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4.7.3 Electric Generation Mixes

The electric generation mix greatly affects the fuel-cycle emissions of EVs and HEVs.
Because this mix differs significantly across the United States, use of EVs and HEVs can have very
different emission impacts in different regions. Table 7 presents the electric generation mix in
various U.S. regions (Figure 1 shows these regions). The data show that on the west coast and in the
northeastern United States, where EV use is adopted or proposed, electricity is primarily generated
from clean sources such as nuclear power, hydropower, and NG. Each of these electric generation
mix sets can be input into the GREET model to simulate EV or HEV emission impacts.

4.8 VEHICLE OPERATIONS

The current version of the GREET model is designed to estimate fuel-cycle energy use and
emissions for light-duty vehicles only. Efforts are currently being undertaken to incorporate
heavy-duty vehicles. The model includes 12 vehicle types fueled with different fuels: RFG vehicles,
LSD vehicles, CNG vehicles, M85 vehicles, M100 vehicles, LPG vehicles, E85 vehicles, E100
vehicles, EVs, HEVs, hydrogen fuel-cell vehicles, and methanol fuel-cell vehicles. RFG-fueled
vehicles are treated as the baseline.

In estimating fuel-cycle energy use and emissions for HEVs, the GREET model assumes
a generic HEV type. Although various units powered by different fuels are proposed for use in
HEVs, the model includes the HEV type equipped with a gasoline engine. Energy to drive HEVs
is provided from grid electricity and from on-board power generation units. Overall energy use and
emissions for HEVs are calculated by using the average energy use and emissions of the grid
electricity mode and the gasoline engine mode of HEVs weighted by miles traveled in each mode.

The GREET model assumes proton-exchange membrane fuel-cells for both hydrogen- and
methanol-fueled FCVs. For methanol-fueled FCVs, the model assumes that methanol is reformed
into hydrogen through an on-board reformer.

4.8.1 Vehicle Fuel Economy and Component Efficiencies

A fuel economy of 30 MPG is assumed in the GREET-model for the baseline GV. Users
can change baseline GV fuel economy on the basis of their own assumptions. Fuel economy for
each of the other 11 vehicle types is calculated from baseline GV fuel economy and relative
improvement in fuel economy between GVs and the other types. Table 8 presents default values for

relative fuel economy improvements in the 11 vehicle types. Improvements in MPG values for
diesel, CNG, M85, M100, LPG, E85, E100, and EVs are based primarily on Wang et al. (1993) and
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TABLE 7 Electric Generation Mix of Various U.S. Regions in 2005 (%)?

Energy Source

Region Coal Oil NG  Nuclear  Others
East Central (ECAR) 83.6 0.5 5.1 8.3 24
Texas (ERCOT) 38.2 25 479 9.3 2.0
Mid-Atlantic (MAAC) 44.8 43 158 30.7 4.4
Illinois and Wisconsin (MAIN) 58.7 0.5 1.6 373 1.9
Mid-Continent (MAPP) 72.2 0.1 0.6 17.6 9.5
New York State (NY) 144 220 185 18.7 26.4
New England w/o New York (NE) 143 255 136 31.3 15.5
Florida (FL) 340 224 240 14.3 53
Southeast w/o Florida (STV) 57.2 14 5.6 27.8 8.0
Southwest (SPP) 553 14 2738 10.7 4.8
Northwest (NWP) 272 01 152 1.8 55.6
Rocky Mountains and Arizona (RA) 57.8 04 246 6.7 10.5
California and Southeast Nevada (CNV) 19.6 3.1 318 19.9 25.6
Northeastern United States Averageb 294 141 160 27.7 12.9
U.S. Average 509 34 149 18.9 11.9

2 Calculated from data presented in EIA 1995.

® The electric generation mix for the northeastern United States is the generated-
electricity weighted average of mid-Atlantic states (MAAC), New York State (NY), and
the New England area without New York (NE).

