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California has taken steps to reduce greenhouse gas emissions from the transportation sector. One exam-
ple is the recent adoption of the Low Carbon Fuel Standard, which aims to reduce the carbon intensity
of transportation fuels. To effectively implement this and similar policies, it is necessary to understand
well-to-wheels emissions associated with distinct vehicle and fuel platforms, including those using elec-
tricity. This analysis uses an hourly electricity dispatch model to simulate and investigate operation of the
current California grid and its response to added vehicle and fuel-related electricity demands in the near

{\(/le:r‘:‘g/;);gls;lectricity term. The model identifies the “marginal electricity mix” - the mix of power plants that is used to supply
Plug-in the incremental electricity demand from vehicles and fuels - and calculates greenhouse gas emissions

from those plants. It also quantifies the contribution from electricity to well-to-wheels greenhouse gas
emissions from battery-electric, plug-in hybrid, and fuel cell vehicles and explores sensitivities of elec-
tricity supply and emissions to hydro-power availability, timing of electricity demand (including vehicle
recharging), and demand location within the state. The results suggest that the near-term marginal elec-
tricity mix for vehicles and fuels in California will come from natural gas-fired power plants, including
a significant fraction (likely as much as 40%) from relatively inefficient steam- and combustion-turbine
plants. The marginal electricity emissions rate will be higher than the average rate from all generation -
likely to exceed 600 gCO, equiv. kWh~! during most hours of the day and months of the year - and will
likely be more than 60% higher than the value estimated in the Low Carbon Fuel Standard. But despite the
relatively high fuel carbon intensity of marginal electricity in California, alternative vehicle and fuel plat-
forms still reduce emissions compared to conventional gasoline vehicles and hybrids, through improved
vehicle efficiency.

Low carbon fuel
Climate change
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1. Introduction ers, regulators, and regulated entities to accurately calculate the

lifecycle GHG emissions associated with various vehicle and fuel

Light-duty vehicles contribute significantly to greenhouse gas
(GHG) emissions and petroleum consumption. In California, they
account for two-thirds of transportation GHG emissions and
approximately 20% of total instate emissions [1]. In an effort to miti-
gate these externalities, policies and research increasingly promote
advanced vehicles that are more efficient than conventional vehi-
cles or use alternative fuels. Among the most promising options are
vehicles powered by biofuels, electricity, and hydrogen.

In California, energy policy is especially focused on reducing
energy use and GHG emissions from transportation. Among others,
the state recently adopted the Low Carbon Fuel Standard (LCFS),
which directs refiners to reduce the carbon content of on-road
transportation fuels [2]. To effectively implement the LCFS and
other policies in an effective manner, it is critical for policy mak-
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platforms.

Comparing energy use and emissions among distinct alterna-
tives requires analysis on a “well-to-wheels” basis. Many previous
studies have analyzed well-to-wheels emissions for a range of vehi-
cles [3-9]. This type of analysis considers inputs and emissions
upstream from the vehicle, from the “well-to-tank,” as well as
those that take place from the “tank-to-wheels.” Emissions from
conventional vehicles occur predominately from tank-to-wheels,
during fuel combustion in the engine; only a small fraction of total
emissions occurs during the extraction, refining, and transporta-
tion of petroleum to a vehicle’s tank. In a plug-in hybrid electric
vehicle (PHEV), well-to-tank emissions from electricity generation
contribute significantly to overall emissions. In the case of a battery-
electric vehicle (BEV) or hydrogen fuel cell vehicle (FCV), emissions
occur entirely upstream from the vehicle’s “tank,” during the pro-
duction of electricity or hydrogen and delivery to the vehicle.

Electricity is one of the most promising alternative trans-
portation fuels and a key input for producing others, such as
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hydrogen, making electricity supply an important element of
well-to-wheels analysis for many vehicle and fuel pathways. Char-
acterizing upstream emissions requires detailed modeling of the
electricity sector to correctly identify the “marginal mix” of power
plants supplying vehicle and fuel-related electricity demands.!
Ultimately, the marginal mix depends on the quantity, timing (the
hourly distribution), and location of demand. These parameters
determine the relative cost or benefit of using electricity as fuel,
and must be accurately represented in modeling efforts.

This paper determines the marginal electricity mix and GHG
emissions associated with operating advanced vehicles in Califor-
nia in the near term. An hourly electricity dispatch model with
plant-level detail, the Electricity Dispatch model for Greenhouse
gas Emissions in California (EDGE-CA), is described and applied to
simulate grid response to added vehicle and fuel-related electricity
demand in the state in 2010. Hourly electricity demand profiles
for PHEVs, BEVs, and two hydrogen pathways fueling FCVs are
developed and imposed on the electric grid. Specifically, this paper
examines how different power plants are utilized and identifies the
marginal generation mix likely to supply plug-in vehicle (BEVs and
PHEVs) and hydrogen electricity demands, given the current com-
position of the grid in California. It explores marginal supply and
emissions sensitivity to demand location and hydro-availability.
Results from the electricity analysis are compared to estimated
GHG emissions rates in the LCFS and extended to compare vehicle
well-to-wheels GHG emissions based on likely near-term marginal
generation mixes.

2. Background
2.1. Grid operation

The electricity grid is a collection of power plants and transmis-
sion and distribution facilities that produces and delivers electricity
to customers in real-time. Because electricity cannot be practically
stored in significant quantities, the grid has evolved to meet contin-
ually changing electricity demands by using a suite of power plants
that fulfill various roles in the grid network.

Each type of power plant operates differently — using differ-
ent size, technology, or energy resources to satisfy its function
- and as a result, each has unique cost and emissions charac-
teristics. Baseload facilities, often large coal or nuclear plants,
are designed to operate continuously and at low cost. Peaking
power plants, which are operated only a handful of hours per
year when demand is highest, are often fired with natural gas, and
are more costly to operate. Many other types of plants operate in
between.

