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Abstract

Plug-in hybrid electric vehicles (PHEVS) may become part of the transportation fleet on
time scales of a decade or two. We calculate the electric grid load increase and emissions
due to vehicle battery charging in PJM and NYISO with the current generation mix, the
current mix with a $50/tonne CO,, price, and this case but with existing coal generators
retrofitted with 80% CO, capture. We also examine all new generation being natural gas
or wind+gas. PHEV fleet percentages between 0.4 and 50% are examined. Vehicles with
small (4 kwh) and large (16 kWh) batteries are modeled with driving patterns from the
National Household Transportation Survey. Three charging strategies and three scenarios
for future electric generation are considered. When compared to 2020 CAFE standards,
net CO, emissions in New York are reduced by switching from gasoline to electricity;,
coal-heavy PJM shows somewhat smaller benefits unless coal units are fitted with CCS
or replaced with lower CO, generation. NOx is reduced in both RTOs, but there is

upward pressure on SO, emissions or allowance prices under a cap.
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Introduction

Mass-market electric vehicles have recently been introduced in the USA,
following the introduction in China of the BYD plug-in hybrid electric vehicle (PHEV) in
2008. Here we use the term PHEV to denote both plug-in hybrid vehicles and extended-
range electric vehicles (EREVs). Vehicle gasoline consumption can be displaced by
electric power generation. The net air emissions of such displacement depend on the fleet
gasoline mileage, PHEV fleet electric mileage, and electric generation mix at the time
vehicle charging takes place. Moving emissions to the electricity sector has advantages,
but the resulting environmental quality depends on net changes in emissions.

Existing electricity generation assets can likely support a significant number of
PHEVs (1-3). Previous work has predicted reductions in NOx and CO, emissions when
comparing PHEVs to conventional vehicles (CVs), but the magnitude varies and depends
on PHEV and generation mix assumptions (4-9). Pollutant concentration has been
estimated to decline in densely populated areas, but may increase near generators (6, 7).
The majority of these models suggest an increase in SO, emissions; however one comes
to a contrasting conclusion based on assumptions that rely on aggressive new emissions
control technology (8). SO, emissions from USA power plants in 2008 and 2009
respectively were 7.9 and 5.6 million short tons, well under the Acid Rain Program cap of
8.95 MT for 2010 (10).

In modeling PHEV effects on the electric grid, it is important to know when
vehicles will charge, and how much energy they will need. Only one of the previous
analyses (5) uses driving data to predict the energy needed for recharging and the time

when that recharging will likely take place. Those that do not use driving data make
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assumptions that strongly influence their results (e.g. assuming that a specific percentage
of miles are driven using only battery energy, or that all vehicles require the same charge
and arrive at designated times at charging points). Variation in assumptions can lead to
significant changes in conclusions. For example, if the required charge is changed from
4.8 to 12 kWh and the charge rate is changed from 1.2 to 7.2 kW (variations that are
within reasonable ranges) then the peak-added load from all vehicles arriving at specific
assumed hours could more than double system load (1). Another simplification is
modeling only one type of PHEV; if all SUVs were replaced with small cars, emissions
would decline significantly regardless of whether those small cars were PHEVS or CVs.

Use of data from surveys of travel that log vehicle type and driving data allows
both time and energy requirements to be predicted. We use publicly-available data to
predict net emissions from PHEVs under different CO, scenarios. Vehicle electricity use
is predicted using multiple PHEV types, different charging strategies, battery sizes, CV
efficiencies, charge depleting (CD, all-electric mode) efficiencies and charge sustaining
(CS, gasoline mode) efficiencies of the vehicles.

To model the electric power generation fleet, we consider four approaches. First,
we model a scenario in which the generation capacity needed to charge PHEVSs has the
same attributes as the generation capacity currently available. Second, we model
replacement or retrofit of current coal generators with CO, capture and sequestration
(CCS). Third, we model all new generation as natural gas (assuming 45% efficiency, a
heat rate of 7600 BTU/kWh) (11). Finally, we model all new generation as 30% wind,
70% natural gas by energy. We also consider the implications of a binding cap on SO,

emissions.
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We estimate that PHEVs are likely to have lower net emissions of NOx and CO,
than a conventional vehicle fleet, given current (10.7 liters/100 km) efficiencies. When
compared to 2020 CAFE standards (6.7 liters/100 km), net CO, emissions in New York
are greatly reduced by switching from gasoline to electricity, but coal-heavy PJIM shows
lower benefits unless coal units are fitted with CCS or replaced with lower CO,
generation. NOx is reduced in both RTOs, but SO increases unless a cap binds
(discussed below). A $50/tonne CO, price applied only to combustion emissions in the
electric sector will have a negligible short-term effects on net CO, emissions from
PHEVs.

Methods
Estimating the additional electric load from electric vehicles

To model the incremental increase in electricity load from the addition of PHEVS,
we used the day trip file from the 2009 national household travel survey (NHTS) (12).
This file was analyzed to enumerate the trips taken by vehicles in the survey. The NHTS
data file contains trip frequency, length, start and end time, mode, and vehicle attributes
(make, model, year) from 150,000 USA households. We used the data to model vehicles
trips taking into account the battery state of charge. To reflect the range of the current
U.S. federal subsidy structure for reported battery capacity, we modeled a small battery
of 4 kwWh and a large battery of 16 kWh for passenger cars (13). Batteries for other
vehicle classes were scaled by their charge depleting (CD) mode efficiencies resulting in
"small" batteries of 4, 5.27, and 5.58 kWh and “large™ batteries of 16, 22.1, and 22.3 kWh
for cars, vans, and SUVs/light trucks respectively. Using the trip distances from the

NHTS data, we modeled the amount of electricity necessary to move the vehicle
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assuming two different sets of CD efficiencies. The first, referred to as 2005, assumes
0.19, 0.24, and 0.34 kWh/km for cars, vans, and SUVs/light trucks respectively. The
second, referred to as 2020, assumes 0.12, 0.16, and 0.23 kWh/km for cars, vans, and
SUVs/light trucks respectively. These values include losses in transmission and are
consistent with estimates from other sources (14-17). The lower efficiency case was
compared to current conventional vehicles, and the higher case to a fleet meeting 2020
CAFE standards of 35 mpg. Charge rate was assumed to be 7.2 kW, but a lower charge
rate (1.4 kW) was not found to change load characteristics significantly for small battery
PHEVs (supporting information).

