This base emission forecast was developed using MOBILES.

The following was assumed:

e Total statewide VMT increases from 56.5 billion vehicle miles traveled (VMT) in
2006 to 75.5 billion VMT in 2020.

e Passenger car VMT is a percentage of total 2020 VMT (34.59%); this was taken
from the 2004 U. S. EPA CAIR VMT Projection modeling.

e Passenger car VMT is then 26 billion miles in 2020.

The fleet penetration calculation was performed for 10%, 25% and 50% penetration of
PHEVs into the fleet, based on miles traveled. The 10% fleet penetration scenario is
shown in Table 3. With only 12 years remaining before 2020, it seems unlikely that more
than 10% of the fleet in fact could be PHEVs. At higher penetration rates, the impacts are
proportionally greater. (The higher penetration scenarios are shown in Appendix B —
Statewide Fleet Penetration Effects, and Appendix C — State Owned Fleet Penetration
Effects).
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The following conclusions can be drawn from the 10% fleet penetration scenario, where
electricity is generated by 60% coal and 40% wind power:

e Fleet emissions with 10% PHEV penetration are generally lower than emissions
from conventional vehicle fleets. Across most pollutants, fleet emissions are 3%
to 8% lower with 10% PHEV penetration.

e With the exception of SO, and CO,, fleet emissions are generally lower with 10%
PHEYV penetration than 10% HEV penetration.

e Fleet SO, emissions increase 7% to 17% with 10% PHEVs; this results from
dependence on coal electricity generation in the scenario.

e PHEV emissions of CO; are lower than for the conventional ICE by about
400,000 tons.

e Fleet emissions of CO, using 10% hybrid electric vehicles are about 0.5% lower
than with 10% fleet penetration with PHEVS.

Total Annual Statewide Fleet Emissions and Change in Emissions at 10% Alternative Vehicle Penetration

Conventional
Vehicle Fleet Hybrid Electric Vehicle PHEV 20 PHEV 60
10% Penetration 10% Penetration 10% Penetration

Annual emissions Annual emissions Annual emissions Annual emissions

(tons)® (tons) % Change (tons) % Change (tons) % Change
CO, 11,749,182 11,265,392 -4.1 11,337,384 -3.5 11,348,903 -3.4
VOC 21,207 20,550 -3.1 19,972 -5.8 19,459 -8.2
CO 316,779 316,736 0.0 304,141 -4.0 293,126 -7.5
NO, 12,311 12,061 -2.0 11,845 -3.8 11,668 -5.2
PM, 5 728 710 -2.4 707 -2.9 703 -3.4
SO, 2,295 2,209 -3.7 2,455 7.0 2,673 16.5

Table 3: Statewide fleet total annual emissions and percent emissions change with 10% fleet
penetration, compared to conventional passenger vehicles, for each class of technology and electricity
generated by 60% coal and 40% wind power. The percent decrease or increase in emissions is equal
for the state owned fleet and for the statewide vehicle fleet; the total emissions for the statewide and
state owned fleets are proportionally scaled. Emissions changes shown in red are increases compared
to a completely conventional vehicle fleet.

Emissions changes depend on how quickly PHEVs are assumed to enter the fleet. Figure
2 shows the effect of different PHEV penetration rates for PHEV 60 vehicles. If by 2020,
50% of the fleet of all privately- and publicly-owned passenger cars was comprised of
PHEVs, most emittants would be 15 to 40% lower than for a fleet of 100% conventional
ICE vehicles. However, in the case of SO,, emissions would actually increase by 182%.

® Total annual statewide tons of pollution emitted from all sources (2001 data): CO = 2,342,279 tons, NOx
= 450,693, PM, s = 203,492, SO, = 148,827, VOC = 413,204. Data available at EPA AirData.
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PHEV 60 emissions as a percent of conventional vehicle emissions
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Figure 2: Effects of penetration rates on emissions from a PHEV 60, electricity generated by 60%
coal, 40% wind power. Percent emissions compared to a conventional vehicle fleet for penetration
rates of 10%, 25%, and 50% of the fleet.

The effect of PHEV penetration on fleet emissions from passenger cars owned or leased
by the State of Minnesota is shown in Table 3. We used the same methods as were used
to estimate emissions for all privately-and publicly-owned vehicles traveling Minnesota
highways. Modeled air emissions at 2020 declined for all emittants but SO,. Due to the
extremely small number of vehicles owned or leased by the state—2,099 total vehicles in
the passenger car class—the associated emission reductions were small in absolute terms.
The largest reductions were for CO,, which declined by about 250 tons. All other
changes were a few tons or less.

Total Annual State Owned Fleet Emissions and Change in Emissions at 10% Alternative Vehicle Penetration

Conventional
Vehicle Fleet Hybrid Electric Vehicle PHEV 20 PHEV 60
10% Penetration 10% Penetration 10% Penetration

Annual emissions Annual emissions Annual emissions Annual emissions

(tons) (tons) % Change (tons) % Change (tons) % Change
CO, 7250 6952 -4.1 6996 -3.5 7003 -3.4
VOC 13.1 12.7 -3.1 12.3 -5.8 12.0 -8.2
CO 195 195 0.0 188 -4.0 181 -7.5
NOy 7.60 7.44 -2.0 7.31 -3.8 7.20 -5.2
PM,5 0.449 0.438 -2.4 0.436 -2.9 0.434 -3.4
SO, 1.42 1.36 -3.7 1.51 7.0 1.65 16.5