The mix of power plants that make up the grid will vary signifi-
cantly from one region to another, based on local demand profiles,
resource availability and cost, and energy policy. In any given hour,
electricity demand is met with the lowest cost options first and
increasingly more-expensive plants are dispatched until electricity
demand is satisfied. Demand can also be met by imported power
from other states or regions, if it provides a lower-cost generation
than local generators can.

Electricity generation must match demand continuously, and
adding electricity demand from vehicle recharging or hydrogen
production and refueling will require additional power to be gen-
erated. The key to identifying the marginal mix of electricity for

! The marginal generator is the last power plant that is brought online (or dis-
patched) to supply demand in a given hour. The marginal mix, then, represents
generation from the set of last power plants dispatched that is equal to vehicle
demand. This definition assumes that vehicles require additional electricity and
represent the last demand supplied in a given hour.

vehicles and fuels is to understand which power plants will gener-
ate this additional electricity.

2.2. Vehicle efficiency and fuel carbon intensity

Greenhouse gas emissions from vehicles (gCO; km~1) can be
defined as the product of vehicle energy intensity? (MJkm~1) and
fuel carbon intensity (gCO, MJ~1). The use of advanced vehicle
technologies and alternative fuels can reduce GHG emissions by
improving vehicle efficiency (that is, reducing energy intensity) and
lowering fuel carbon intensity [1].

Previous well-to-wheels studies have investigated a number of
advanced vehicle platforms and concluded that they will likely
have much lower energy intensities (they are much more effi-
cient) than conventional internal combustion engine vehicles (ICEs)
and conventional hybrid vehicles (HEVs). Battery-electric vehicles
may be more than three times as efficient as an ICE, and more
than twice as efficient as an HEV [3-6,10]. Efficiency of a PHEV
depends on its operation. This analysis assumes that PHEVs oper-
ate as all-electric vehicles for some fraction of miles initially, then
as HEVs until they are recharged. (Vehicles with 20- and 40-mile
all-electric ranges are considered in this paper, and are referred to
as PHEV20 or PHEVA40, respectively.) Thus, at worst, PHEV efficiency
is similar to that of an HEV, and at best - if operated entirely in all-
electric mode - is closer to a BEV. Fuel cell vehicles are more than
twice as efficient as ICEs and moderately more efficient than HEVs
[3-6,10,11].

Carbon intensities of electricity and hydrogen can vary widely
depending on production methods, highlighting the need to accu-
rately determine marginal generation sources [12-14]. Although
electricity and hydrogen can be produced from renewable sources
- providing fuel with essentially zero carbon intensity - from
the most common near-term methods, the carbon intensity of
hydrogen and marginal electricity in California is more than
that of gasoline. The well-to-tank carbon content of gasoline
in California is equivalent to 96 gCO, MJ~!, or 346gC0, kWh~!
[15].3 But the carbon intensity of electricity from existing nat-
ural gas-fired power plants that are likely to provide marginal
electricity in California is 450-700gCO, kWh-! [16]. And if
hydrogen is produced onsite (at refueling stations) from natu-
ral gas steam-methane reformation (SMR), as expected during
the first decades of a potential transition to FCVs, the carbon
intensity of hydrogen fuel will likely be about 400 gC0O, kWh~!
[12,17].

Nevertheless, relative vehicle efficiency improvements will gen-
erally outweigh the increase in fuel carbon intensity, and plug-in
vehicles and FCVs will usually reduce GHG emissions compared
to ICEs and HEVs. In order for all-electric driving to reduce emis-
sions compared to an HEV, the ratio of plug-in vehicle energy
intensity to that from an HEV must be less than the inverse of
the respective ratio of fuel carbon intensities. This calculation
is sensitive to comparative fuel economy assumptions of alter-
nate vehicle platforms. It is possible, if marginal electricity is
supplied by coal or another high-emitting power plant, and the
efficiency improvement of a PHEV or BEV is relatively low, that
all-electric driving could increase GHG emissions compared to an
HEV. This is unlikely to occur in the near term in California, how-
ever, and PHEVs and BEVs should reduce emissions compared to
HEVs [18].

2 Vehicle energy intensity is proportional to fuel consumption (L(100 km)~') and
inversely correlated with vehicle fuel economy (miles per gallon in the US).

3 The energy content of a gallon of California reformulated gasoline is 115.63 M],
or 32.1 kWh.
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2.3. Marginal electricity and emissions

Attributing electrons from particular power plants to specific
end use demands is a futile exercise. Nonetheless, it is assumed that
in the near-term, vehicle and fuel electricity demands represent
incremental demand above which the system was designed for. As
aresult, this analysis attributes generation from the last (marginal)
generator brought online to these added demands. If incremental
demand exceeds the excess capacity of the last generator operating,
another plant is brought online and added to the marginal mix.

By this definition, which is used in other studies as well [7,19],
marginal generators are the most expensive plants operating in a
given hour, and likely, the least efficient. In this analysis, generation
from hydro, nuclear, and renewable power plants, which have very
low operating costs, is never on the margin. Instead, the marginal
mix comprises generation from plants that would not be operat-
ing without added electricity demand from vehicle recharging or
hydrogen production. In California, these plants are almost always
natural gas-fired.

The marginal mix is distinct from the “average mix,” which
accounts for all electricity generation in a given hour. The two
mixes may differ significantly, and consequently, so may their GHG
emissions rates. In California, low-carbon resources such as hydro,
nuclear, and renewable generation that are not part of the marginal
mix are included in the average mix. Consequently, the average
GHG emissions rate is lower than that of the collection of natural
gas-fired plants that compose the marginal mix.

Over a longer term, as vehicle recharging and alternative fuel
production become more predictable, their demand may be incor-
porated into utility planning. In that case, it may not be appropriate
to simply attribute the generation from the last plants brought
online to light-duty transportation. Such analysis and discussion
is left for future work, however.

2.4. Vehicle demand impacts on electricity supply

Several studies have compared vehicle and fuel pathways on
a GHG basis [3-9]. Typically, they apply a specific electricity mix,
based on general assumptions about average electricity supply, to
vehicle and fuel demands.