The total distance travelled in electric mode was constrained by a limit that
allowed vehicles to use 75% of battery capacity. Once the battery was depleted, gasoline
was assumed to provide motive force for the charge sustaining (CS) mode travel. The
arrival times for vehicles were then used to predict the times of day when grid load from
PHEVs would occur, given different charging strategies (described in the displaced
gasoline section below). More information about this method is available in the
supporting information.

Since the boundary of PJM is not coincident with state boundaries, we estimated
the number of vehicles in PJIM by using statewide vehicle registrations for states that are
mostly in PJM (18). The ratio of vehicles per GWh of annual load for each state was
combined in a weighted average to yield an estimate of 30 million vehicles in PIM. We
used 10.5 million vehicles in NYISO (18). The PHEV market share of this fleet was
modeled at three levels: 0.45% (corresponding to a goal of 1 million PHEVs nationwide

(19)) 10, and 25%.
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Generator dispatch

We used the method described in (20) to construct monthly short-run marginal
cost (SRMC) curves for each electric power generator in PJM and NYISO from EPA
eGRID data (21) and DOE fuel cost and heat content data (22). The monthly SRMC
curves allow seasonal NOx emission calculations. The effects of a price on CO, were
modeled as in (20). Here we do not model the effects of transmission constraints, nor of
the additional emissions when generators are started and ramped to full power. We also
modeled the effects of replacing all coal generation with coal generators that capture 80%
of emitted CO,, using a 20% energy penalty to de-rate the nameplate capacity. We
adopted the assumption that coal plants equipped with CCS reduced SO, emissions by
98% (23).

The hourly load with and without electric vehicles was combined with the SRMC
curve to determine the market clearing price. The generators predicted to bid in at or
below the market clearing price make up the generation fleet that in each hour. Once the
dispatched generators were determined in each hour, CO,, NOx, and SO, emissions from
the eGRID database for each generator were used to predict emissions from the
additional load in response to PHEVS.

Displaced gasoline

Reductions in gasoline consumption from using a PHEV depend on the CD and
CS mode efficiencies and the miles travelled in each mode. The miles travelled in CD
mode depends on the size of the PHEV battery. The net change in gasoline usage can
then be determined, using the efficiency of conventional vehicles. Given large batteries,

petroleum consumption could be reduced by 65-90% for every conventional vehicle
DRAFT. Do Not Cite or Quote 6



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Carnegie Mellon Electricity Industry Center Working Paper CEIC-10-04 www.cmu.edu/electricity

replaced with a PHEV, depending on the number of charges in the day and the efficiency
of the vehicle in charge depleting mode. Small batteries could reduce consumption by
25-50%.

Subtracting the distance travelled in CD mode from the total distance travelled by
the vehicle yields the distance travelled in CS mode and the miles displaced from regular
gasoline travel. We assume that the efficiency in CS is equal to that of the CV fleet so
any increase in CV fleet efficiency increases the CS efficiency. This efficiency
determines the amount of fuel used by PHEVs and CVs. This choice was made because,
although PHEVs have the ability to use regenerative braking to increase efficiency, they
carry additional weight compared to conventional cars, and thus will likely be less
efficient in CS mode than a hybrid electric vehicle (HEV) such as the Prius. When a
consumer chooses a PHEV instead of a conventional vehicle both will likely have similar
technology and therefore more efficient PHEVs will coexist with more efficient
conventional vehicles. Because of this the lower efficiency CD mode values are
combined with 2005 new vehicle efficiency, and the higher efficiency CD values are
compared to 2020 new car efficiency (assumed to be 35mpg). This assumption is used
throughout this work.

The changes that will allow the CV fleet to meet the 2020 CAFE standards will
also increase efficiency of PHEVs. Advances in aerodynamics and body weight
reduction are as applicable to PHEVs as CVs. Drive train and engine efficiency
improvements will also increase PHEV efficiency, though improvements will not

necessarily yield identical efficiency increases in CVs and PHEVs. If a lighter, more
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efficient engine is developed for CVs it could be incorporated in PHEVS as a range
extender.
Net Emissions

The net emissions associated with displacing CVs with PHEVs depend on the
generators used to supply the PHEV load and the efficiency of the conventional vehicle
fleet. The emission of CO,, NOx, and SO, from displaced gasoline were estimated based
on EPA data as 2.32 kg/L, 5.80 g/L, and 0.114 g/L respectively (24, 25). We calculated
the displaced emissions by multiplying the emissions rates by the liters avoided in charge
depleting mode electric drive. We also modeled emissions from a hypothetical pure
natural gas generation fleet operating at 45% efficiency and with emissions of 378 kg
CO,/MWh, 340 g NOx/MWh, and 12 g SO,/MWh (26).

We considered three charging strategies. In the “home charging” strategy a
vehicle charges after the last trip of the day when it reaches home. Load is added near
peak system load. In the “smart charging” scenario a vehicle charges during periods of
predicted low load after the last trip of the day. Because the dispatch model is based on
SRMC, these periods also have the lowest cost. In the “work charging” scenario a
vehicle charges the first time it arrives at work until it leaves and then again after the last
trip of the day at home. Thus, the first two strategies (home charging and smart charging)
require the same amount of energy and result in only a single charge, while work
charging uses more grid energy and results in two separate charges. Both small and large
battery sizes are considered for PHEVs in addition to three CD efficiencies. All net

emissions in CO; scenarios are calculated using the difference in emissions from the load
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with PHEVs under a given CO; scenario and the no-PHEV load under the same CO;

scenario.

Results
We show results for a 10% PHEV market share of the light-duty vehicle fleet.
Other PHEV market shares are included in the supporting information, but results are
similar except for the lowest 0.45% level (with fewer PHEVs charging, the specific plant

used to charge them becomes uncertain).

Compared to 2005 gasoline fleet efficiency levels, all charging strategies and CD
mode efficiencies yield reduction of CO; emissions. If the 2020 conventional vehicle
fleet efficiency target of 35 MPG is compared to the 2020 CD efficiency, net CO,
emissions drop significantly in switching from gasoline to electricity in NYISO, but less

in PJM because of the differences in generation, unless CCS generation is used.

Home charging occurs near peak system load, smart charging near minimum
system load, and work charging occurs both near peak system load (at the same time as
home charging) and earlier in the day when most vehicles are arriving at work. These
differences in timing result in changes in generator mix and thus emissions. In PJM,
home charging results in the greatest CO, reductions with no CO; price and relies more
on natural gas generation. In NYISO, smart charging results in greater CO, reductions
because of the large number of natural gas generators predicted to be used to meet
demand.

Few qualitative changes are observed between small and large battery sizes.

