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Battery electric vehicles (BEVs) are often portrayed as “green,” implying negligible green-
house gas (GHG) emissions. While BEVs are zero emission vehicles, the electrical power
generators used to recharge vehicle batteries do emit copious GHGs. Some analysts have
estimated the power plant GHG emissions due to charging EV batteries using the average
electrical generator grid mix for a given region. However, the GHG protocol specifies that
analysts should use the marginal grid mixes to accurately calculate GHG emissions from
adding EVs to the vehicle fleet. This paper utilizes the marginal grid mixes for each elec-
trical power region in the US, and calculates the vehicle-weighted average GHG emissions
for the entire country. These calculations demonstrate that, on the average, each BEV that
displaces a gasoline hybrid electric vehicle (HEV) will increase GHGs by more than 7% and
each PHEV put in service will increase GHGs by an average of 10% compared to a gasoline

Marginal grid mix HEV.
Plug-in hybrids
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1. Introduction

Plug-in hybrid electric vehicles (PHEVs or “plug-in hybrids”)
and battery electric vehicles (BEVs) are proposed to reduce
greenhouse gas (GHG) emissions and oil consumption. GHG
emissions attributed to PHEVs and BEVs (and to fuel cell

Abbreviations: AEO, annual energy outlook (DOE publication);
ANL, Argonne National Laboratory; BEV, battery electric vehicle;
CO,, carbon dioxide; DOE, Department of Energy; EIA, energy
information administration (part of DOE); EV, electric vehicle;
FCEV, fuel cell electric vehicle; GHG, greenhouse gas emissions;
GREET, greenhouse gas, regulation emissions and energy use in
transportation (ANL computer program); HEV, hybrid electric
vehicle; kWh, kilowatt-hour; LDV, light duty vehicle; NEMs,
National Energy Modeling System; NERC, North American Elec-
tricity Reliability Corporation; ORCED, Oak Ridge Competitive
Electricity Dispatch; ORNL, Oak Ridge National Laboratory; PHEV,
plug-in hybrid electric vehicle; WECC, Western Electricity Coor-
dinating Council.
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vehicles using hydrogen made by electrolyzing water') will
depend on the treatment of emissions from electrical power
generation plants. Some analysts calculate GHGs by using the
average output from all generators in a particular region. For
example, if a local utility generated 50% of its electricity from
nuclear and 50% from coal, then the GHGs for any new elec-
trical load would be taken as the average of zero (nuclear) and
approximately 1000 g of COz-equivalent/kWh from coal-based
generators, or 500 g COx/kWh as the average utility grid mix.

However, this does not mimic actual utility operation. To
maximize profits, utilities operate their lowest operating cost
plants first, and only turn on plants with higher operating

11 assume here that all hydrogen is made initially by steam
reforming of natural gas, since this is the least expensive method
of generating hydrogen; electrolyzing water to produce hydrogen
is more expensive and also produces more GHG emissions than
reforming natural gas, so I assume that electrolysis will only be
used when and where electricity is made predominantly from
“green” sources such as renewables or nuclear power, which is
not valid for any utility grid mix in the US today.
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costs when they have to meet high demand. In the above
example, since nuclear plants have lower operating costs than
coal plants, the nuclear plants are run first as baseload. The
output from the coal plant would then have to be increased to
accommodate any new electrical load. The net impact of
adding a new load to the grid would generate 1000 g CO,/kWh
from the marginal coal plant, or twice the average GHG
emissions in this example.

The GHG protocol [1] stipulates that analysts should use
the marginal grid mix and not the average grid mix to deter-
mine the impact of adding new loads to a utility grid such as
EV battery charging. The Protocol states that:

“An average emission rate is easy to calculate, but it
provides only a rough approximation of marginal displaced
emissions.”

Some authors have used both GHG calculation procedures.
For example, Elgowainy et al. at the Argonne National Labora-
tory (ANL) calculated the GHG emissions from PHEVs in four
regions of the US (WECC — the Westem Electricity Coordinating
Council, NY, New England and Illinois) using the recommended
marginal grid mix [2]. But they did not calculate the marginal
grid mix for the entire US, using the average US grid mix instead
to approximate the average GHG reductions from deploying
PHEVs in the US. McCarthy and Yang at the University of Cal-
ifornia at Davis did analyze the GHGs from various alternative
vehicles using the recommended marginal grid mix in Cal-
ifornia [3], but they did not consider vehicles outside California.