Other studies include vehicle demand impacts on electricity
supply when estimating energy and environmental impacts of
vehicles. But rarely do they compare across vehicle and fuel plat-
forms.

Demand impact from BEVs on electricity supply was a popular
research topic in the 1990s, in light of California’s Zero Emission
Vehicle (ZEV) Mandate. Ford considers the impact of adding 1-2
million BEVs in the Southern California Edison service area [20,21].
A contemporaneous report by the CEC investigates marginal gen-
eration and emissions of criteria pollutants associated with adding
BEVs in the South Coast Air Basin [22].

Similar research is appearing for PHEVs. Many studies find that
PHEVs could comprise a significant fraction of the light-duty fleet
in California or the U.S. without requiring additional power plants
or transmission capacity [23-27]. Some studies extend demand
analysis to consider impacts on electricity supply or emissions.
EPRI and NRDC present a thorough analysis of PHEV impacts on
electricity supply in the U.S. [28,29]. Kintner-Meyer et al. consider
PHEV electricity demand impacts on dispatch for a typical summer
and winter day [24,30]. Parks et al. simulate costs, emissions, and
resource use associated with PHEVs in the Xcel Service Territory
[31]. Researchers at Argonne National Laboratory are investigating
impacts of high penetrations of PHEVs on electricity generation in
[llinois [32]. Samaras and Meisterling include lifecycle emissions in
their accounting and consider various compositions of the electric-
ity grid [33]. Hadley and Tsvetkova use the Oak Ridge Competitive

Electricity Dispatch (ORCED) model to investigate impacts of PHEVs
on electricity supply in 12 regions of the U.S. [19]. Other stud-
ies use accounting methods to estimate emissions and resource
use associated with PHEVs operating in near-term and long-term
electricity markets [25,34]. Some analyses have also investigated
how plug-in vehicles could positively impact operation of the grid,
by providing voltage regulation, load management, or spinning
reserves [23,35-39].

While there is a large body of work regarding electricity as a
fuel for electric-drive vehicles, no study was found that investigates
GHG emissions impacts of multiple vehicle types in California in the
near term using detailed electricity sector modeling. Near-term,
California-specific analysis of electricity (per-kWh) and vehicle
(per-km) GHG emissions is especially important in light of state
policies - such as AB32,AB1493, and the LCFS - that require detailed
accounting of vehicle and fuel emissions. This paper begins to
address this gap.

3. EDGE-CA model methodology and description
3.1. Model overview

The EDGE-CA model is a spreadsheet-based simulation tool
that models electricity generation and dispatch in California on an
hourly basis over the course of a year to identify marginal power
generation and GHG emissions supplying different vehicle and fuel-
related electricity demand profiles. As stated above, a number of
studies have developed electricity supply models to analyze the
effects of plug-in vehicle recharging. The EDGE-CA model does not
simulate grid dispatch in a particularly novel way, but uses a simple,
merit-order approach to match supply with demand. These meth-
ods provide a transparent representation of electric generation in
California that is appropriate for high-level analysis of demand
impacts on supply and estimating resource use and GHG emissions.
In actual power markets, sophisticated decision-making algorithms
are used to dispatch generation optimally. Utilizing proprietary
data and software, they simulate markets and constraints that
are not included in EDGE-CA, including ancillary service markets,
bilateral agreements and long-term contracts between generation
companies and load serving entities, operational limits of power
plants (such as minimum loading and ramp rates), reliability and
distribution constraints, and emissions constraints of criteria pol-
lutants. Without this complexity, EDGE-CA may misrepresent the
exact mix of individual power plants operating at a given time. But
given the large pool of power plants modeled (690 in-state plants),
it does capture the types of power plants that operate throughout
the state quite accurately, providing useful metrics for analysis of
the current grid, and a useful framework for analyzing future grids,
where specifying individual plants may not be necessary.

Sample outputs from an EDGE-CA simulation with added
recharging demand from about 220,000 BEVs are illustrated in
Fig. 1. Hourly generation by resource type and average and marginal
electricity sector emissions rates are shown.

EDGE-CA is composed of three modules that determine electric-
ity demand, power plant availability, and dispatch in three regions
of California. The sections that follow discuss each in turn.

3.2. Regions

In EDGE-CA, California is divided into three regions and linked
to two external regions from which it may import or export power
(see Fig. 2). Northern California (CA-N) and southern California (CA-
S) are separated, and linked, by the Path 26 transmission corridor.
The boundary between the two is largely distinguished by the ser-
vice territories of the two largest utilities in the state, Pacific Gas
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Fig. 1. Sample outputs from simulations with the EDGE-CA model, including GHG emissions rates from the average and marginal generation mix over the course of a spring

week.

and Electric (PG&E) and Southern California Edison (SCE). A third
region, territory served by the Los Angeles Department of Water
and Power (LADWP), is distinguished from CA-S.

Exchanges among regions are limited by transmission con-
straints. Within California, transmission is limited to 3000 MW
between CA-N and CA-S in and to 1000 MW between CA-S and
LADWP [40,41]. Transfer capacity between California and other
states in the Northwest is limited to 10,000 MW [42], and between
California and other states in the Southwest, is 11,500 MW [43].
Transmission capacity between regions is held constant in the
model. Direction of net flow, outages, temperature effects, and any
other operational considerations that may affect line capacity are
excluded from the analysis.

The mix of power plants that supplies electricity to each region
is distinct. Northern California controls much of the state’s hydro-
resource and is directly connected to the hydro-rich Northwest.
Southern California lacks significant hydro-power, and often relies

on power from other regions during its peak demand. And LADWP
accounts for most of the coal power consumed in California, in the
form of “firm imports.” (Firm imports represent generation from
power plants located outside of California but controlled by instate
entities, and are distinguished in EDGE-CA from “system imports,”
which comprise imported power purchased on the market, when
economical.)