Large batteries increase the magnitude of emissions changes, but do not change the sign

DRAFT. Do Not Cite or Quote 9
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except in the case of NOx emissions in NYISO with work or home charging. Large
batteries are also more sensitive to charge rate (see supporting information).

Net Emissions - Small Batteries
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Figure 1 Net metric tons of CO,, and net kg of NOx emitted per vehicle-year given PJIM and NYISO
generation mix and all natural gas and 30% wind / 70% natural gas (in the latter two cases the charging
strategy is not relevant because the emissions are independent of the time a vehicle charges and represent
charging twice or only once). For comparison, the predicted emissions per conventional vehicle using 2005
(22 mpg) and 2020 (35 mpg) efficiencies are 4.1 and 2.6 MT CO,, and 10 and 6.4 kg NOx. Emissions for
2005 fleet and 2020 fleet are compared given the status quo (no CO, price) as well as a $50/tonne CO,
price in conjunction with CCS installed on coal plants given 2020 efficiencies. A similar figure for large
batteries is included in the supporting information.

CO, emissions

Without a CO, price there is no incentive to use a generator with lower CO,
emissions. Both current and future PHEVSs are predicted to result in net decreases of
emissions in all charging strategies and both RTOs. In NYISO home charging does not
decrease CO; emissions as much as smart or work charging because it is displacing

gasoline with plants near the peak, often using oil (discussed below). Smart charging
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relies on 86% natural gas in NYISO, whereas home charging uses only 44% natural gas.
In NY1SO work and smart charging have similar CO, emissions. PJM shows nearly the
opposite result with smart charging having significantly lower reductions in CO,
emissions (relying on 98% coal). Home and work charging in PJM exhibit similar levels
of CO; emissions.

Adding a $50/tonne CO, price does not significantly alter the plants used to meet
a given load. The no-PHEV load is adjusted using a -0.1 price elasticity of demand. By
itself, this causes a significant decrease in emissions (20). No price elasticity was
applied to demand associated with PHEVS, since it is likely that in an era with large
penetration of PHEVs that the combination of gasoline price, electricity price, battery
price, and (possibly) subsidies that encourage large-scale adoption will make the
substitution of electricity for gasoline attractive. Emissions associated with PHEVSs are
compared to emissions given the no-PHEV load and a $50/tonne CO,, price (supporting
information); there was very little effect.

We modeled the effects of converting only coal plants to CCS. Under the CCS
scenario, smart charging in PJM relies on 91% coal, and 4% natural gas, with 5% oil and
biomass. The percentage from coal is smaller than the non-CCS cases because CCS
reduces the net capacity of coal plants. In NYISO, the generation mix for PHEV load is
6.4% coal, 88% natural gas, 2.7% oil, 0.4% biomass, and 2.3% renewable. In PIM, CO,
emissions savings are roughly doubled from the no-CCS case, while in NYISO there is
only a slight reduction compared to the status quo.

Using only natural gas generators (at 45% efficiency) to charge PHEVsS, means

that charging time does not affect emissions. Thus, the smart charging scenario is not
DRAFT. Do Not Cite or Quote 11
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included. Net emissions of CO, are reduced by 0.55-0.69 tonnes compared to 2005 CVs
and by 0.47-0.57 tonnes compared to 2020 CVs. Reductions in the wind case are larger.
In PJM net emissions of CO, are likely to be reduced 4-62%. In NYISO, net emissions
of CO; are likely to be reduced 9-42%.
NOx emissions

At the outset, we note that there is insufficient experience with PHEVs to reliably
predict certain aspects of their operational NOx emissions (e.g. cold starts). Thus, our
results apply to vehicles in the CD mode, but CS mode operations require additional data
(such as the chosen control strategy of manufacturers). CO; price does not directly affect
NOx emissions. However, coal generators emit more NOx per MWh produced on
average than other generators (27), so any increase in natural gas compared to coal
reduces NOx. Emissions of NOx decline in all scenarios except work charging in NYISO
because high-emission generators being used at a specific time in the day to charge
PHEVs in NYISO. Both home and work charging increase peak demand because the
uncontrolled charge after vehicles arrive home closely coincides with system peak load.
Smart charging in NYI1SO results in the greatest reductions of NOx. This relies heavily
on natural gas that has low NOx emission rates. Home charging uses the same energy as
smart charging, but takes place largely in the evening near peak load (supporting
information). In PJM home charging based on the current generation mix and short-run
marginal costs would be 55% coal, 33% natural gas, 10% oil and 2% biomass. Using the
2005 generation mix of NYISO. this load would be met with a mostly oil generators: the
marginal units for home charging in NYI1SO would be 1% coal, 44% natural gas, 54% oil

and 0.5% biomass. Oil use in New York reached a 15-year high in 2005 (16% of
DRAFT. Do Not Cite or Quote 12
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generation). Dual-fuel generation represents the majority of marginal units in New York
City, Long Island, and Albany (28). In 2008, high oil price and low natural gas price
drove these units to use 6 times more gas than in 2005 (supporting information), and oil
represented only 3% of generation. It is reasonable to expect that recent shale gas
exploitation will keep oil use low in New York in the next decade, Thus, our "all natural
gas" scenario is likely to better represent future NYISO emissions from charging PHEVs
than the 2005 data.

Adding a $50/ton CO, price significantly decreases the no-PHEV load. This is
especially important in NYISO. Instead of seeing increases of NOx ranging from 0.22-
0.29 kg per vehicle-year as in the status quo case reduction of 1.5-1.6 kg per vehicle-year
are expected.

In the CCS scenario there is little change in NOx emissions. For amine-based
carbon capture (added to coal plants in our model) to function ,the amount of SO, and
NO;, must be below 10 ppm, but NO, makes up very little of the NOx emissions from a
power plant (23). IGCC and chilled ammonia systems also require low SO,. CCS
decreases the electricity output of coal plants per MMBTU of fuel (due to the energy
penalty of CCS ), but the NOx/MMBTU remains roughly constant decreasing only 1%
(21). Thus, the NOx/MWh generated by coal plants would increase without additional
emission controls. This is especially noticeable in the PJM smart charging scenario that
relies heavily on coal. NOx emissions are still reduced compared to a CV.

Using only natural gas causes significant reductions in NOx emissions. This
model does not reflect any increase in emissions from gas generators ramping to follow

wind (29), so NOx emissions from the electricity generation fall by 30%. NOx emissions
DRAFT. Do Not Cite or Quote 13
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will decline between 7 and 43% in PJM and 5-70% in NYISO except in the work
charging scenario. In either case NOx emissions are likely to decrease significantly for
each PHEYV that displaces a CV.