Table 4: State owned and leased fleet total annual emissions and percent emissions change with 10%

fleet penetration, compared to conventional passenger vehicles, for each class of technology and
electricity generated by 60% coal and 40% wind power. Emissions changes shown in red are

increases compared to a completely conventional vehicle fleet.
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To summarize, generally the use of PHEVs in place of conventional gasoline-driven ICE
vehicles will reduce air emissions. The sole exception appears to be SO, emissions,
which rise due to the high sulfur content of coal combusted to generate electricity. The
effectiveness of PHEVs depends on the all-electric range capability; a PHEV with a 60
mile range has greater impacts on emissions than a PHEV with a 20 mile range. In
comparison to hybrid electric vehicles, PHEVs emit less NOy, VOCs, CO, and particulate
matter, but more CO, and SO,. This results from the high sulfur and carbon content of
coal per MMBtu. Depending upon our choices for electricity generation in 2020, it is
possible that the impacts on carbon dioxide and sulfur dioxide could change.

Given the uncertainty of vehicle technology development, alternative vehicles offer
benefits, but no single technology currently stands out as a clear choice. Further
development and research for all types of vehicles is necessary to find the most efficient
vehicles and fuels.

14



Appendix A: Comparison of emissions between vehicle technologies and
electricity generation

Notes for vehicle-to-vehicle comparisons:

Each pollutant is shown on one page; the figure illustrates the portions of emissions from
vehicle operations (including tailpipe emissions, evaporation, and brake and tire wear)
and fuel production. The tables list the percentage change in emissions for each vehicle
type and electricity combination compared to a conventional passenger car.

All emissions are in grams per mile to demonstrate the differences between vehicle
technology and electricity generation emissions.

The PHEV 20, across the electricity generation range, has the same vehicle operations

emissions because the same volume of gasoline is used regardless of electricity; the same
is true for a PHEV 60.
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Figure 3: Carbon dioxide emissions (grams/mile) vehicle-to-vehicle comparison.
Percent
Vehicle Fuel Change
Operation  |Production  (Total Compared to
Emissions  |Emissions Emissions  |Conventional
(g/mile) (g/mile) (g/mile) Vehicle
Conventional Vehicle 335 73 408
Hybrid Electric Vehicle 196 44 240 -41 %
100 % Coal 118 229 347 -15 %
80% Coal, 20% Wind 118 188 306 -25 %
60% Coal, 40% Wind 118 148 265 -35 %
40% Coal, 60% Wind 118 110.8 228 -44 %
PHEV 20 100% Wind 118 26 143 -64 %
100 % Coal 29 392 421 3%
80% Coal, 20% Wind 29 316 345 -15 %
60% Coal, 40% Wind 29 239 269 -34 %
40% Coal, 60% Wind 29 171 200 -51 %
PHEV 60 100% Wind 29 11 40 -90 %

Table 5: Change in carbon dioxide emissions from alternative vehicle technologies compared to a
conventional vehicle. Red numbers indicate increase in emissions.
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Figure 4: Volatile organic compound emissions (grams/mile) vehicle-to-vehicle comparison.

Vehicle Fuel Percent Change
Operation  [Production  |Total Compared to
Emissions  |Emissions  |[Emissions  |Conventional
(g/mile) (g/mile) (g/mile) Vehicle
Conventional Vehicle 0.623 0.113 0.736
Hybrid Electric Vehicle 0.445 0.063 0.508 -31.0 %
100 % Coal 0.267 0.041 0.308 -58.1 %
80% Coal, 20% Wind 0.267 0.041 0.308 -58.2 %
60% Coal, 40% Wind 0.267 0.041 0.308 -58.2 %
40% Coal, 60% Wind 0.267 0.040 0.307 -58.3 %
PHEV 20 100% Wind 0.267 0.040 0.307 -58.4 %
100 % Coal 0.111 0.020 0.131 -82.2 %
80% Coal, 20% Wind 0.111 0.019 0.130 -82.3%
60% Coal, 40% Wind 0.111 0.018 0.130 -82.4 %
40% Coal, 60% Wind 0.111 0.018 0.129 -82.5 %
PHEV 60 100% Wind 0.111 0.017 0.128 -83.7 %

Table 6: Change in volatile organic compound emissions from alternative vehicle technologies
compared to a conventional vehicle. VOCs are closely related to gasoline production and use, and
show variation only between vehicle types with different gasoline requirements with little impact
from electricity production.
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Figure 5: Carbon monoxide emissions (grams/mile) vehicle-to-vehicle comparison.

\Vehicle Fuel Percent Change
Operation  |Production  [Total Compared to
Emissions  [Emissions  |[Emissions  |Conventional
(g/mile) (g/mile) (g/mile) Vehicle
Conventional Vehicle 10.96 0.041 11.00
Hybrid Electric Vehicle 10.96 0.026 10.99 -0.1%
100 % Coal 6.58 0.051 6.63 -39.8 %
80% Coal, 20% Wind 6.58 0.043 6.62 -39.8 %
60% Coal, 40% Wind 6.58 0.036 6.61 -39.9 %
40% Coal, 60% Wind 6.58 0.029 6.60 -40.0 %
PHEV 20 100% Wind 6.58 0.014 6.59 -40.1 %
100 % Coal 2.74 0.074 2.81 -714.4 %
80% Coal, 20% Wind 2.74 0.060 2.80 -74.5 %
60% Coal, 40% Wind 2.74 0.047 2.79 -714.7 %
40% Coal, 60% Wind 2.74 0.034 2.77 -74.8 %
PHEV 60 100% Wind 2.74 0.006 2.75 -75.0 %

Table 7: Change in carbon monoxide emissions from alternative vehicle technologies compared to a

conventional vehicle.
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Figure 6: Nitrogen oxides emissions (grams/mile) vehicle-to-vehicle comparison.