3.3. Electricity demand

The electricity demand module calculates vehicle demand and
determines total hourly generation required to serve each region
of California. Required electricity generation is equal to the sum
of non-vehicle (conventional) demand, additional vehicle-related
demand, and transmission and distribution losses. Non-vehicle
demand follows hourly demand curves for each region in 2007 [46],
scaled by estimated annual demand in 2010 [47]. Transmissions

AIICA CAN  CA-S LADWP

Coal 15.7%  2.7% 9.8% 48.0%
Hydro 19.0% 222% 5.9% 6.0%
Natural Gas ~ 41.5%  41.9%  53.3% 30.0%
Nuclear 12.9%  204% 16.6% 10.0%

Renewables  10.9%  129%  14.5% 6.0%

Fig. 2. Regions included in EDGE-CA and electricity consumption by energy resource in 2006 [44,45].
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Table 1
Vehicle and hydrogen energy intensity assumptions.

Vehicle efficiency parameters®:®

Vehicle energy intensity (M] km~1)d H, energy intensity (M] kg=1)e

Relative fuel Fuel All-electric Gasoline Electricity Hydrogen Electricity Natural gas
economy economy fraction
(kmL-1)

ICE 1.00 12.8 - 239 - - - -
HEV 1.53 19.5 - 1.57 - - - -
PHEV (ICE mode) 1.54 19.6 - 1.56 - - - -
PHEYV (electric mode) 3.00 38.3 100% - 0.80 - - -
PHEV20 1.91 244 40% 0.93 0.32 - - -
PHEV40 2.18 27.8 60% 0.62 0.48 - - -
BEV 3.50 44.6 - - 0.68 - - -
FCV (electrolysis) 2.32 29.6 - - - 1.03 195.5 -
FCV (onsite SMR) 2.32 29.6 - - - 1.03 10.5 1794

BEV, battery-electric vehicle; FCV, fuel cell vehicle; HEV, hybrid electric vehicle; ICE, internal combustion engine; PHEV, plug-in hybrid electric vehicle; SMR, steam-methane

reformation.

2 Fuel economy based on scalars from [10] and assuming a fuel economy of 30 mile gal-?, or 12.8 kmL~!, for new ICE vehicle.

b All-electric fraction of driving for PHEVs from [28], assuming 15,000 mile vehicle~! year—"'.

¢ Vehicle fuel economy is equal to the energy content of California reformulated gasoline divided by the sum of vehicle energy intensity by fuel type. The energy content
of California reformulated gasoline is 115.6 M] gal~', or 30.5MJL~! [15] and 1 kg of hydrogen has the same energy content as a gallon of gasoline.

4 1MJ=0.278 kWh =0.00865 gallon gasoline equivalent (CA reformulated).

¢ Hydrogen pathway electricity and natural gas intensity from DOE H2A analysis [48].

and distribution losses are assumed to be equal to 7% of generation
in every hour.

Electricity demand impacts from seven vehicle and fuel pathway
scenarios are considered. Conventional ICEs and HEVs are com-
pared to PHEVs, BEVs, and FCVs. Fuel cell vehicle pathways include
hydrogen produced at refueling stations from either electrolysis or
SMR.

Assumptions regarding vehicle efficiencies and energy intensity
of the pathways are listed in Table 1. Relative fuel economies are
based on values from Argonne National Lab’s GREET model and
are not directly calculated within this analysis [10]. Actual fuel
economies are scaled from the assumed value for a new conven-
tional ICE vehicle (30 miles gal~1, or 12.8 kmL~1). Well-to-wheels
analysis is sensitive to the relative fuel economy of different vehi-
cle platforms, and other values are certainly reasonable. But values
from the GREET model provide transparent, well-documented, and
widely utilized assumptions that are consistent with several other
studies [3-9,11]. In addition to assumed fuel economy, the table
lists vehicle energy intensity by fuel type and energy intensity asso-
ciated with hydrogen production for the two pathways considered
here [48].

Hourly electricity demand profiles for vehicle and fuel pathways
are constructed by distributing annual energy demand daily, then
hourly. Annual energy is determined from the parameters in Table 1
and assuming that 1% of light-duty vehicle-miles traveled (VMT) in
California comes from one of the seven pathways. Light-duty VMT is

1.4
12 f Gasoline profile (FCV, electrolysis)
A =+ «Load-level (BEV)
1.0 Y B P Offpeak (BEV)
o i
z 1
O o8 i
E P
g 06— \
g P
= 04 1
d, . A
024 A o
! S
0.0~F T O AEL i s o L I

T T
0 3 [ 9 12 15 18 21
Hour beginning

(a) Vehicle and fuel electricity demand profiles

expected to be about 329 billion milesin 2010 [47], which translates
to about 220,000 advanced vehicles on the road. Annual electricity
demand is distributed on a daily basis using gasoline sales data for
California by week and day of the week [49,50].

Total daily electricity demand is distributed on an hourly basis
according to three scenario timing profiles: Offpeak, load-level, and
gasoline (see Fig. 3). The Offpeak profile applies to plug-in vehi-
cles and matches the profile used in the EPRI and NRDC analysis
[28]. It likely provides a reasonable representation of near-term
aggregate recharging, with low demands during the day and most
recharging occurring at night. The load-level profile distributes
vehicle and fuel-related electricity demand to increase minimum
daily electricity demand to the extent possible, thus partially fill-
ing overnight demand troughs (or “leveling” daily demand curves).
It is applied to plug-in vehicles and the onsite electrolysis path-
way and represents a best case scenario for near-term incremental
demand, from a grid operation perspective. Finally, the gasoline
profile assumes electricity use follows the pattern of hourly gaso-
line refueling [49]. It is used to simulate hydrogen production and
refueling at small scales and with little storage, where hydrogen
is essentially produced as it is needed for refueling at a hydrogen
station.

As illustrated in Fig. 3, electricity demand from these vehicles
would have a minor impact on overall demand. If 1% of VMT were
to come from FCVs using grid electrolysis — and unlikely near-term
scenario — total electricity demand increases by 0.7% and peak

55
50
Z 45
2
E
g 40
g
[=] - Gasoline profile (electrolysis)
o =+ =Load-level (BEV)
------ Offpeak (BEV)
30 - =—=Non-vchicle demand

o 3 6 o 12 15 18 2
Hour beginning

(b) Total electricity demand profiles

Fig. 3. (a) Sample vehicle and fuel electricity demand profiles and (b) impacts on total demand, for a representative June day.
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Table 2

Summary of California electricity generation resources in 2010, as represented in EDGE-CA.