SO; emissions

Unlike the other pollutants, net SO, emissions increase in most scenarios (figure
2a). National 2005 electric sector emissions were 9.4 million tonnes of SO,, compared to
combined emissions for highway vehicles of 0.13 million tonnes (25), reflecting the low
sulfur content of motor fuels in the United States. Even with 25% PHEVs, neither RTO
would exceed current SO, emissions caps established under the Acid Rain Program,
because the annual SO, emissions have declined in 2008 and 2009 (30) to 88% and 63%
of the 2010 cap, respectively. The decline is likely due to actions taken in anticipation of
the now-voided Clean Air Interstate Rule and demand reductions associated with the
recent recession. The highest increase in SO, emissions from the electricity sector from
our model was 0.17 million tonnes in PJM (with smart charging, large batteries, low
efficiency CD mode, and 25% PHEVs), comparable to the current total emissions from
highway vehicles using liquid fuels.

The proposed Clean Air Transport Rule (CATR) would greatly reduce the
allowable SO, emissions in both NYISO and PJM, making results such as those in figure
2a unlikely in the 28 capped states unless the CATR is not implemented. We now
consider the introduction of PHEVs when generators have complied with the 2014
CATR. SO, emissions must decrease below those in 2005 by 77% in NY1SO to comply.
PJM is not made up of a single state; the weighted average of reductions necessary in

Pennsylvania, Ohio, Maryland, Virginia, West Virginia, Delaware, and New Jersey was
DRAFT. Do Not Cite or Quote 14
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estimated to be 83%. These reductions were then applied to SO, emissions factors for
plants in each RTO and the model was rerun (figure 2b). With the electric generation
reductions necessary to meet the CATR, net vehicle emissions in NYISO are near zero
and those in PIJM are always lower than 0.9 kg per vehicle-year for small batteries.

We emphasize that under CATR, while per-vehicle net SO, emissions increase,
total emissions from electric generating units in the capped states cannot. Thus, if CATR
goes into effect as proposed, and we assume emissions in the RTOs are just under the cap
without PHEVs, the additional generation would cause an upward pressure on SO,
allowance prices. EPA estimates that the marginal cost of SO, allowance prices in
Pennsylvania near the cap limit will be ~$22 per additional thousand tonnes (31). Thus,
for 0.9 kg/vehicle-year, the approximately 840 tonnes of additional SO, emissions from
charging vehicles in Pennsylvania would increase the SO, allowance prices by
~$19/tonne (EPA estimates that the allowance price will be ~$2300/tonne at the proposed

Pennsylvania 2014 cap limit of 128,542 tonnes).
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as all natural gas and 30% wind / 70% natural gas, and (b) PJM and NYISO with generator emissions
factors for SO, reduced to comply with CATR. For comparison, the predicted annual emissions per
conventional vehicle using 2005 (22 mpg) and 2020 (35 mpg) efficiencies are 0.20 and 0.13 kg SO,.
Emissions for 2005 fleet and 2020 fleet are compared given the status quo (no CO, price) as well as a

Charging Strategy
Figure 2: Net kg SO, emitted per vehicle-year given (a) PJIM and NYISO generation mix of 2005, as well

$50/tonne CO, price in conjunction with CCS installed on coal plants. Different charging strategies are
modeled to determine the timing of PHEV charging. A similar figure for large batteries is included in the
supporting information.

SO, emissions would not change significantly in response to a CO, price alone

except for an increase in the NYISO smart charging case. However, CCS will require

SO, emissions to be reduced significantly to avoid contamination during portions of the

capture process for IGCC or amine capture. Thus, the net SO, emissions in the CCS cases

are closer to zero (23). Using only natural gas or a combination of natural gas and wind

both results in essentially no change to net SO, emissions.
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Discussion

Net emissions from PHEVs depend on the efficiency of the conventional vehicle
fleet, PHEV CD (charge depletion, all-electric mode) mode efficiency, charging strategy,
battery size, driving patterns, and generator mix used for charging. In all cases, net CO,
emissions decline. In most cases, NOx emissions decline (NOx emissions in NYISO
increase when combined with work charging, because of the heavy reliance during 2005
on oil to accomplish this charging and specific plants being used; natural gas has
supplanted oil in most NYISO units recently). With large batteries, NOx emissions are
unchanged. Even in a RTO with cleaner generation overall, the marginal units might
have higher emissions factors; in PJM, the plants charging near peak emit less NOx than
those in NYISO. Using only natural gas, or gas and wind combined, will result in
significant decreases to CO, and NOx emissions. It is also possible that there would be
some improvements to grid stability and a decreased need for balancing fluctuations in
wind generation if variable charging of PHEVs is coordinated with changes in wind
output.

Electric vehicles will place upward pressure on net SO, emissions. With the
Clean Air Interstate Rule vacated by the courts and the final rule promulgation of CATR
delayed by EPA, there is uncertainty about the level of capped emissions. Net SO,
emissions caused by vehicles will be less than 6% in NYISO and 2% in PJM, of the
proposed 2014 CATR cap on electric generators under any of the reduced SO, scenarios.
We note that the upstream (largely refinery) emissions displaced by decreasing gasoline
use are ~ 0.45 kg SO, per vehicle-year (supporting information). This is more than half

of the SO, emissions reduction required to comply with CATR. However, it is possible
DRAFT. Do Not Cite or Quote 17
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that the associated upstream refining emissions will also decrease when CATR is
implemented.

Choosing a charging strategy can change the resulting net emissions associated
with PHEVs. In NYISO, the smart charging scenario generally resulted in lower or equal
net emissions than home charging and lower than work charging, resulting in lower
emissions. In PJM, smart charging generally causes higher emissions because coal is
often on the margin at night. In PJM there is a tradeoff between use of off-peak charging
and increased emissions. RTOs and LSEs should be aware of possible tradeoffs between
cost and emissions before encouraging particular charging strategies. Information about
generation resources should be used in concert with pricing data to find the optimal
charging strategy in individual RTOs.

Conclusion

There are strong arguments in favor of electrification of the transportation sector
in addition to net emissions. Combining numerous mobile emission sources into a far
small number of stationary sources offers opportunities for cost-effective emissions
reduction that may not otherwise be feasible in the transportation sector, and the location
of emissions is likely to be moved farther from densely populated areas. If PHEV cars
displace light trucks, SUVs, and vans from the fleet, emissions will be further reduced
from the values reported here.