100%
Wind

Percent Change
\Vehicle Fuel Compared to
Operation  |Production  |Total Conventional
Emissions  [Emissions Emissions  [Vehicle
Conventional Vehicle 0.328 0.099 0.428
Hybrid Electric Vehicle 0.276 0.065 0.341 -20 %
100 % Coal 0.166 0.143 0.309 -28 %
80% Coal, 20% Wind 0.166 0.122 0.287 -33%
60% Coal, 40% Wind 0.166 0.100 0.266 -38 %
40% Coal, 60% Wind 0.166 0.080 0.246 -42 %
PHEV 20 100% Wind 0.166 0.039 0.204 -52 %
100 % Coal 0.069 0.215 0.284 -33%
80% Coal, 20% Wind 0.069 0.175 0.244 -43 %
60% Coal, 40% Wind 0.069 0.135 0.204 -52 %
40% Coal, 60% Wind 0.069 0.099 0.168 -61 %
PHEV 60 100% Wind 0.069 0.016 0.085 -80 %

Table 8: Change in nitrogen oxides emissions from alternative vehicle technologies compared to a

conventional vehicle
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Figure 7: Particulate matter (2.5 microns) emissions (grams/mile) vehicle-to-vehicle comparison.

\Vehicle Fuel Percent Change
Operation  |Production  [Total Compared to
Emissions  [Emissions Emissions  |Conventional
(g/mile) (g/mile) (g/mile) \Vehicle
Conventional Vehicle 0.011 0.014 0.025
Hybrid Electric Vehicle 0.011 0.008 0.019 -24 %
100 % Coal 0.009 0.012 0.021 -18 %
80% Coal, 20% Wind 0.009 0.010 0.019 -24 %
60% Coal, 40% Wind 0.009 0.009 0.018 -29 %
40% Coal, 60% Wind 0.009 0.008 0.017 -34 %
PHEV 20 100% Wind 0.009 0.005 0.014 -46 %
100 % Coal 0.007 0.015 0.022 -14 %
80% Coal, 20% Wind 0.007 0.012 0.019 -24 %
60% Coal, 40% Wind 0.007 0.010 0.017 -34 %
40% Coal, 60% Wind 0.007 0.007 0.014 -43 %
PHEV 60 100% Wind 0.007 0.002 0.009 -65 %

Table 9: Change in particulate matter (2.5 microns) emissions from alternative vehicle technologies
compared to a conventional vehicle
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Figure 8: Sulfur dioxide emissions (grams/mile) vehicle-to-vehicle comparison.
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Percent Change
Vehicle Fuel Compared to
Operation  |Production  [Total Conventional
Emissions  |Emissions Emissions  |Vehicle
Conventional Vehicle 0.007 0.073 0.080
Hybrid Electric Vehicle 0.004 0.046 0.050 -37 %
100 % Coal 0.002 0.204 0.206 159 %
80% Coal, 20% Wind 0.002 0.168 0.171 114 %
60% Coal, 40% Wind 0.002 0.133 0.135 69 %
40% Coal, 60% Wind 0.002 0.101 0.103 30 %
PHEV 20 100% Wind 0.002 0.027 0.030 -62 %
100 % Coal 0.001 0.343 0.344 332 %
80% Coal, 20% Wind 0.001 0.277 0.278 248 %
60% Coal, 40% Wind 0.001 0.210 0.211 165 %
40% Coal, 60% Wind 0.001 0.151 0.152 91 %
PHEV 60 100% Wind 0.001 0.011 0.012 -84 %

Table 10: Change in sulfur dioxide emissions from alternative vehicle technologies compared to a
conventional vehicle. Red numbers indicate increase in emissions compared to conventional vehicles.

21




22



Appendix B: Annual Emissions from the Statewide Fleet: PHEV Market
Penetration Rates 10%, 25%, 50%

Notes for fleet penetration figures:

Each pollutant is featured on two pages. Three figures show the annual emissions from
the vehicle technologies incorporated into the statewide vehicle fleet for each modeled
penetration rate (10%, 25% and 50% of the fleet).

An entirely conventional vehicle fleet is shown for comparison to no action taken.

Each pollutant is also shown in a table describing the percent change in emissions
achieved by incorporating the different distributions of alternative vehicles. The
percentages of change in emissions at penetration rates are the same for the statewide and
state owned fleet, but the differences in impacts are seen in the net decreases.

All emissions are in annual tons.
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Figure 9: Carbon dioxide emissions (annual tons) at 10%, 25%, and 50% market penetration rates.
Conventional vehicle column shows a fleet with no alternative technology vehicles.

10% | 25% 50%

Hybrid Electric Vehicle -4.1% | -10.3% | -20.6 %
PHEV 20 | 100 % Coal 15% | -37% | -75%
80% Coal, 20% Wind | -25% | -6.3% | -12.5%
60% Coal, 40% Wind | -35% | -88% | -17.5%
40% Coal, 60% Wind | -4.4% | -11.0% | -22.0 %
PHEV 60 | 100 % Coal 0.3% 0.8% 1.6 %
80% Coal, 20% Wind | -1.5% | -39% | -7.7%
60% Coal, 40% Wind | -3.4% | -85% | -17.0%
40% Coal, 60% Wind | -5.1% | -12.7% | -25.4 %

Table 11: Percent changes in carbon dioxide emissions at market penetration rates of 10%, 25%,
and 50%o in the statewide vehicle fleet for alternative technology vehicles compared to a fleet of
conventional vehicles. Red numbers indicate an increase in emissions.
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Figure 10: Volatile organic compounds emissions at 10%, 25%, and 50% market penetration rates.
Conventional vehicle column shows a fleet with no alternative technology vehicles.