Capacity (MW)

Availability and notes

Baseload/renewable

Nuclear 4,577
Geothermal 2,265
Biomass 1,571
Solar 739
Wind? 3,083
Firm imports 6,193
Nuclear 1,153
Coal 3,896
Function of demand

Hydro 1,143
NW imports® 8,000
SW imports? 7,000
Hydro 7,000¢
Dispatchable

Coal 363
Qil 568
Other 49
CHP 2,962
NGCC 19,207
NGST 7,796
NGCT 10,099

Hourly availability constant in a month; monthly energy
based on historical distribution [16,51,57-59]

Follows 1998 insolation profile for Palm Springs, California [60]
Wind speed profile for four regions in California [61]; generation
based on power curve for Vestas V47 turbine [62]

California ownership of out-of-state plants from [63,64]

Nuclear from historical distribution of generation in Arizona
[59,65]

Coal generation constant in all hours of year

Firm import hydro-availability follows California hydro-profile
Mix: 9% coal, 2% nuclear, 66% hydro, 22% natural gas, 1% renewable
[43];

Regional fractions of NW imports from [46,54]; NW

imports = —5344.6 + 7827.4*nload + 0.040*peak — 0.347*cahydnuk
—3.267*wahdd +0.535*wahyd (adj. R =0.72)

Mix: 4% coal, 96% natural gas [43]; SW

imports = —-1997.7 +4152.9*nload +0.111*peak — 0.468*cahydnuk — 1.941*nwreg
+0.335*azdd — 0.345*aznuk (adj. R? =0.56)

Annual available energy from historical distribution [57,58];
About 16% of hydro is baseloaded (run-of-river);

The rest is: load-following above a threshold (October-February),
or 2/3 of monthly energy dispatched at peak capacity (7000 MW) in
as few hours as possible (March-September)

Dispatched plant-by-plant as needed, in order of increasing variable cost;
Availability limited by scheduled and forced power plant outages [55,56];
Variable costs = Variable O&M + Fuel costs;

Variable O&M costs from [66];

Fuel costs from plant heat rates from [16] and assumed energy costs: $6 MMBtu~!
(oil), $7 MMBtu~! (natural gas, CA-N), $6.5 MMBtu~! (natural gas, CA-S and
LADWP), $1.50 MMBtu~! (coal), $2.50 MMBtu~' (biomass)

CA-N, Northern California; CA-S, Southern California; CHP, combined heat and power; LADWP, Los Angeles Department of Water and Power; NGCC, natural gas combined

cycle; NGCT, natural gas combustion turbine; NGST, natural gas steam turbine.

2 Wind capacity includes capacity as of December 31, 2008 [67] and projected additions in 2009 and 2010 [68].

b Regression parameter Refs. [41,59,69] nload=hourly California load, normalized to monthly peak demand; peak=monthly peak demand; cahydnuk=monthly
hydro +nuclear generation in California; wahdd = monthly heating degree days in Washington state; wahyd = monthly hydro-generation in Washington state; nwreg = hourly
net imports from the NW import regression; azdd = monthly degree days in Arizona; aznuk = monthly nuclear generation in Arizona.

¢ Installed hydro-capacity in California is 13,162 MW, but the effective peak capacity is usually about 7000 MW, which is the peak allowed in EDGE-CA. During some
“super-peak” hours, hydro-generation may be about 11,000 MW [70], but super-peak events are not included in EDGE-CA.

demand increases by 1%, on this day. Demand impacts from the
other profiles shown are much smaller, and smaller still for the
vehicle and fuel pathways not shown (PHEVs, and onsite SMR).

Vehicle electricity demand is distributed among the three
regions based on the regional fractions of annual statewide
demand. The impact of shifting vehicle location on GHG emissions
is investigated in sensitivity analyses.

3.4. Power plant representation

Power plants are represented in EDGE-CA primarily based on
data from the U.S. EPA’s eGRID database [16]. The database provides
plant-level data for U.S. power plants operating in 2005. Impor-
tantly, it includes plant capacity, total annual generation, heat rate
(the inverse of plant efficiency), and GHG emissions rates (CO5,
N,O, CHy) data for 690 power plants in California and 1195 power
plants collectively in the CA/MX, NWPP, and AZNM supply regions
as defined by the North American Electric Reliability Corporation
(NERC). Data from eGRID is supplemented with information from
NERC's Electricity Supply and Demand (ES&D) database [51] and
the U.S. EPA’s National Electric Energy Data System (NEEDS) [52]
to help categorize power plant type, location, and ownership.

The simulations presented here use the grid as it existed in
2005 with added renewable capacity that is expected online before

2010 to help meet California’s Renewable Portfolio Standard [53].
Although natural gas-fired capacity has been and will be subse-
quently added, as well, it is assumed that the dispatchable fossil
plant mix developed here is representative of that which will exist
in 2010.

These detailed power plant data are used to construct supply
curves that describe the quantity of electricity available at a given
price for each region in each hour. The regional supply curves are
compared and power is traded among regions to minimize the vari-
able cost of the last plant brought online statewide, subject to the
inter-regional transmission constraints.

Available generation from power plants is determined in one of
three ways (see Table 2). First, renewable and baseload generators,
including most firm imports, follow fixed hourly generation profiles
that are independent of electricity demand. They do not provide
marginal generation for vehicle and fuel-related electricity demand
in any scenario in this analysis.

Second, hourly supply from system imports and hydro-facilities
are determined as a function of the hourly demand profile. Hydro
is an energy-constrained resource, as only a fixed amount of water
is available annually. A typical capacity factor for hydro-generation
in California is about 30% [16], but it varies depending on annual
precipitation. In EDGE-CA, available hydro-energy is constrained on
an annual and monthly basis. Monthly generation is dispatched on
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a daily and hourly basis according to a set of simplified rules that
attempts to minimize generation from dispatchable natural gas-
fired power plants. Hydro-dispatch indirectly affects the marginal
mix of generation for vehicles and fuels, but it does not provide
marginal energy.