Enacting a CO; price of $50/tonne will not be effective at reducing net CO,
emissions from a PHEV fleet. PHEVs are likely to place upward pressure on SO,

allowance prices if emission caps bind, or to increase emissions if the caps do not bind.
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PHEVs will probably reduce net CO, and NOx emissions, but are unlikely to reduce net
SO, emissions.
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Timing and magnitude of additional load from PHEVs

The national household transportation survey (NHTS) was used as the basis for estimating the
timing and magnitude of additional load from PHEVs (1). The NHTS day trip file was divided
according to month, and by weekday and weekend. Then the resulting trip data was reorganized
to list the vehicle trips for the day. Estimation of the driving distribution was conducted for
weekday (Monday-Friday) and weekend days due to significant changes in driving patterns.
These data were used to list vehicle trips by trip length (some are zero length for cars not used
during a day), for each month, with weekend days separated from work-week days. We modeled
that the vehicles operate entirely on electric propulsion until they reach the design limit of energy
in the pack (assumed as 75% of the rated capacity). Thereafter the vehicle continues in charge
sustaining mode for the rest of the driving, using gasoline for propulsion (PHEV) or charge
sustaining (EREV). The NHTS data on use of cars, vans, and light trucks allowed us to model
the charging load based on the relative proportions of those vehicle types. The electricity use for
all trips was based on vehicle efficiency. Added load is based on battery state and an assumed
7.2 KW circuit infrastructure (240V single-phase, 40A de-rated for continuous use). The charger
is assumed to by 92% efficient. A separate run was conducted assuming 1.4 kW rate charging
and similar emissions results were achieved for small batteries.

Not all vehicles are driven on a given day so all vehicles, whether driven or not, were included in
the total number. The vehicle trips were modeled on a monthly basis. Therefore it was assumed
that the load added by PHEVs was identical on weekdays throughout a given month and also that
all weekends in a month are identical.

Four different levels of PHEV market penetration were modeled. The first is based on the goal
of having 1 million PHEVs nationwide (0.45%) (2). The others are 10%, 25%, and 50%. For
every number of PHEVs modeled the entire NHTS day trip file was run. To model a specific
percentage the file was looped multiple times until the desired number of vehicles to constitute
the correct percentage was reached or surpassed. This was done to avoid omitting the vehicles
near the end of the dataset on the last loop in each case otherwise. In all cases the charging time
is limited both by the time the vehicle is available to charge and the charge needed based upon
the reported distance driven prior to charging.

The timing of vehicle charging varies depending on the strategy modeled. An example is
shown (figures S1 and S2) for the highest and lowest load days in PJIM. The example includes a
fleet of 50% PHEVs to illustrate the timing. The timing of smart charging is based on the
average load during the given month and therefore may not perfectly flatten load during every
night. The lowest load day of the year was a weekend and therefore it is unsurprising that the
PHEYV load leads to an increase over existing load.

Carnegie Mellon Electricity Industry Center Working Paper CEIC-10-04 www.cmu.edu/electricity
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Figure S1: Load on day of minimum hourly demand (Sunday, April 10, 2005) in PJM, 50% PHEVs with (a) small
batteries and (b) large batteries
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Figure S2: Load on day of maximum hourly demand (Tuesday, July 26, 2005) in PJM, 50% PHEVs with (a) small
batteries and (b) large batteries

Work and home charging are quite similar throughout the year so it is possible to show
the average added load per PHEV used. Results for home charging are shown in figure S3. The
average hourly load per PHEV driven is shown given different charge depleting mode
efficiencies, battery sizes (a and b for small, c and d for large) and separating weekends and
weekdays (a and d for weekday, b and c for weekend). It is clear from the figure that many of
the small battery PHEVs are depleted upon arrival at their destination. This can be observed by
noting the small difference between current and 2020 efficiencies. With large batteries the
difference is much greater because a significant number of vehicles do not entirely deplete their
battery.

Carnegie Mellon Electricity Industry Center Working Paper CEIC-10-04 www.cmu.edu/electricity
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Figure S3: Load per PHEV driven given home charging for (a) small batteries on a weekday, (b) small batteries on a
weekend, (c) large batteries on a weekday, (d) large batteries on a weekend.

Figure S4 shows results for work charging and is otherwise similar to figure S3. It is notable that
the small battery cases can charge the battery in one hour so the magnitude of load is also
indicative of the timing of vehicle arrival. With large batteries this is no longer the case.
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Figure S4: Load per PHEV driven given work charging for (a) small batteries on a weekday, (b) small batteries on a
weekend, (c) large batteries on a weekday, (d) large batteries on a weekend.

If a slower charge rate is used then the load curves do change. Figure S5-S6 shows load changes
when charging infrastructure is varied. What is most notable is the load given small batteries is
very similar. This results in similar emissions and means that charge rate is not greatly relevant
for small batteries. This is a response to the varied nature of vehicle arrival times. The natural
distribution means that peaks from arrival and short charge times largely do not matter. With
large batteries a low charge rate does greatly change the load profile by lowering peak additional
load and spreading it across the day. However such low charge rates are unlikely with large
batteries. In some cases this limits the ability of vehicles to actually charge their battery. The
lower efficiency rate is used to maximize demand associated with PHEVs.
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Figure S5: A comparison of load given home charging with lower efficiency vehicles and two separate charge rates
for (a) small batteries on a weekday, (b) small batteries on a weekend, (c) large batteries on a weekday, (d) large
batteries on a weekend.
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Figure S6: A comparison of load given work charging with lower efficiency vehicles and two separate charge rates
for (a) small batteries on a weekday, (b) small batteries on a weekend, (c) large batteries on a weekday, (d) large
batteries on a weekend.

Generator dispatch

We used the method described in (3) to construct monthly short-run marginal cost (SRMC)
curves for each electric power generator in PJM and NYISO from EPA eGRID data (4) and DOE
fuel cost and heat content data (5). We combined that with regionally appropriate fuel cost and
quality data from the same year. A dispatch order curve was created for PJM and NY1SO using
the 2005 data and reported annual generator availability.