2. Illustration of marginal grid mix
estimation and economic dispatch

Fig. 1 illustrates economic dispatch ranking (Lower operating
plants on the bottom of the stacked chart and higher
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Fig. 1 — An example of an economic dispatch chart by

a hypothetical utility to illustrate how the marginal grid
mix of a utility for added loads such as battery charging is
determined in conjunction with utility load profiles.

operating cost plants on the top) for a utility over a 12-h period
(assumed here to be symmetrical for the afternoon hours),
modeled on a hypothetical utility that has approximately the
average US utility mix. Hydroelectric and renewables have
very low operating costs, and are turned on first. Nuclear has
the next lowest operating cost, followed by coal plants.
Natural gas plants are more expensive to operate, so they are
turned on last, typically to meet daytime peak load. In some
regions of the US, oil is also used to generate electricity, and
this oil-based electricity has the highest operating costs and
would typically be at the top of the economic dispatch chart,
and will be on the margin and therefore used first to charge EV
car batteries.

Two possible daily load profiles are illustrated in Fig. 1 for
this hypothetical utility. The marginal electric generator is
found at the intersection of the load curve at any time of day
with the economic dispatch stack of generators. Consider
what happens when a new load, such as a PHEV or a BEV is
plugged-in for charging or if an electrolyzer was turned on to
produce hydrogen for the utility represented by Fig. 1. During
the night for the upper dashed load profile #1, all of the new
electricity to charge the battery must come from turning up
the output from the natural gas combined cycle plants in the
example of Fig. 1. The nuclear and hydro plants are running
at full tilt and cannot be used to supply a new load. During
the daytime, the output from natural gas single cycle plants
or combustion turbines must be increased to meet new
demand. For the lower load profile (solid curve #2 in Fig. 1),
the load profile dips at night into the coal generator region,
meaning that coal plants will be cranked up to supply night
time battery charging, while natural gas plant will provide
new loads in the daytime. Therefore all of the electricity to
meet the demand for electricity to run a new load such as
battery charging will come from fossil fuels: some combina-
tion of coal plants and natural gas plants in this example
utility grid system. The fact that the utility has 20% nuclear
power and 10% hydroelectric is not relevant to the calcula-
tion of marginal greenhouse gases produced when an EV or
a new electrolyzer is added to the grid demand.

3. Oak Ridge National Laboratory marginal
grid mix calculations

Estimating the marginal grid mix for any region is very
complex, since the analyst must consider the utility demand
load that varies widely on an hourly, daily, weekday/weekend
and seasonal basis. Fortunately Hadley and Tsvetkova at the
Oak Ridge National Laboratory [4] have made these calcula-
tions for each of the 13 continental US electricity regions? (see
Fig. 2) specified by the North American Electricity Reliability
Corporation (NERC), using the Oak Ridge Competitive Elec-
tricity Dispatch (ORCED) computer model, which in turn is
based on inputs from the EIA’s NEMS system that includes
operating data on 21,000 electrical generation plants across
the US.

2 These are the NERC regions utilized in the 2007 annual energy
outlook report used by Oak Ridge in their model; these NERC
regions have more recently been changed.



S x tnree charging rates) and the base case WINout any
PHEVs. Oak Ridge then subtracted the base-case electricity
from each of the six PHEV scenario electricity results to
determine which electric plants would have to generate more
electricity to charge EV batteries in each of the 13 NERC
regions. They assumed that each PHEV traveled 20 miles per
day, and they assumed that gasoline hybrid electric vehicles
(HEVs) have a fuel economy of 40 miles/gallon of gasoline.
They assumed 25% market penetration of PHEVs in 2020
through 2030.

To simplify our analysis, we averaged the marginal grid
results from the six PHEV scenarios in each region, and used
only the 2020 results from the Oak Ridge study. The average
grid mixes for each region are summarized in Table 1, and the
marginal grid mixes are summarized in Table 2.

Oak Ridge did not include Alaska and Hawaii in their
analysis, so we used the actual 2009 average grid mixes for
these two states as summarized in Table 3. We estimated the
marginal grid mixes for each state using a simplified set of
load duration curves that were superimposed on the

5. Greenhouse gas changes due to electric
vehicles

The changes in GHG emissions due to BEVs compared to
gasoline-powered HEVs are summarized in Fig. 3 for each of
the 14 utility regions, and in Fig. 4 for PHEVs relative to gaso-
line HEVs.

For 6 out of the 14 regions in the US, a BEV will generate
more GHGs than a (now more-or-less conventional) gasoline
HEV such as the Toyota Prius.* For example, in Region 1, the

* In addition, emissions for FCEVs and NGVs depends slightly
on grid electricity to power the compressors needed to compress
hydrogen and natural gas, but the differences are too small to
show up on this scale.

* The Prius has a fuel economy of 50 mpg, which is larger than
the 40 mpg fuel economy assumed by Hadley and Tsvetkova, so
a PHEV with Prius fuel economy running on gasoline would have
lower GHG emissions than reported here.



