Hourly generation from system imports are also simulated in
this analysis, through regression models developed from historical
hourly imports data [54] from 2005 to 2007. The models are listed in
Table 2 and fit the data quite well, resulting in adjusted R? values of
0.72 and 0.56 for NW imports and SW imports, respectively. North-
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westimports uses conditions in Washington as proxy for the region,
and is a function of hydro-generation in Washington and California,
nuclear generation in California, hourly demand in California, and
monthly heating degree days in Washington.# Southwest imports
uses conditions in Arizona as proxy for the region, and is a function
of demand in California, hydro-generation in California, nuclear
generation in California and Arizona, NW imports as defined from
the regression, and overall degree days (heating plus cooling) in
Arizona.

Third, dispatchable, fossil power plants in California are queued
in order of increasing variable cost and dispatched until total
demand is met. The availability of dispatchable generators is
limited by scheduled and forced outages, which is determined ran-
domly based on outage rates by plant type and month [55,56].

The GHG emissions rates presented in the results are in terms
of kWh of demand and are scaled to account for transmission
losses and emissions that occur upstream from the power plant.
Upstream emissions are assumed to be 12.6 gCO, equiv. MJ~!, or
45.4gC0, equiv.kWh~ for natural gas-fired generation [71]. They
are added to the marginal emissions rate, which is subsequently
scaled by a factor of 1.07 to account for emissions in terms of
demand, rather than generation.

3.5. Model validation

The EDGE-CA model was run to backcast supply, and the results
were compared to historical data from 2005 to 2007 to validate
the model. The simplifying, aggregate methods underlying EDGE-
CA and the disparate data sources used lead to some deviation in
generation by resource in some years. But on average, generation by
resource type matches the data well [57,58]. Modeled natural gas
generation varies from historical data by +£5% in some years, but
is within half of one percent of the observed value when averaged
over the three years. Estimates of firm imports in EDGE-CA derive
from different data [63,64] than is used by the California Energy
Commission (CEC) [43,72], and the model results underestimate
coal-fired generation by an average of 1.2 TWh compared to CEC
data (about 0.4% of average annual generation).

Results from EDGE-CA likely underestimate average GHG emis-
sions rates in California. While there are noticeable differences
and discrepancies in the reported data themselves, estimated
GHG emission rates in EDGE-CA are uniformly lower. In 2005,
for example, EDGE-CA predicts an average annual GHG emissions
rate from instate generators of 250 gCO, equiv. kWh~!, compared
to estimates from the U.S. Energy Information Administration
(294 gC0O, kWh~1)[65,73] and the U.S. EPA (263 gCO, kWh~1)[74].
Estimates from the California Air Resources Board (ARB) that
include imports are about 9% higher than similar estimates from
EDGE-CA [71].

The discrepancy among the values mostly results from differ-
ences in the average efficiency of natural gas-fired generation.
Generation fractions by power plant type and average heat rates

4 Degree days reflect heating or cooling energy demands. They are defined as the
difference between the average daily temperature and 65 °F (18 °C).
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Fig. 4. Marginal electricity generation and direct GHG emissions rates by vehicle
and fuel pathway.

vary noticeably by reporting agency. Compared to ARB, EPA,
and EIA data, EDGE-CA overestimates generation from relatively
efficient natural gas combined cycle (NGCC) and plants and
from plants operating in CA-N, while underestimating generation
from less efficient natural gas steam turbine (NGST) and natural
gas combustion-turbine (NGCT) plants, which are predominately
located in CA-S. The large distinction from the EIA data stems
from an especially high heat rate that it reports for NGCT plants
[59].

To the extent that EDGE-CA underestimates average GHG emis-
sions rates, it likely underestimates marginal emissions rates, as
well.

4. Results

The EDGE-CA model simulates California electricity supply in
2010 for systems that include additional demand from the vehi-
cle and fuel scenarios. Results from these simulations - pertaining
to the marginal electricity mix and GHG emissions rate — are dis-
cussed in the next two subsections. The third subsection extends
the analysis to determine well-to-wheels vehicle emissions, and
the final subsection discusses implications for energy policy in Cal-
ifornia.

4.1. Marginal electricity supply in 2010

The marginal generation mix for each pathway is illustrated
in Fig. 4. The results represent base case assumptions regard-
ing median hydro-availability (about 35,000 GWh annually) and
geographical distribution of marginal demand (in proportion to
non-vehicle electricity demand: 42% in CA-N, 49% in CA-S, and 9%
in LADWP). Generation from NGCC and natural gas combined heat
and power (CHP) plants are combined in the figure because both
tend to operate with relatively high capacity factors and similar
GHG emissions rates. Generation from NGST and NGCT plants is
also combined, as both plant types have GHG emissions rates that
are about 50% higher than NGCC or CHP plants. A small amount
of marginal generation comes from other plant types (much less
than 1%), but is not shown for clarity. The associated GHG emis-
sions rate from marginal generation is given as well, on the right
axis.

The fraction of generation from NGST and NGCT plants and
the marginal electricity GHG emissions rate decreases as demand
shifts to off-peak hours. For the load-level profile, where all demand
occurs off-peak, about 21% of marginal generation comes from
NGST or NGCT plants and marginal electricity GHG emissions
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rates are about 570 gCO, equiv. kWh~!. The Offpeak profile spreads
recharging demand throughout the day, though still predominantly
at night. In scenarios with that recharging profile, 37% of gener-
ation comes from NGST or NGCT plants and marginal emissions
are about 625 gCO, equiv.kWh~1, The majority of demand occurs
during the day in the gasoline profile, and NGST and NGCT plants
supply more than 50% of marginal demand for hydrogen supply. As
a result, marginal GHG emissions rates are relatively high, about
660 gCO, equiv. kWh1,

Based upon these assumptions, the carbon intensity of marginal
electricity is 65-90% higher than that of gasoline. If this marginal
electricity were used as fuel, electric-drive vehicles would need to
be that much more efficient than a comparable gasoline vehicle to
offer GHG emissions reductions in California.