We modeled the effect of a CO, price using the CO, emissions data included in the eGRID
database. Adding a CO, price increases the short run marginal cost (SRMC) of generators with
listed CO2 emissions and can change the dispatch order slightly. The change is more noticeable
in PJM where a large part of the generation mix is low cost coal than in NYISO. We also

Carnegie Mellon Electricity Industry Center Working Paper CEIC-10-04 www.cmu.edu/electricity
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modeled the effect of a CO; price on dispatch mixes where the coal generators are replaced with
coal generators that capture 80% of their CO, and sequester it. The effects of the plant use of
electric power for capture, compression, pipeline shipment, and injection of the carbon dioxide
were modeled by de-rating the plant output by 20% of current nameplate generation capacity.
We assume there are no forced or unforced outages, and no constraints due to NOx seasonal
shutdowns to simplify modeling. The monthly SRMC curves allow seasonal NO, emission
calculations (for plants that repot separate emissions factors in eGRID database). An example
SRMC curve created based on the yearly average capacity for PJIM is shown in figure S7. Given
a scheduled no-PHEYV load the plants with minimal SRMC that meet the load are used. PHEV
load is then added onto the no-PHEV load for each hour and the additional plants needed are
determined along with their related emissions.
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Figure S7: SRMC curve for PJM based on yearly averages. Three different curves are shown for the three different
carbon scenarios. Adding CCS decreased the SRMC of coal plants compared to a $50/tonne CO, price, but also
results in a decrease in overall system capacity.
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The effects of a price on CO, were modeled as in (3). The hourly load with and without electric
vehicles was combined with the SRMC curve to determine the market clearing price. The
generators predicted to bid in at or below the market clearing price make up the generation fleet
that in each hour. Once the dispatched generators were determined in each hour, CO,, NOy, and
SO, emissions from the eGRID database for each generator were used to predict emissions from
the additional load in response to PHEVS.

Here we do not model the effects of transmission constraints, nor of the additional emissions
when generators are started and ramped to full power. However eGRID records emissions from
plants throughout the year and thus should include emissions associated with ramping plants up
and down. Plants that ramp up and down, or start often should have relatively higher emissions
rates. The predicted number of plant starts does not increase a great deal in response to the
added load from PHEVs and is shown in table S1 for large batteries in NYI1SO and PIJM. ltis
possible given smart charging the number of plants starts will actually likely decline. With
smaller batteries the changes in plant starts are also smaller.

Table S1: Generator starts with large batteries
Charei Percent Change
areINg | o/ ppEys
Strategy NYISO PIM
0.44% 0.12% 0.16%
Work 10% 1.9% 9.4%
Charging
25% 7.6% 29.3%
0.44% 0.11% 0.12%
Home 10% 2.8% 8.4%
Charging
25% 9.0% 25.6%
0.44% -1.7% -0.9%
Smart 10% -13% -10%
Charging
25% -28% -23%

Figures S8-9 show the modeled plants starts with and without PHEVs in PJM. The eGRID data
should reflect actual emissions from plants. As seen in the figures the plants that are cycling due
to changes in load throughout the day are the same plants that are cycling more or less often in
response to PHEVs. Because of this it is assumed that their emissions factors already largely
take into account the cycling that the plants undergo.
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Figure S8: Modeled plant starts in PJM given 10% PHEVs and small batteries
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Figure S9: Modeled plant starts in PJM given 10% PHEVs and large batteries

This model does not account for regional flows between power control areas. In 2005 net
imports accounted for 10% of NYISO load (4). Net exports accounted for 6% of PJM generation
(4). Because only the load in each area was accounted for, the model under or over estimates the
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amount of pollution depending on where the excess generation occurred. This difference
explains a great deal of the variation between the reported and modeled emissions in each power
control area. The two did not solely transfer power between markets though. So the emissions
characteristics of the imports and exports are not clear. According to a letter from the director of
system and resource planning for NYISO the majority of imports came from Canada and were
mostly hydroelectric and nuclear generation (6).

Table S2: Comparison of modeled emissions and
reported emissions in 2005
Million Tons Tons SO, Tons NOy
CO,
PIM 460 2,900,000 740,000
reported
PIM 410 2,900,000 670,000
modeled
Diff -10% -1% -9%
NYISO 61 180,000 66,000
reported
NYISO 59 200,000 74,000
modeled
Diff -3% 11% 12%

We also modeled the effects of replacing all coal generation with coal generators that capture
80% of emitted CO,, using a 20% energy penalty to de-rate the nameplate capacity. We
adopted the assumption that coal plants equipped with CCS reduced SO, emissions by 98% (7).

Generator fuel mix used for charging

The generation mix used to charge PHEVs depends on the charging time of day shown
previously. The specific plants used were estimated following a previously described method
(8). Figures S10 through S12 show the mix of fuel types predicted to be used for charging
PHEVs given different numbers of PHEVS, charging strategies, and carbon scenarios. Only the
medium charge depleting mode efficiency values are shown since there were only negligible
changes in response to changing the charge depleting efficiency.
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Figure S10: Generation mix used to charge in PJM given small batteries and PHEV numbers ranging from 1 million
nationwide to 50% of the fleet. Coal declines as humber of PHEVs grows because coal generators are already used

to their capacity. 2005 generation mix assumed.
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Figure S13: Generation mix used to charge in NYISO given large batteries. Coal use for PHEVs predicted to

increase given a carbon price. 2005 generation mix assumed.

The marginal fuel postings for PJM in 2005 were used to compare with these results (figure
S14). These include imports which were not taken into account in the dispatch model. They
also include the effects of congestion in the grid which dictates each power plant cannot
necessarily serve each load. Overall the results indicate that coal is on the margin a good deal of

the time throughout the year.
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Figure S14: Marginal fuel postings from 2005 in PJM showing high percentage of time coal is on the margin. The
marginal fuel is coal more than 50% of the time throughout the day.

Effect of a carbon price on emissions

The effect of a carbon price was modeled assuming that the price elasticity of demand is -0.1.
The changes predicted in response to a carbon price for load, and emissions are shown in tables
S3- S4. In both the CCS and carbon price no-PHEV load decreases in response to price changes.
A carbon price results in decreased emissions (predictable given a decreased load), but with CCS
some pollutants increase due to the lower electricity output per BTU of fuel consumed by coal
plants. NYISO has fewer coal plants so the increase of emissions from coal plants with CCS
does not outweigh other emissions savings.