Acurex (1995). As the table shows, no MPG improvements in fuel efficiency are assumed for CNG
and LPG vehicles. These vehicles will be heavier than baseline GVs because of the heavy on-board
storage cylinders or tanks required to fuel them; the additional vehicle weight may offset efficiency
gains from fuel combustion. The improvement in fuel economy for HEVs powered with grid
electricity is assumed to be the same as that for EVs. The increased MPG for HEVs in the gasoline
engine mode is based on the estimated fuel economy of various HEV designs presented in Sperling,
and Burke (1994). Fuel economy increases for hydrogen FCVs are from Acurex (1995); for
methanol FCVs, the increase is calculated from the improvement of hydrogen FCVs and the
efficiency of on-board methanol reformers. On the basis of simulation results presented by General
Motors Corporation (1994), an energy efficiency of 77% is assumed in the GREET model for
methanol reformers.
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Electricity
Supply Regions
1.ECAR East Central Area Reliability Coordination Agreement
2. ERCOT Electric Reliability Council of Texas
3.MACC Mid-Atlantic Area Council
4.MAIN  Mid-America Interconnected Network
5. MAPP  Mid-Continent Area Power Pool
6. NY Northeast Power Coordinating Council/New York
7.NE Northeast Power Coordinating Council/New England
8.FL Southeastern Electric Reliability Council/Florida
9. STV Southeastern Electric Reliability Council/excluding Florida
10. SPP  Southwest Power Pool
11.NWP  Western Systems Coordinating Council/Northwest Power Pool Area
12. RA Western Systems Coordinating Council/Rocky Mountain Power Area and Arizona
13.CNV  Western Systems Coordinating Council/California-Southern Nevada Power
14. AK Alaska
15. HI Hawaii : MWA3601

FIGURE 1 Electricity Supply Regions (from EIA 1995)
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4.8.2 Emissions TABLE 8 Fuel Economy Improvements of
11 Vehicle Types®

Emissions from vehicle operations are
calculated for nine pollutants or sources: exhaust

and evaporative VOCs, CO, NO,, exhaust PM,,, 1;2?;5;?:;2{
brakewear and tirewear PM, SO, , CH,, N,0, (% increase in
and CO,. VOC emissions (both exhaust and Vehicle Type MPG)
evaporative), CO, and NO, for GVs and diesel
vehicles are calculated by using EPA’s Mobile5a  Diesel 10
model. Emissions of PM,, (both exhaust and CNG 0
brakewear/tirewear) for GVs and diesel vehicles M85 4
are calculated by using EPA’s PARTS model. We ~ M100 5
estimated CH, emission for GVs and diesel LPG 0
vehicles by taking the difference between HC  E85 4
emissions and NMHC emissions, both of which E100 5
we calculated with the Mobile5a model. EVs 200
Emissions of N,O for GVs and diesel vehicles are  HEVs: grid electricity 200
adopted from Delucchi (1993). HEVs: gasoline engines 37
Hydrogen FCVs 100
Emissions from other vehicle types are Methanol FCVs 54

calculated from emissions of baseline GVs and
emission change rates of other vehicle types 2 Percentages given are relative to baseline
relative to baseline GVs. Table 9 presents the GVs.

default values of emission change rates used in

the GREET model. Changes in emissions of criteria pollutants for CNG, M85, M100, LPG, E85,
and E100 vehicles are based on information presented in Wang et al. (1993). Changes in emissions
of CH, and N, O for these vehicle types are based on information presented in Delucchi (1993).
Vehicle operatlon emissions of EVs and HEVs powered by grid electricity are assumed to be zero.
Emissions of exhaust VOCs, CO, and NO, for HEVs in the gasoline engine mode are based on
information presented in Sperling and Burke (1994). Emissions of evaporative VOCs, exhaust
PM,,, CH,, and N,O for HEVs in the gasoline engine mode are assumed to be 80% of those for
baseline GVs. We estimated emissions from methanol reformers for methanol FCVs on the basis

of data presented in Creveling (1992). Brakewear and tirewear PM, , emissions are assumed to be .

constant among different vehicle types.

Emissions of SO, for each vehicle type are calculated by assuming that all sulfur contained
in a given fuel is converted to SO,. Emissions of CO, for all vehicle types are calculated by
subtracting the carbon contained in emissions of VOCs, CO, and CH, from the carbon contained
in a given fuel. For E85 and E100 vehicles, the amount of CO, emissions from the carbon contained
in ethanol is treated as zero, because these CO, emissions originally come from the atmosphere
through the photosynthesis process during corn and biomass production.
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TABLE 9 Emission Changes of Vehicle Operations for Various Vehicle Types?

Emission Change (%)
Exhaust Evaporative Exhaust

Vehicle Type VOCs VOCs CO NO, PM,, CH, N,O
CNG 45 0 60 95 0 2,000 100
M85 85 35 85 95 10 65 100
M100 75 35 80 90 0 50 100
LPG 55 0 70 95 0 100 100
E85 85 35 85 95 10 65 100
E100 75 35 80 90 0 50 100
EVs 0 0 0 0 0 0 0
HEVs: grid electricity 0 0 0 0 0 0 0
HEVs: gasoline engines 16 80 50 100 80 80 80
Hydrogen FCVs 0 0 0 0 0 0 0
Methanol FCVs 10 35 10 10 0 0 0