Generally, as the quantity of electricity demand for a given
recharging profile increases, so does the fraction of marginal gen-
eration from NGST and NGCT plants and the marginal electricity
GHG emissions rate. Thus, one would expect marginal emissions
rates to be higher for BEV pathways than for PHEV pathways using
the same charging profile.

But they are very similar in these results, due to the rela-
tively small amount of electricity demand required to supply 1%
of light-duty VMT. During many hours, increased demand for BEV
recharging is insufficient to require the dispatch of additional
power plants to the marginal mix, compared to PHEV scenarios, and
the same marginal generator operates in either case. Even when the
demand difference is more noticeable, during off-peak hours, the
subsequent generators added to the marginal mix often have sim-
ilar characteristics to those operating before them. California has
a large stock of CHP and new NGCC plants that operate with simi-
lar emissions rates and are available on the margin when dispatch
requirements are low.

4.2. Sensitivity analysis of marginal generation

The previous results represent marginal supply under typical
conditions, averaged over the course of a year. But electricity sup-
ply is highly dynamic and actual emissions may vary significantly
from average, depending on when and where hydrogen is produced
or a vehicle is recharged. This section explores the sensitivity of
the marginal mix and GHG emissions rates to hydro-availability,
demand location, and demand timing.

Annual generation in California is very sensitive to changes
in hydro-availability resulting from varying precipitation patterns
and quantity. In a given year, instate hydro-generation may range
from 20,000 GWh to 60,000 GWh and may account for anywhere
from 10 to 20% of statewide electricity consumption [57]. In dry
years (or months), additional natural gas-fired generation (from
instate or out of state) mostly replaces lost hydro-energy [18], and
marginal generation is likely to come from less efficient natural
gas power plants than it does otherwise. The opposite holds in wet
months and years.

The regional representation of supply in EDGE-CA creates a
sensitivity to demand location. Relative demand among the three
regions affects generation transfers, and transmission constraints
and regional supply differences affect which power plants oper-
ate on the margin. In EDGE-CA simulations, shifting demand to
the LADWP region typically reduces marginal emissions rates com-
pared to the baseline, because the region often has excess NGCC
capacity available for export when its dispatch requirements are
low. Adding demand in CA-S typically increases marginal emissions
rates, because NGCT plants often operate on the margin there.

The sensitivity of marginal supply and emissions to hydro-
availability, demand location, and season is explored in Fig. 5.
The figure illustrates results for presumed high, average, and
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Fig. 5. Sensitivity of marginal generation and GHG emissions rates to hydro-
availability, demand location, and season.

low emissions conditions for the three timing profiles.> The
high case represents marginal generation during a 1-in-10 dry
year (24,235 GWh of annual hydro-generation) with all marginal
demand in CA-S. The low case depicts a 1-in-10 wet year
(50,879 GWhyear~1), if all marginal demand were in LADWP. The
base case shows the annual average using the baseline assumptions
described in the previous section.

Marginal generation and emissions rates are relatively insen-
sitive to the three parameters, but there is some variation. The
marginal mix varies most in the Offpeak profile, where the share of
NGCC and CHP generation is about 8% lower in the high case and 4%
higher in the low case, compared to baseline assumptions. Marginal
emissions rates vary most noticeably using the load-level pro-
file, where emissions in low case are almost 50 gCO, equiv. kWh~!
lower than in the base case.

Interestingly, the marginal mix of generators is more sensitive
to assumptions in the high emissions case than in the low emis-
sions case, but the opposite holds for marginal emissions rates.
This suggests some variation in the efficiency and emissions rates
of marginal generators operating within a category. For example,
NGCC plants may provide marginal generation for a given pathway
ina given hour, regardless of sensitivity assumptions. But more effi-
cient NGCC plants may be operating on the margin in a wet year
than on average.

There is more variation in marginal emissions rates based on
season and hour of recharging. Fig. 6 maps marginal GHG emis-
sions rates by time of day and month. The table elements represent
average values for each hour of the day in a given month. The bot-
tom row represents the vehicle demand-weighted marginal GHG
emissions rate averaged over all hours of the month or year. This
example represents BEVs recharging according to the Offpeak pro-
file using assumptions from the base case. Each pathway and timing
profile will have a unique emissions map.

In this case, a BEV recharged during early morning hours in
the spring will have emissions that are about 20% lower than the
annual average. Its emissions are about 20% higher than average
if recharged during summer afternoons. Altogether, emissions are
relatively low during early morning hours, when demand is low,
and especially during spring months, when hydro-generation is
abundant. Emissions are relatively high in the afternoon and during
the summer, when demand is high. Also, emissions are high in the
early winter, when hydro-generation is low, many power plants

5 Referring to Fig. 4, all pathways with similar timing profiles have similar
marginal generation and emissions rates, given the relatively small marginal
demand considered here. So the results in Fig. 5 are typical for any pathway following
one of the three timing profiles in the near term.
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Fig. 6. Map of marginal electricity GHG emissions rates by hour of day and month (BEVs, Offpeak profile.).

undergo maintenance, and peak demands in the Northwest limit
the availability of system imports.

4.3. Vehicle emissions

After marginal GHG emissions rates from the electricity sector
are determined, well-to-wheels vehicle emissions are calculated.
They are compared in Fig. 7, and represent the produce of vehicle
energy intensity (calculated from the fuel economy values given in
Table 1) and fuel carbon intensity. Carbon intensity includes path-
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Fig.7. Well-to-wheels vehicle emissions (gCO, equiv. km~!) by energy source, vehi-
cle energy intensity (MJkm~1), and fuel carbon intensity (gCO, equiv.MJ-!) by

vehicle pathway and timing profile.

way contributions from gasoline, marginal electricity, and natural
gas (also shown in Table 1).