Table S3: Comparison of no-PHEV load and emissions under carbon scenarios in PJM
Carbon Change | Change | Change | Change | Change | Change | Change
Scenario in Load in CO, in NO, in SO, in CH, in N,O in Hg
$50/ton
. -8.3% -23% -24% -19% -11% -23% -26%

Carbon Price
$50/ton

Carbon Price -4.9% -79% 5.3% -83% 17% 6.3% 3.6%
and CCS
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Table S4: Comparison of no-PHEV load and emissions under carbon scenarios in NYISO

Carbon Change | Change | Change | Change | Change | Change | Change
Scenario in Load in CO, in NO, in SO, in CH, in N,O in Hg

$50/ton
Carbon -3.5% -18% -40% -34% -16% -29% -34%
Price
$50/ton
Carbon

. -3.4% -47% -32% -76% -11% -19% -2.9%
Price and

CCS

Additional emissions from the electricity sector due to charging

Figures S15 —S17 emissions per additional MWh of load from PHEVs and include pollutants not
discussed in the main text. The increase is measured from the no-PHEV case. This distinction is
important because the emissions overall for the carbon price or CCS case might be lower than
the status quo case for a given number of PHEVs, but the increase in emissions in response to
adding PHEVs might be larger for those cases than the carbon status quo case. This section does
not reflect net emission changes including offset petroleum usage. The charts show the average
emissions per additional MWh of load combining small batteries, large batteries, and all three
different charge depleting efficiencies. Uncertainty bars indicate the maximum and minimum
among those options. The x-axis is labeled to indicate the percent of vehicles that are PHEVs
and the charging strategy used for PHEVs. By normalizing the emissions to the MWh of load
the difference in charging twice in work charging and other charging strategies which only
charge one time is reduced. It is apparent that emission rates in some combinations of charging
strategies, carbon scenarios, are more sensitive to the number of PHEVs being charged than
others.
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Figure S15: Metric tons carbon dioxide emitted to charge various numbers of PHEVS in PJM and NYISO. Markers
indicate average value while error bars indicate the minimum and maximum value predicted given any combination
of battery size and charge depleting efficiency covered in the paper. 2005 generation mix assumed.

The emissions of CO, shown here are reflected in the net emissions results in the main paper
which found higher net emission of CO, with a $50/ton carbon price. Different numbers of
PHEVs do not appear to influence the emissions given either a carbon price or CCS in PJM.
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combination of battery size and charge depleting efficiency covered in the paper. 2005 generation mix assumed.
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Figure S17: Kilograms of SO, emitted per MWh to charge various numbers of PHEVs in PJM and NYI1SO.
Markers indicate average value while error bars indicate the minimum and maximum value predicted given any
combination of battery size and charge depleting efficiency covered in the paper. 2005 generation mix assumed.

Emissions from gasoline

The distance traveled in CS mode is recorded for each vehicle along with the total distance
travelled by vehicles. The total distance can be considered the conventional fleet and gasoline
consumption is calculated based on the efficiencies described in the main text and shown below
(table S5). The same is done for PHEVs using the distance in CS mode to calculate gasoline
consumption by PHEVs. The same efficiency values are used for CS mode travel and vehicles
that PHEVs replace. This is done for a number of reasons. The increase in weight associated
with creating a PHEV will decrease efficiency to some extent. Also the comparison does not
exclude hybrids. Hybrids will get boosts from regenerative braking and effectively run in CS
mode constantly. Hybrids will also be more efficient than similar PHEVs running in CS mode.
To achieve the 2020 CAFE standards it will likely be necessary to have a significant number of
hybrids in the fleet. This does mean that the estimates of displaced emissions may be lower than
actually observed especially if PHEVs are replacing CVs instead of HEVs.
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Table S5: Fuel efficiency (1/100km)
Vehicle Type Current 2020 (35 MPG fleet)
Car 9.1 5.9
Van 12 7.6
SUvV 13 7.8
Truck 13 7.8

The liters of gasoline consumed are multiplied by the factors reported in the EPA documents
cited in the main text and reported again in table S6.

Table S6: Emissions Factors
Pollutant kg/l gasoline
CO, 2.3
SO, 1l.le-4
NO, 5.8e-3

The difference between emissions from total and CS miles can be used to find the reduction in
pollution from mobile sources attributable to partial electrification of the distance travelled.

Net emissions per PHEV

Figures S18 through S21 show net emissions of CO,, NOy, and SO, per vehicle-year given PJM
and NYISO generation mix. The number of PHEVs modeled varies from 0.4% to 50% of the
vehicle fleet. For comparison, the predicted emissions per conventional vehicle using 2005 and
2020 efficiencies are 3.7 and 2.3MT CO,, 9.3 and 5.8 kg NOx, and 0.18 and 0.11 kg SO..
Columns represent medium charge depleting (CD) mode efficiency and uncertainty bars
represent high and low CD efficiency. Emissions for 2005 fleet and 2020 fleet are compared
given the status quo (no carbon price) as well as a $50/ton CO, price and a $50/ton CO; price in
conjunction with CCS installed on coal plants. Different charging strategies are modeled to
determine the timing of PHEV charging as discussed previously in the supporting information.
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Figure S18: Net emissions given 10% PHEVs and small batteries. Net metric tons of CO,, and net kg of NO, and
SO, emitted per vehicle-year given PJM and NY1SO generation mix as well as all natural gas and 30% wind
combined with natural gas. For comparison, the predicted annual emissions per conventional vehicle using 2005 (22
mpg) and 2020 (35 mpg) efficiencies are 4.1 and 2.6 MT CO,, 10 and 6.4 kg NO,, and 0.20 and 0.13 kg SO,.
Emissions for 2005 fleet and 2020 fleet are compared given the status quo (no carbon price) as well as a $50/ton
CO2 price and a $50/tonne CO2 price in conjunction with CCS installed on coal plants. Different charging
strategies are modeled to determine the timing of PHEV charging. 2005 generation mix assumed.
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Figure S19: Net emissions given 10% PHEVs and large batteries. Net metric tons of CO,, and net kg of NO, and
SO, emitted per vehicle-year given PJM and NY1SO generation mix as well as all natural gas and 30% wind
combined with natural gas. For comparison, the predicted annual emissions per conventional vehicle using 2005 (22
mpg) and 2020 (35 mpg) efficiencies are 4.1 and 2.6 MT CO,, 10 and 6.4 kg NO,, and 0.20 and 0.13 kg SO,.
Emissions for 2005 fleet and 2020 fleet are compared given the status quo (no carbon price) as well as a $50/ton
CO2 price and a $50/tonne CO2 price in conjunction with CCS installed on coal plants. Different charging
strategies are modeled to determine the timing of PHEV charging. 2005 generation mix assumed.
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Figure S20: Net emissions per vehicle given 0.44% PHEVs 2005 generation mix assumed.
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Figure S21: Net emissions per vehicle given 25% PHEVs 2005 generation mix assumed.
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Sensitivity to natural gas prices
The high petroleum use in NYISO was likely a response to low prices for petroleum relative to

natural gas prices (figure S22). Natural gas prices have fluctuated more than coal prices

recently. Because of this the model was also run assuming gas cost $4.90 / mmbtu.
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Figure S22: Percent petroleum used for generation in NYISO compared to the ratio of petroleum to natural gas
prices per BTU. There is clearly anti-correlation between the ratio of petroleum to natural gas prices and the percent
petroleum (9, 10).