10% 25% 50%
Hybrid Electric Vehicle -3.10% | -7.75% | -15.49 %
PHEV 20 | 100 % Coal -5.81% | -14.54 % | -29.07 %

80% Coal, 20% Wind | -5.82 % | -14.55 % | -29.09 %
60% Coal, 40% Wind | -5.82 % | -14.56 % | -29.12 %
40% Coal, 60% Wind | -5.83 % | -14.57 % | -29.14 %
PHEV 60 | 100 % Coal -8.22 % | -20.56 % | -41.11 %
80% Coal, 20% Wind | -8.23 % | -20.58 % | -41.16 %
60% Coal, 40% Wind | -8.24 % | -20.60 % | -41.20 %
40% Coal, 60% Wind | -8.25% | -20.62 % | -41.24 %

Table 12: Percent changes in volatile organic compounds emissions at market penetration rates of
10%, 25%, and 50% in the statewide vehicle fleet for alternative technology vehicles compared to a
fleet of conventional vehicles.
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igure 11: Carbon monoxide emissions at 10%, 25%, and 50% market penetration rates.
Conventional vehicle column shows a fleet with no alternative technology vehicles.

10% 25% 50%
Hybrid Electric Vehicle -0.01% | -0.03% | -0.07%
PHEV 20 | 100 % Coal -3.98% | -9.94% | -19.88 %

80% Coal, 20% Wind | -3.98 % | -9.96 % | -19.92 %
60% Coal, 40% Wind | -3.99% | -9.97% | -19.95%
40% Coal, 60% Wind | -4.00% | -9.99% | -19.98 %
PHEV 60 | 100 % Coal -7.44 % | -18.61 % | -37.21 %
80% Coal, 20% Wind | -7.45% | -18.64 % | -37.27 %
60% Coal, 40% Wind | -7.47 % | -18.67 % | -37.33 %
40% Coal, 60% Wind | -7.48 % | -18.70 % | -37.39 %

Table 13: Percent changes in carbon monoxide emissions at market penetration rates of 10%6, 25%,
and 50%o in the statewide vehicle fleet for alternative technology vehicles compared to a fleet of
conventional vehicles.
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vehicle column shows a fleet with no alternative technology vehicles.
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0 10% penetration
B 25% penetration
050% penetration

40% Coal,
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10% | 25% 50%
Hybrid Electric Vehicle 20% | -51% | -10.2%
PHEV 20 | 100 % Coal 28% | -7.0% | -139%
80% Coal, 20% Wind | -3.3% | -8.2% | -16.4 %
60% Coal, 40% Wind | -3.8% | -95% | -18.9%
40% Coal, 60% Wind | -4.2% | -10.6 % | -21.2 %
PHEV 60 | 100 % Coal 33% | -84%|-16.7%
80% Coal, 20% Wind | -4.3% | -10.7 % | -21.4 %
60% Coal, 40% Wind | -5.2 % | -13.1% | -26.1 %
40% Coal, 60% Wind | -6.1% | -15.2% | -30.3 %

Table 14: Percent changes in nitrogen oxides emissions at market penetration rates of 10%6, 25%,
and 50%o in the statewide vehicle fleet for alternative technology vehicles compared to a fleet of
conventional vehicles.
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Figure 13: Particulate matter (2.5 microns) emissions at 10%, 25%, and 50% market penetration
rates. Conventional vehicle column shows a fleet with no alternative technology vehicles.

10% | 25% 50%

Hybrid Electric Vehicle 24% | -6.0% | -11.9%
PHEV 20 | 100 % Coal -18% | -46% | -91%
80% Coal, 20% Wind | -24% | -59% | -11.9%
60% Coal, 40% Wind | -29% | -7.3% | -14.6 %
40% Coal, 60% Wind | -3.4% | -8.6% | -17.2%
PHEV 60 | 100 % Coal -14% | -34% | -6.8%
80% Coal, 20% Wind | -24% | -59% | -11.9%
60% Coal, 40% Wind | -3.4% | -85% | -17.0%
40% Coal, 60% Wind | -4.3% | -10.9% | -21.7%

Table 15: Percent changes in particulate matter (2.5 microns) emissions at market penetration rates
of 10%0, 25%, and 50% in the statewide vehicle fleet for alternative technology vehicles compared to
a fleet of conventional vehicles.
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igure 14: Sulfur dioxide emissions at 10%, 25%, and 50% market penetration rates
vehicle column shows a fleet with no alternative technology vehicles.