2 Values represent percent of emissions from baseline GVs.
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5 MODEL LAYOUT

The GREET model, developed as a multi-dimensional spreadsheet model in Microsoft
Excel 5.0, consists of 12 sheets: Emn_Factors, Fuel_Specs, Petroleum, NG, Landfill_Gas, Biomass, ‘
Coal, Uranium, Electricity, Vehicles, Results, and Graphs. Figure 2 shows the information flow
diagram of the GREET model. Upstream emissions and energy use are calculated in Petroleum, NG,
Landfill_Gas, Biomass, Coal, Uranium, and Electricity by using data contained in Emn_Factors and
Fuel_Specs. Emissions and energy use during vehicle operations are calculated in Vehicles;
fuel-cycle emissions and energy use are calculated in Resulfs; and graphic presentations of
calculated fuel-cycle emissions and energy use are shown in Graphs.

Emn-Factors contains emission factors of fuel combustion in g/ 105 Btu of fuel burned for
38 combinations of combustion technologies and fuels. Emission factors are presented for
combustion technologies that burn NG, residual oil, diesel, gasoline, crude, LPG, coal, and woody
biomass. These emission factors are used in other sheets to calculate emissions associated with fuel
combustion in various fuel-cycle stages. For each technology/fuel combination, emission factors for
each of eight pollutants (VOCs, CO, NO,, PM;, SO,, CH,, N,0, and CO,) are presented. Emission
factors contained in the sheet have been developed primarily from EPA's AP-42 document
(EPA 1995). Other sources used for the development of emission factors are presented in the sheet.
Emission factors for CO, are calculated in the GREET model from carbon contained in a given fuel
minus carbon contained in VOCs, CO, and CH, emitted during combustion of the fuel. For the Co,
emission calculation, the sheet lists the carbon ratios of VOCs, CO, and CH,. The emission factors
of SO, for combustion of NG, gasoline, crude, and LPG are calculated in the model by assuming
that all sulfur contained in these fuels is converted to SO,.

The Fuel_Specs sheet contains the following specifications: low heat value, high heat
value, fuel density, sulfur content, and carbon content for the fuels included in the GREET model
(crude, conventional gasoline, RFG, LSD, residual oil, methanol, ethanol, LPG, liquid hydrogen,
MTBE, ETBE, NG liquids, NG, gaseous hydrogen, coal, woody biomass, and herbaceous biomass).
The sheet contains GWPs for the GHGs used in the GREET model; the GWPs are used to combine
emissions of GHGs together to calculate CO,-equivalent GHG emissions. On the basis of the IPCC
report (IPCC 1995), the GWPs are assumed to be 1 for CO,, 21 for CHy, and 310 for N, 0.

The seven upstream emissions and energy sheets (Petroleum, NG, Landfill_Gas, Biomass,
Coal, Uranium, and Electricity) follow the same calculation logistics described above (Figure 3).
For each upstream stage, the model assumes input parameters of fuel combustion technology shares, -
energy efficiencies, in-basin and out-of-basin emission shares, and energy source shares. Energy -
consumption (by energy source) is calculated by using assumed energy efficiencies and energy
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Fuel_Specs » Emn_Factors
/ \
) \ 4 1\ Y
Petroleum [—* NG +— Landfill_Gas Biomass Coal Uranium
b F 3
Electricity
v
Vehicles
A
> Results
L MWA3602
Graphs

FIGURE 2 Flow Diagram of the GREET Model

source shares. Emissions are calculated from energy consumption (by source), combustion
technology shares, and emission factors contained in Emn-Factors. Emissions and energy use in all
locations are summarized, and in-basin emissions of the five criteria pollutants are calculated by
considering in-basin and out-of-basin emission shares.

The Petroleum sheet contains four fuel cycles (petroleum to RFG, LSD, and residual oil);
the NG sheet contains four cycles (NG to CNG, methanol, LPG, and hydrogen); the Landfill_Gas
sheet contains one cycle (landfill gases to methanol); and the Biomass sheet contains three cycles
(corn, woody biomass, and herbaceous biomass to ethanol). The Coal and Uranium sheets calculate
emissions from coal mining to coal at power plants and from uranium mining to uranium at power
plants. The Electricity spreadsheet calculates energy use and emissions generated during electricity
production for a given electric generation mix and accounts for energy use and emissions during
upstream stages of production for residual oil, NG, coal, and uranium.