All of the pathways except for FCVs using hydrogen from elec-
trolysis reduce GHG emissions compared to ICEs and HEVs. Fuel cell
vehicles using hydrogen from SMR and BEVs recharging according
to the load-level profile reduce emissions the most, by more than
25% compared to HEVs. Battery-electric vehicles recharging accord-
ing to the Offpeak profile reduce emissions by 21% compared to
HEVs. Driving a PHEV20 offers little emissions improvement com-
pared to HEVs, only 3% in the Offpeak profile and 6% for the load-level
profile.

As seen by the carbon intensity values in Fig. 7, the reduction in
emissions from advanced electric-drive vehicles in the near-term is
aresult of improved vehicle efficiency, rather than reduced carbon
intensity of fuel. None of the pathways here use “low carbon fuel,”
compared to gasoline in the near term (although there is potential
to do so in the future). In the base case of BEVs recharging according
to the Offpeak profile, for example, the carbon intensity of electricity
is 80% higher than that of gasoline, but BEVs use less than half as
much energy, and are lower emitting than HEVs.

4.4. Policy implications

These findings counter the assumptions for marginal electricity
included in the LCFS rulemaking. The statue assumes that marginal
electricity comes from NGCC plants (79%) and renewable power
(21%), with a GHG emissions rate of 104.7 gCO, equiv.MJ~!, or
377 gC0O, equiv.kWh=1[71].

But in the near-term, the likely marginal mix and GHG emis-
sionsrate will be quite different. Renewable power does not operate
on the margin and marginal generation from dispatchable power
plants is unlikely to come entirely from NGCC plants operating with
average heat rates. Rather, NGCT plants will supply an important
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fraction of marginal generation, and when NGCC plants do operate
on the margin, they will likely have a higher heat rate and GHG
emissions rate than average NGCC generation.

Assuming that the Offpeak profile represents likely near-term
charging, the results here suggest that the marginal generation mix
will be about 63% from NGCC plants and about 37% from NGCT
plants, and marginal emissions rates will be more than 65% higher
than in the LCFS. Vehicle emissions, then, are underestimated by a
similar fraction for BEVs, and by 11-25% for the PHEV pathways.
These findings, as discussed, are sensitive to a number of parame-
ters.

5. Conclusions

This paper describes the EDGE-CA model and applies it to inves-
tigate operation of the California grid in response to added vehicle
and fuel-related electricity demand in the near term. Specifically,
the marginal generation mix and GHG emissions rate supplying
various vehicle and fuel pathways are identified. Impacts on well-
to-wheels vehicle GHG emissions are quantified, and sensitivities
to hydro-availability, demand timing, and demand location are
explored.

In the near-term, electricity demand from vehicle and fuel path-
ways will contribute very little to electricity demand in the state.
If PHEVs or BEVs were to account for 1% of VMT in 2010, electricity
demand would increase by 0.1-0.3%. In the worst case considered
here, were FCVs using grid electrolysis to provide 1% of VMT, elec-
tricity demand would increase by 0.8%.

Generators operating on the margin are likely to be natural gas-
fired, but not all NGCC plants, as often assumed. Under the most
basic assumptions, almost 40% of marginal generation for vehicle
recharging will come from relatively inefficient NGCT plants. The
marginal generation mix is highly sensitive to a number of param-
eters, however, and the fraction of marginal generation from NGCT
plants may range from 20 to 40% for BEV and PHEV scenarios in a
given month.

Marginal GHG emissions rates from the electricity sector range
from 525 gCO, equiv. kWh~! to 670 gCO, equiv. kWh~! in the sce-
narios and sensitivity analyses considered here. According to the
most likely vehicle recharging profile (Offpeak), annual average
GHG emissions rates from marginal generation are likely to be
about 625 gCO, equiv. kWh~1. Marginal emissions are sensitive to
time of day and season, and are lowest during early morning hours
and in the spring. They are highest in the afternoon and during
summer and early winter months.

Marginal electricity in California is more carbon-intensive than
gasoline. But electric-drive vehicles are more efficient than ICEs
and HEVs. In most cases, the improved efficiency of electric-drive
trains outweighs the difference in fuel carbon intensity, and the
vehicles considered here reduce GHG emissions compared to HEVs.
The exception is FCVs with hydrogen from electrolysis using the
near-term marginal generation mix, which increase emissions even
compared to conventional ICE vehicles. Fuel cell vehicles using
hydrogen from SMR and BEVs reduce vehicle emissions the most.
For plug-in vehicles, increasing the fraction of all-electric driving
increases electricity consumption onboard the vehicle, and thus
the overall carbon content of fuel used. But it also increases vehicle
efficiency and reduces GHG emissions.

The results here suggest that the assumptions included in the
LCFS misrepresent marginal generation for vehicles in California
in the near term. Under the assumptions of this analysis, the LCFS
underestimates near-term marginal GHG emissions rates by at least
40%, and likely by more than 60%.

The results presented in this paper describe the emissions impli-
cations of using electricity as a fuel or as an input for hydrogen
production from the current grid. Over time, the carbon intensity

of the grid will decrease, as energy policies promote renewable
generation or impose costs on GHG emissions, and as older power
plants are retired and replaced with newer, more efficient ones. In
the future, the carbon content of electricity supplying vehicles and
fuels could be much lower than it is currently.

Increasing the use of plug-in vehicles or FCVs is one of the
most promising methods for reducing petroleum consumption and
GHG emissions from the transportation sector. Understanding the
operation of the grid and accurately assessing GHG emissions asso-
ciated with electricity generation is important for calculating the
true well-to-wheels emissions of different vehicle types, which
is essential for policy and regulatory development. The EDGE-CA
model provides a useful tool for investigating the response of the
electricity system to demand and matches well with current sys-
tem operation. It provides useful results appropriate for high-level
analysis of GHG emissions from electricity supply in California.
Additional analysis could improve understanding of generation
and emissions in a GHG-constrained future, especially regarding
the composition of future grids and opportunities for vehicle and
fuel-related electricity demands to complement electricity sup-
ply.
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