10% 25% 50%

Hybrid Electric Vehicle 37% | -93% | -18.7%
PHEV 20 | 100 % Coal 159% [ 39.7% | 79.3%
80% Coal, 20% Wind | 11.4% | 28.6% | 57.1%

60% Coal, 40% Wind | 7.0% | 175% | 34.9%

40% Coal, 60% Wind | 30% | 74% | 148%

PHEV 60 | 100 % Coal 33.2% | 82.9% | 165.8%
80% Coal, 20% Wind | 24.8% | 62.1 % | 124.2 %

60% Coal, 40% Wind | 16.5% | 41.3% | 825%

40% Coal, 60% Wind | 9.1% | 22.7% | 453 %

0 10% penetration
B 25% penetration
050% penetration

. Conventional

=

Table 16: Percent changes in sulfur dioxide emissions at market penetration rates of 10%o, 25%, and
50% in the statewide vehicle fleet for alternative technology vehicles compared to a fleet of
conventional vehicles. Red numbers indicate an increase in emissions.
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Appendix C: Annual Emissions from the State Owned and Leased Fleet:
PHEV Market Penetration Rates 10%, 25%, 50%

Notes for fleet penetration figures:

Each pollutant is featured on two pages. The three figures show the annual emissions
from the vehicle technologies incorporated into the state owned and leased vehicle fleet
for each modeled penetration rate (10%, 25% and 50% of the fleet). Each pollutant is
also shown in a table describing the percent change in emissions achieved by
incorporating the different distributions of alternative vehicles.

An entirely conventional vehicle fleet is shown for comparison to no action taken.

The percentages of change in emissions at penetration rates are the same for the statewide
and state owned fleet, but the differences in impacts are seen in the net decreases.

All emissions are in annual tons.
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igure 15: Carbon dioxide emissions at 10%, 25%, and 50% market penetration rates. Conventional
vehicle column shows a fleet with no alternative technology vehicles.

10% | 25% 50%
Hybrid Electric Vehicle -4.1% | -10.3% | -20.6 %
PHEV 20 | 100 % Coal 5% | -37% | -75%
80% Coal, 20% Wind | -25% | -6.3% | -12.5%
60% Coal, 40% Wind | -35% | -88% | -17.5%
40% Coal, 60% Wind | -4.4% | -11.0% | -22.0%
100% Wind -6.5% | -16.2% | -32.5%
PHEV 60 | 100 % Coal 03% | 08% 1.6 %
80% Coal, 20% Wind | -1.5% | -39% | -7.7%
60% Coal, 40% Wind | -34% | -85% | -17.0%
40% Coal, 60% Wind | -5.1% | -12.7% | -25.4 %
100% Wind -9.0% | -225% | -45.1 %

Table 17: Percent changes in carbon dioxide emissions at market penetration rates of 10%, 25%,
and 50% in the state owned and leased vehicle fleet for alternative technology vehicles compared to a
fleet of conventional vehicles. Red numbers indicate an increase in emissions.
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igure 16: Volatile organic compounds emissions at 10%, 25%, and 50% market penetration rates.
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Conventional vehicle column shows a fleet with no alternative technology vehicles.

010% Penetration
B 25% Penetration
050% Penetration

10% 25% 50%
Hybrid Electric Vehicle -3.10% | -7.75% | -15.49 %
PHEV 20 | 100 % Coal -5.81% | -14.54 % | -29.07 %
80% Coal, 20% Wind | -5.82 % | -14.55 % | -29.09 %
60% Coal, 40% Wind | -5.82 % | -14.56 % | -29.12 %
40% Coal, 60% Wind | -5.83 % | -14.57 % | -29.14 %
100% Wind -5.84 % | -14.59 % | -29.18 %
PHEV 60 | 100 % Coal -8.22 % | -20.56 % | -41.11 %
80% Coal, 20% Wind | -8.23 % | -20.58 % | -41.16 %
60% Coal, 40% Wind | -8.24 % | -20.60 % | -41.20 %
40% Coal, 60% Wind | -8.25 % | -20.62 % | -41.24 %
100% Wind -8.26 % | -20.66 % | -41.32 %

Table 18: Percent changes in volatile organic compounds emissions at market penetration rates of

10%, 25%, and 50% in the state owned and leased vehicle fleet for alternative technology vehicles
compared to a fleet of conventional vehicles.
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igure 17: Carbon monoxide emissions at 10%, 25%, and 50% market penetration rates.
Conventional vehicle column shows a fleet with no alternative technology vehicles.

10% 25% 50%
Hybrid Electric Vehicle -0.01% | -0.03% | -0.07%
PHEV 20 | 100 % Coal -3.98% | -9.94% | -19.88 %

80% Coal, 20% Wind | -3.98 % | -9.96 % | -19.92 %
60% Coal, 40% Wind | -3.99% | -9.97% | -19.95%
40% Coal, 60% Wind | -4.00% | -9.99% | -19.98 %
100% Wind -4.01 % | -10.02 % | -20.05 %
PHEV 60 | 100 % Coal <744 % | -18.61% | -37.21%
80% Coal, 20% Wind | -7.45% | -18.64 % | -37.27 %
60% Coal, 40% Wind | -7.47 % | -18.67 % | -37.33 %
40% Coal, 60% Wind | -7.48 % | -18.70% | -37.39 %
100% Wind -7.50% | -18.76 % | -37.52 %

Table 19: Percent changes in carbon monoxide emissions at market penetration rates of 10%, 25%,
and 50%o in the state owned and leased vehicle fleet for alternative technology vehicles compared to a
fleet of conventional vehicles.
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Figure 18: Nitrogen oxides emissions at 10%, 25% and 50% market penetration rates.

Conventional vehicle column shows a fleet with no alternative technology vehicles.