The Vehicles sheet calculates energy use and emissions of vehicle operations. The Results
sheet calculates Btu/mi energy use and g/mi emissions for the whole fuel cycle — from primary
energy recovery to vehicle operations. Reductions of per-mile energy use and emissions by various
vehicle types are calculated relative to baseline GVs. The sheet also presents the allocation of fuel-
cycle energy use and emissions among primary energy production, fuel production, and vehicle
operations. The Graphs sheet graphically presents the allocation of energy use and emissions among
primary energy production, fuel production, and vehicle operations and the reductions in energy use
and emissions by various vehicle technologies.
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MWA3603

r

Inputs:
tot Combustion S In-basin vs. out-of-basin Energy product
Emission factors technology shares Energy efficiencies emission shares shares
Calculations:
Energy consumption /
by energy product N
y
I Emissions I

Summary: all location emissionsl—b Summary: in-basin emissions

FIGURE 3 Calculation Logic of Upstream Emissions and Energy Use in the GREET Model

Within the GREET model, some cells present default assumptions used for fuel-cycle
energy and emission calculations, while others are logic calculations. Users have the option to
change any of the default assumptions. The cells that contain critical assumptions are shaded so that
users can easily distinguish the critical assumptions from logic calculations.
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6 ENERGY USE AND EMISSIONS RESULTS

This section presents the energy use and emissions results for various vehicle technologies,
as calculated by using the GREET model. In calculating fuel-cycle emissions, a 2000 model-year
(MY) passenger car is assumed. We have also assumed that the baseline 2000-MY car fueled with
RFG meets federal Tier 1 standards. While many of the assumed vehicle technologies for the
2000 MY are mature, others — including EVs, HEVs, and FCVs — are not. Immature fuel
production technologies include woody biomass to ethanol and herbaceous biomass to ethanol.

To approximate life-cycle emissions for the assumed 2000-MY car, fuel-cycle emissions
are calculated in calendar year 2005. By 2005, the 2000-MY car should accumulate about half of
its lifetime vehicle miles traveled (VMT). Emissions from the 2000-MY cars in 2005, then,
represent the approximate average of the car’s lifetime emissions. For HEVs, we assumed that half
of their vehicle miles are traveled using energy generated from the on-board gasoline engine, and
the other half with grid electricity. Even in 2005, combustion technologies both with and without
emission controls can be applied to many upstream stages. Where uncontrolled technologies are
applicable, we assumed that 80% of combustion technologies are controlled and the remaining 20%
are uncontrolled. Table 10 presents calculated per-mile energy use and emissions for all vehicle
technologies included in the GREET model. Note that in the table, a negative number indicates an
emissions saving credit.

Figures 4 through 12 show changes in fuel-cycle energy use and emissions of various
transportation fuels relative to those of RFG. Data for these figures are presented in tabular form
in the appendix. Figure 4 shows changes in fuel-cycle total energy use. Use of ethanol and NG-
based methanol in internal combustion engines causes a 15-35% increase in total energy use. These
increases are caused primarily by the significant amount of energy lost during ethanol and methanol
production. On the other hand, use of FCVs fueled with methanol or hydrogen; HEVs; EVs; and
internal combustion engines fueled with landfill gas-based methanol, CNG, LPG, and clean diesel
results in decreases in fuel-cycle total energy consumption. Large decreases in energy use result
from using FCVs, HEVs, and EVs. The decreases in energy use for CNG, LPG, and landfill gas-
based methanol are caused mainly by the high conversion efficiencies during production of these
fuels. The decreases in energy use for diesel, EVs, HEVs, and FCVs are caused by the high energy
efficiencies of these vehicle technologies.

Figure 5 presents changes in fossil fuel consumption (by use) for each fuel or vehicle type.
Fossil fuel consumption here includes consumption of petroleum, NG, and coal. With the exception
of NG-based methanol, use of other fuels or vehicle types results in decreased fossil fuel
consumption. The largest reductions in fossil fuel consumption occur when landfill gas-based
methanol and herbaceous biomass-based ethanol are used, simply because of the non-fossil
feedstocks used to produce these fuels. Use of HEVs, EVs, and corn-based ethanol reduces fossil
fuel consumption only moderately. Note that use of woody biomass-based E100 helps achieve a
greater-than-100% reduction in fossil fuel use; this is because the electricity credit produced from
converting woody biomass to ethanol saves more fossil fuel than is used for other fuel-cycle
activities.
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Figure 6 shows petroleum displacement by fuel and vehicle technology. Use of each fuel
and vehicle type results in reductions in petroleum use compared with the baseline GV. Except for
clean diesel, these fuels or vehicle technologies achieve large reductions in petroleum use. So, using
these fuels or vehicle technologies is an effective way to reduce petroleum consumption by light-
duty vehicles.