The results are shown below for the 2005 gas prices and lower gas prices assuming a 10% PHEV

fleet.
Table S7: Net CO, emissions MT/vehicle-year in PIJM given 2005 natural gas prices
2005 Status 2005 2005 CCS | 2020 Status 2020
Battery Quo $50/tonne Quo $50/tonne 2020 CCS
Smart -0.18 -0.19 -0.81 -0.13 -0.15 -0.71
Small Work -0.33 -0.36 -0.87 -0.26 -0.28 -0.73
Home -0.28 -0.29 -0.68 -0.23 -0.24 -0.59
Smart -0.49 -0.55 -2.2 -0.32 -0.36 -1.6
Large Work -0.82 -0.86 -2.0 -0.54 -0.57 -1.4
Home -0.83 -0.84 -1.8 -0.57 -0.59 -1.4
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Table S8: Net CO, emissions MT/vehicle-year in PIJM given 490 cents/Mbtu natural gas price

2005 Status 2005 2005 CCS | 2020 Status 2020
Battery Quo $50/tonne Quo $50/tonne 2020 CCS
Smart -0.23 -0.34 -0.80 -0.18 -0.28 -0.70
Small Work -0.44 -0.30 -0.85 -0.35 -0.23 -0.71
Home -0.35 -0.24 -0.66 -0.29 -0.19 -0.58
Smart -0.65 -0.90 -2.1 -0.44 -0.64 -1.6
Large Work -1.0 -0.72 -1.9 -0.74 -0.47 -1.4
Home -1.0 -0.72 -1.8 -0.72 -0.49 -1.3
Table S9: Net CO, emissions MT/vehicle-year in NYISO given 2005 natural gas prices
2005 Status 2005 2005 CCS | 2020 Status 2020
Battery Quo $50/tonne Quo $50/tonne 2020 CCS
Smart -0.58 -0.45 -0.65 -0.53 -0.42 -0.59
Small Work -0.54 -0.48 -0.63 -0.52 -0.47 -0.58
Home -0.41 -0.37 -0.47 -0.40 -0.37 -0.45
Smart -1.6 -1.2 -1.7 -1.2 -0.95 -1.3
Large Work -1.2 -1.1 -1.4 -0.93 -0.84 -1.1
Home -1.2 -1.1 -1.3 -0.90 -0.83 -1.0

Table S10: Net CO2 emissions M T/vehicle-year in NYISO given 2005 natural gas prices

2005 Status 2005 2005 CCS | 2020 Status 2020
Battery Quo $50/tonne Quo $50/tonne 2020 CCS
Smart -0.39 -0.58 -0.64 -0.33 -0.50 -0.56
Small Work -0.47 -0.47 -0.65 -0.38 -0.37 -0.54
Home -0.38 -0.35 -0.50 -0.32 -0.29 -0.42
Smart -1.1 -1.6 -1.7 -0.75 -1.1 -1.3
Large Work -1.1 -1.1 -1.5 -0.76 -0.74 -1.0
Home -1.1 -1.0 -1.4 -0.76 -0.72 -1.0

With no carbon price net emissions of CO, generally decline in response to a lower natural gas
prices in PIM. In NYISO the opposite holds true because the no-PHEV load then uses more of
the natural gas leaving the PHEV load to relying on dirtier plants. Cheaper natural gas would
also allow a CO,, price to be more effective as seen in PJM, however it is unlikely natural gas
prices will remain low compared to coal if demand significantly increases. In NYISO where

many plants are dual fuel plants running on petroleum or natural gas it is likely that natural gas
will continue to be cheaper and the preferred fuel.

Upstream emissions

The paper focuses only on use phase emissions. Upstream emissions from both PHEVs and the
vehicles they will be displacing are significant. Data on upstream emissions associated with
lithium-ion batteries being used in PHEVs is not yet common. For example in the GREET
model the description of the battery data states the following (11):
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We collected data from another source and calculated the energy required for assembly and testing of an
Ni-MH battery to be approximately 35.2 million Btu/ton of battery material; the data revealed that battery
testing requires significant amounts of electricity (Gaines 2006). The large discrepancy between the values
for Ni-MH batteries is troubling, and even the other values have been questioned because the energy
required for vehicle assembly is much lower. We decided to use the Li-ion value from Ishihara et al. (1999)
and the Ni-MH value from Gaines (2006) as default values for GREET 2.7, but we hope to find publicly
available data that could replace these sources. By using our default values, the resulting energy
requirement for Pb-Ac assembly is 27.5 million Btu/ton of battery material

This highlights some of the problems associated with attempting to specify the emissions
associated with a relatively new product. Testing of batteries need not require using huge
amounts of energy as it is entirely feasible to feed energy back into the grid when discharging
batteries instead of simply wasting the energy as heat. Then the only losses are the efficiency
losses associated with charge and discharge cycles and conversion and synchronization to the
grid. Using the GREET data and assuming 140Wh/kg energy density the emissions associated
with battery assembly are shown below (tables S11-S12).

Table S11: Emissions associated with battery assembly for small batteries
Battery size

Wh Tons CO2 kg NOX kg SO2
4 0.08 0.09 0.20
5.16 0.11 0.12 0.25
5.33 0.11 0.12 0.26
5.33 0.11 0.12 0.26

Table S12: Emissions associated with battery assembly for small batteries
Battery size

KWh Tons CO2 kg NOX kg SO2
16 0.34 0.36 0.79
20.65 0.44 0.46 1.02
21.33 0.45 0.48 1.05
21.33 0.45 0.48 1.05

These emissions increases from battery creation are quite small in comparison to the emissions
savings for CO, and NOx. In one year it is likely the emissions savings over gasoline will
surpass the additional emissions associated with battery creation. Emissions of SO, are likely to
increase, and increase further according to this, but once again the magnitude is similar to one
year’s use phase emissions. These emissions will likely decrease as the electricity grid becomes
cleaner since many are associated with electricity use. The yearly gallons of gasoline displaced
per PHEV depends on the number of charges and battery size and is shown below.

Table S13: Liters saved per vehicle and upstream emissions (well-to-pump)

Battery . Annual liters
Size Charging strategy gasoline saved kg SO2 kg Nox MT CO2
Home 580 0.45 0.91 0.32
Small
Work 740 0.58 1.16 0.41
Large Home 1550 12 243 0.86
g Work 1690 13 2.65 0.94
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The annual upstream emissions from gasoline production are significant and the savings
associated with displacing the gasoline are as well, but there are upstream emissions from the

electricity produced to displace the gasoline. A complete life cycle assessment is beyond the
scope of this work and will not be conducted.
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