10% | 25% 50%
Hybrid Electric Vehicle 20% | -51% | -102%
PHEV 20 | 100 % Coal 28% | -7.0% | -139%
80% Coal, 20% Wind | -3.3% | -8.2% | -16.4 %
60% Coal, 40% Wind | -3.8% | -95% | -18.9%
40% Coal, 60% Wind | -4.2% | -10.6 % | -21.2 %
100% Wind -52% | -13.0% | -26.1 %
PHEV 60 | 100 % Coal 33% | -84%|-16.7%
80% Coal, 20% Wind | -4.3% | -10.7% | -21.4 %
60% Coal, 40% Wind | -5.2% | -13.1% | -26.1 %
40% Coal, 60% Wind | -6.1% | -15.2% | -30.3 %
100% Wind -8.0% | -20.0 % | -40.0%

Table 20: Percent changes in nitrogen oxides emissions at market penetration rates of 10%, 25%,

and 50% in the state owned and leased vehicle fleet for alternative technology vehicles compared to a

fleet of conventional vehicles.
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igure 19: Particulate matter (2.5 microns) emissions at 10%, 25% and 50% market penetration
rates. Conventional vehicle column shows a fleet with no alternative technology vehicles.

10% | 25% 50%

Hybrid Electric Vehicle 24% | -6.0% | -11.9%
PHEV 20 | 100 % Coal -18% | -46% | -91%
80% Coal, 20% Wind | -24% | -59% | -11.9%
60% Coal, 40% Wind | -29% | -7.3% | -14.6%
40% Coal, 60% Wind | -3.4% | -86% | -17.2%
100% Wind 46% | -11.4% | -22.8 %
PHEV 60 | 100 % Coal 14% | -34% | -6.8%
80% Coal, 20% Wind | -2.4% | -5.9% | -11.9%
60% Coal, 40% Wind | -34% | -85% | -17.0%
40% Coal, 60% Wind | -4.3% | -10.9% | -21.7 %
100% Wind -6.5% | -16.2% | -32.3%

Table 21: Percent changes in particulate matter emissions at market penetration rates of 10%, 25%,
and 50% in the state owned and leased vehicle fleet for alternative technology vehicles compared to a
fleet of conventional vehicles.
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F
igure 20: Sulfur dioxide emissions at 10%, 25% and 50% market penetration rate. Conventional
vehicle column shows a fleet with no alternative technology vehicles.

10% 25% 50%
Hybrid Electric Vehicle 37% | -93% | -187%
PHEV 20 | 100 % Coal 159% | 39.7% | 79.3%
80% Coal, 20% Wind | 11.4% | 28.6% | 57.1%
60% Coal, 40% Wind | 7.0% | 175% | 34.9%
40% Coal, 60% Wind | 3.0% | 74% | 148%
100% Wind -6.2% | -156% | -31.2%
PHEV 60 | 100 % Coal 33.2% | 82.9% | 165.8%
80% Coal, 20% Wind | 24.8% | 62.1% | 124.2 %
60% Coal, 40% Wind | 16.5% | 41.3% | 825%
40% Coal, 60% Wind | 9.1% | 22.7% | 453 %
100% Wind -84% | -21.1% | -422%

Table 22: Percent changes in sulfur dioxide emissions at market penetration rates of 10%, 25%, and
50% in the state owned and leased vehicle fleet for alternative technology vehicles compared to a
fleet of conventional vehicles. Red numbers indicate an increase in emissions.
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Appendix D: Methods and Assumptions

Fuel Production Emissions — GREET Model

The GREET model calculates fuel-production emissions for CO,, VOCs, CO, NOy, SO,
and PMs, as well as other emissions, as predicted for conventional and alternative
technology vehicles in the future. Emissions for fuel production were calculated for E10
gasoline and electricity generation. Fuel production includes all emissions associated
with production, transportation, storage, and distribution.

Ethanol

All vehicles used E10 on the internal combustion engine side. Ethanol was assumed to
be produced using corn; using ethanol produced from biomass could produce different
results. Also, changing milling processes (dry or wet) and the fuel used to produce
ethanol would alter the results.

Electricity

The electricity generation mixes were simplified from the actual state mix. Scenarios
were set up where 100% of electricity was generated by coal, 80% was generated by coal
with 20% generated by wind, 60% was generated by coal with 40% generated by wind,
40% was generated by coal with 60% generated by wind, and where 100% of electricity
was generated by wind. The scenario where 60% of electricity is generated by coal and
40% by wind power is an approximation of the Governor’s 25x25 renewable energy plan
emissions in 2020, considering Minnesota's use of nuclear energy, coal, and renewable
energy. This simplification excludes possible fuel sources such as residual fuel oil,
natural gas, or biomass. Advanced coal technology plant efficiency was adjusted to 42%
based on EPA estimates and emissions were adjusted based on state specific
expectations.

Sulfur Dioxide and Nitrogen Oxides Emissions Adjustments

Adjustments to the nitrogen oxides and sulfur dioxide emissions were made to more
accurately reflect the Minnesota-specific impacts of current or expected rules. Current
SO, emissions from electricity production are approximately 0.5 Ibs per MMBtu.
Because of control technology required by the Clean Air Interstate Rule (CAIR),
Minnesota expects to have lower nitrogen oxides and sulfur dioxide emissions in 2020
than the predicted national average. Emissions were adjusted to 0.12 Ibs NOy per
MMBtu and 0.2 Ibs SO, per MMBtu and converted to lIbs/kWh using the five year
average heat rate from Xcel’s Sherburne 1, 2, and 3 (10,500 Btu/kWh). The new
electricity generation emissions were incorporated into the fuel production emissions,
holding gasoline production emissions separate.
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Vehicle Operations Emissions — MOBILE®6.2
Distribution of Vehicle Registration and Ages

Separate MOBILEG runs were performed for rural and urban counties, to account for
different driving patterns. Two composite vehicle registration distributions for rural and
urban counties, to describe the ages of vehicles operating, were developed based on data
specific to each county in Minnesota produced by SonomaTech, using the 2004 vehicle
registration information from the MN Department of Public Safety. Vehicle age takes
degradation over time into account. This information initially was used to estimate 2002
on-road mobile source emissions for the Central Regional Air Planning Association
(CENRAP) to assist in planning to reduce haze and fine particulate matter. These
composite vehicle registration distributions were also used by the Lake Michigan Air
Directors Consortium (LADCO) 2005 emissions calculation.