Figure 7 presents changes in both all-location and in-basin VOC emissions. Use of each
fuel and vehicle technology helps reduce fuel-cycle VOC emissions in all locations and in
metropolitan areas. Use of FCVs, HEVs, EVs, CNG, LPG, and clean diesel results in significant
VOC emission reductions. Use of EVs and hydrogen FCVs almost eliminates VOC emissions.
Ethanol and methanol use achieves moderate VOC emission reductions.

Figure 8 shows that use of the subject fuels or vehicle technologies helps reduce both all-
location and in-basin fuel-cycle CO emissions. Hydrogen FCV and EV use almost eliminates CO
emissions in all locations and in metropolitan areas. Use of methanol FCVs, HEVs, and clean diesel
results in significant CO emission reductions. Use of ethanol, methanol, CNG, and LPG results in
moderate CO emission reductions.

Figure 9 indicates that NO, emissions can decrease or increase, depending on the fuels or
vehicle technologies used. Use of clean diesel causes increases in both all-location and in-basin NO,
emissions. Use of herbaceous biomass-based and corn-based ethanol, methanol, CNG, and LPG
causes increases in all-location NO, emissions, while use of these fuels helps reduce in-basin NO,
emissions. NO, emission changes caused by using biomass-based ethanol, landfill gas-based
- methanol, CNG, and LPG are small. Use of FCVs, HEVs, and EVs helps reduce both all-location
and in-basin NO, emissions; in-basin NO, emission reductions are higher than the all-location
reductions.

Figure 10 shows a large variation in changes for fuel-cycle PM,, emissions. Use of clean
diese] causes an increase of about 200% in all-location or in-basin PM,, emissions. Use of ethanol
can increase all-location PM,, emissions by two to seven times, but it still results in reductions in
in-basin PM,, emissions. The dramatic increases in all-location PM,, emissions by using ethanol
result from the large amount of PM,, emissions generated during feedstock pretreatment and
ethanol production at ethanol plants. Use of methanol, CNG, LPG, and hydrogen FCVs helps reduce
both all-location and in-basin PM, ;, emissions. Use of HEVs and EVs results in reductions of in-
basin PM,, emissions, but such use generally causes increases in all-location emissions. Use of
landfill gas-based methanol results in reductions between 150% and 250%; these reductions are
caused by significant PM, , emissions that are generated from burning of landfill gases but are offset
by methanol production.

Figure 11 shows that all-location SO, emissions are increased with the use of HEVs, EVs,
and vehicles powered by corn-based ethanol and landfill gas-based methanol. However, use of these
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fuels or vehicle types still results in decreased in-basin SO, emissions. Use of FCVs, biomass-based
ethanol, NG-based methanol, CNG, and LPG reduces both all-location and in-basin SO, emissions.
Use of clean diesel causes increases in in-basin SO, emissions but has little impact on all-location
SO, emissions. SO, emission reductions caused by using biomass-based ethanol are a result of the
electricity credit earned for biomass-ethanol plants. An SO, emission credit (from the electricity
credit) is calculated from the amount of electricity generated and the average SO, emissions of the
U.S. electric generation mix. Because of the SO, credit, using biomass-based ethanol results in a
decrease in all-location SO, emissions of greater than 100%. Use of landfill gas-based methanol also
results in a greater-than-100% reduction in in-basin SO, emissions; this is a result of the emission
credit for converting landfill gas to ethanol, which prevents the SO, emissions that are otherwise
produced from burning landfill gases.

Figure 12 shows changes in GHG emissions as GWP-weighted emissions of CO,, CHy,
and N,O. Except for use of NG-based methanol, where GHG emissions are slightly increased, use
of all fuels and vehicle technologies helps reduce GHG emissions. The largest reductions occur for
methanol produced from landfill gases. In fact, use of landfill gas-based methanol results in 150-
200% reductions in GHG emissions. These reductions are caused by the CO, and CH, emission
credits earned by converting the landfill gas to methanol — preventing emissions that would
otherwise be produced from burning landfill gases directly. Large GHG emission reductions are
achieved by using FCVs, HEVs, EVs, and ethanol. Emission reductions by these fuels or vehicle
types are a result of more energy-efficient vehicles and/or use of renewable feedstocks for fuel
production. Use of CNG, LPG, and clean diesel results in small GHG emission reductions.

The results presented in this section rely heavily on the assumptions made in the GREET
model regarding the energy efficiencies of fuel-cycle stages, emission controls for combustion
technologies, vehicle fuel economy and emission performance, ratio of in-basin and out-of-basin
facilities, and many other factors. Changes in these assumptions will lead to different results in fuel-
cycle emissions and energy use. However, the results presented here indicate general trends in
relative emissions and energy uses for different fuels and vehicle types.
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