Fuel Characteristics

Currently, all gasoline sold in Minnesota is blended with 10% ethanol by volume,
creating E10. There is a possibility that the proportion of ethanol will rise, but emissions
data is less certain for these higher mixtures. The fleet in 2020 was assumed to use E10
oxygenated gasoline, with an average oxygen content of 2.7%. EB85 flex-fuel vehicles
were not included in this study.

Fuel characteristics influence the evaporative and exhaust emissions of air pollutants.
The average amount of sulfur in gasoline was assumed to be 15.0 ppm in 2020. Sulfur
levels in gasoline have been as high as 340 ppm on average in 1999 throughout the
United States. Sulfur in gasoline affects the effectiveness of catalytic converters, which
convert nitrogen oxides, carbon monoxide, and hydrocarbons into less harmful gases.
Tier 2 emissions standards under the Clean Air Act have reduced the concentration of
sulfur in gasoline.

Gasoline RVP (Reid Vapor Pressure) is a measure of the volatility of gasoline. The EPA
rules set limits on volatility during summer months in an effort to reduce emissions of
volatile organic compounds, a major contributor to ground-level ozone (smog). The RVP
is assumed to be 13.4 psi in January and 9.0 psi in July.

Daily Temperature Range
MOBILES.2 uses the ambient air temperature minimum and maximum to perform
calculations with consideration to the temperature impacts on emissions. These

temperatures were assumed to be a minimum of 72° F and maximum of 85° F for the
summer and a minimum of 16° F and maximum of 38° F for the winter.
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Temperature will also affect the performance of the batteries powering the all electric
side of plug-in hybrid vehicles. Cold weather significantly decreases the distance
traveled using batteries, but data was not available to model the specific impacts of
Minnesota weather on PHEVs, and temperature was not taken into account in the GREET
model.

Estimation of Speed on Model Highway Network

Speed assignment information was derived by the Metropolitan Council with a travel
demand forecast model. The average congested-model speeds, aggregated by area type,
were used in the MOBILEG6.2 model to derive the composite emission factors.

Carbon Dioxide Adjustments

Carbon dioxide emissions from vehicle operations were adjusted for consistency with
Minnesota inventories. Fuel use data from the EIA Annual Energy Outlook were used
with the energy and carbon content of gasoline and ethanol to determine the total grams
of carbon dioxide, which could be converted to grams per mile traveled and
reincorporated into the vehicle operation emissions.

Future Alternative Vehicle Assumptions — GREET and EPRI Model

The share of electricity used, and related emissions, were calculated using the EPRI
model of a PHEV 20 and PHEV 60, where a PHEV 20 uses electricity for 40% of miles
traveled and a PHEV 60 uses electricity for 75% of miles traveled. The proportions of
emissions from electricity and gasoline were calculated separately using GREET and
combined into the total fuel production emissions.

The fuel efficiency assumed by GREET for an average conventional vehicle in 2020 is
25.3 mpg. This accounts for higher fuel economy in new vehicles and the fuel economy
of existing vehicles that will still be a portion of the future fleet. MOBILES is not able to
estimate the emissions from future technology. Improvements in fuel efficiency for
alternative technology vehicles expected in the GREET model was taken into account
when calculating the alternative technology vehicle operation emissions from MOBILE6
conventional vehicle results.

Vehicle Miles Traveled

Statewide Fleet

The Minnesota Department of Transportation projected Minnesota-specific statewide
vehicle miles traveled (VMT) in 2020. Vehicle miles traveled are calculated by county

using annual average daily travel for each type of roadway, and aggregated for statewide
VMT.
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The projected VMT for 2020 is based on trend analysis of 1992-2005 VMT where the
2005 base year VMT is 56.5 billion miles. Counties have specifically calculated unique
growth rates that projected statewide changes in VMT. Projected VMT for 2020 used for
this report is 75.5 billion miles, where passenger vehicles travel a proportion of the total
(26 billion miles).

The statewide VMT accounted for the miles traveled by all types of vehicles, and it was
necessary to extract the proportion of miles traveled by passenger vehicles. The trends in
SUV purchasing patterns have slowed since MOBILEG6.2 was programmed, and in order
to re-adjust the VMT proportions back onto the long-term trend, the EPA commissioned
a new projection. The revised projection considers the observed data collected by the
Federal Highway Administration to create growth factors, and reclassifies the vehicle
types into the classes used in MOBILEG.2. These projections are not specific to
Minnesota, but the revision yields a more accurate prediction of the proportion of VMT
by passenger vehicles (34.59% of VMT).

State Owned Fleet

The state owned fleet was assumed to change little, because no significant growth is
expected in state government. The number of vehicles was held constant from the 2006
Central Motor Pool census, while the VMT was increased at the state expected rate.
VMT was projected from urban and rural growth rates, combined by the proportions of
miles traveled in urban and rural areas.

Data for the current state fleet was limited, and the only current miles traveled that are
recorded are associated with the Central Motor Pool, which accounts for 1290 passenger
vehicles. According to data obtained from the Minnesota Department of Administration,
the state owned and leased passenger vehicle count was 2099 vehicles for FY 2006; a
significant portion of these vehicles are represented by the Central Motor Pool data. The
Central Motor Pool data was used to calculate the average VMT for the projection into
2020.
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Appendix E: EPRI PHEV model summary

The model developed by EPRI was used to model the proportions of miles traveled under
all electric and gasoline ICE conditions. The only information used from this study was
this proportion of all electric travel.

EPRI Vehicle Description Fuel Economy** Annual Fuel Consumption
Passenger Vehicle Miles
Vehicles* Traveled***
Conventional Internal combustion — City Gasoline: 28 mpg City Gasoline: Gallons gasoline: 406
(CV) baseline for comparison 6,528 mi kWh electricity: 0
Hwy Gasoline: 38mpg
Hwy Gasoline:
Net: 34 mpg 6,794 mi
Hybrid Parallel hybrid with a City Gasoline: 44 mpg City Gasoline: Gallons gasoline: 322
(HEV 0) small battery for power 6,528 mi kWh electricity: 0
assist and regenerative Hwy Gasoline: 39mpg
braking, but no plug-in Hwy Gasoline:
capability and no all- Net: 41 mpg 6,794 mi
electric range
Plug-in Parallel hybrid that can City Gasoline: 44 mpg City Gasoline: Gallons gasoline: 180
Hybrid operate like an HEV 0 but 3,943 mi kWh electricity: 1,577
also has plug-in capability Hwy Gasoline: 45 mpg
(PHEV 20) and a battery of sufficient Hwy Gasoline:
capability to provide 20 City Electric: 0.277 KWh/mi 4,103 mi

miles of all electric range.
Hwy Electric: 0.320 kWh/mi City Electric:

40% of miles traveled use 2,585 mi

electricity, 60% of miles Net: 74 mpg

traveled use gasoline Hwy Electric:

2,691 mi

Plug-in Parallel hybrid that can City Gasoline: 46 mpg City Gasoline: Gallons gasoline: 69
Hybrid operate like an HEV 0 but ) 1,569 mi kWh electricity: 2,999

also has plug-in capability Hwy Gasoline: 47 mpg
(PHEV 60) and a battery of sufficient Hwy Gasoline:

capability to provide 60 City Electric: 0.277 kWh/mi 1,633 mi

miles of all electric range.
Hwy Electric: 0.315 kWh/mi City Electric:

75% of miles traveled use 4,959 mi

electricity, 25% of miles Net: 194 mpg

traveled use gasoline Hwy Electric:
5,161 mi

*EPRI reports were used only to establish the proportion of miles traveled under electric and ICE power.
The fuel economy used for comparison in the report is derived from GREET and the VMT were modeled
by Mn/DOT and adjusted using a conversion of MOBILESG.2 proportions developed by the EPA.

**GREET net fuel economy: conventional vehicle — 25 mpg, HEV - 43 mpg, PHEV 20 — 56 mpg, and
PHEV 60 — 68 mpg.

***Gas and Electric cycles figured using ADVISOR, assuming that batteries must stay above 20% charge
and speed was within 2 mph of speed limit. Proportions ICE and electric determined by the probability that
an entire trip could be completed on all electric power. VMT used for the study was derived from state
specific information, not the EPRI model.
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Appendix F: Abbreviations and Acronyms

— CO - Carbon monoxide. A criteria air pollutant resulting from incomplete fuel
combustion in vehicles. Carbon monoxide inhibits the body’s ability to absorb
oxygen.

— CO, - Carbon dioxide. A product of combustion. Increasing concentrations of
this gas contributes to global climate change.

— CENRAP - Central Regional Air Planning Association.

— CV - Conventional vehicle

— EPRI - Electric Power Research Institute

— E10 - Gasoline blended with 10% ethanol. All gasoline sold in Minnesota is E10

— EB85 - Gasoline blended with 85% ethanol for use in flex fuel vehicles.

— GREET - Model published by Argonne National Labs and the Department of
Energy. Stands for: Greenhouse gases, Regulated Emissions, and Energy use in
Transportation.

— HEV - Hybrid Electric Vehicle. Examples: Toyota Prius, Honda Civic Hybrid,
Ford Escape Hybrid

— ICE - Internal combustion engine.

— LADCO - Lake Michigan Air Directors Consortium

— MMBtu - Million Btu (British Thermal Units). A measure of the energy content
in fuels.

— NOx — Nitrogen Oxides. A criteria air pollutant that reacts with hydrocarbons to
form ozone, or smog. Unlike atmospheric ozone, concentrations of ozone at the
ground level can have serious health effects.

— PHEV - Plug-in Hybrid Electric Vehicle.

— PHEV 20 - A plug-in hybrid vehicle with an all electric range of 20 miles.

— PHEV 60 - A plug-in hybrid vehicle with an all electric range of 60 miles.

— PM 2.5 — Particulate matter less than 2.5 microns. This criteria air pollutant can
cause respiratory health effects.

— PSI - Pounds per square inch. A measure of pressure

— RVP - Reid Vapor Pressure. A measure of gasoline volatility by psi.

— SO, - Sulfur dioxide. A criteria air pollutant that contributes to acid rain
deposition.

— VMT - Vehicle miles traveled.

— VOC - Volatile Organic Compounds. These are key chemicals in the reactions
that form ozone, or smog, which causes health effects.
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