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a  b  s  t  r  a  c  t

With  the  introduction  of plug-in  vehicles  (PEVs)  into  the  light-duty  vehicle  fleet,  the tail-pipe  emissions
of  GHGs  and criteria  pollutants  will  be partly  transferred  to electricity  generating  units.  To  study  the
impact  of  PEVs  on  well-to-wheels  emissions,  the  U.S.  Western  electrical  grid  serving  the South  Coast  Air
Basin (SoCAB)  of  California  is modeled  with  both  spatial  and  temporal  resolution  at  the  level  of  individual
power  plants.  Electricity  load  is  calculated  and  projected  for future  years,  and  the  temporal  electricity
generation  of each  power  plant  within  the  SoCAB  is  modeled  based  on historical  data  and  knowledge  of
electricity  generation  and  dispatch.

Due to  the  efficiency  and  pollutant  controls  governing  the  performance  of  the  Western  grid,  the  deploy-
harging scenarios
missions

ment  of  PEVs  results  in a  daily  reduction  of  greenhouse  gases  (GHGs)  and  tail-pipe  emissions,  especially
in  the  critical  morning  and  afternoon  commute  hours.  The  extent  of improvement  depends  on charging
scenarios,  future  grid  mix,  and  the  number  and  type of  plug-in  vehicles.  In addition,  charging  PEVs  using
wind energy  that  would  otherwise  be curtailed  can result  in  a substantial  emissions  reduction.  Smart
control  will  be required  to  manage  PEV  charging  in order  to mitigate  renewable  intermittencies  and
decrease  emissions  associated  with  peaking  power  production.
. Introduction

It is projected that the world’s energy consumption and electric-
ty generation will increase 44 and 77 percent respectively from
006 to 2030 [1] and that conventional vehicles will still be the
ominant on-road fleet over the next two decades [2]. In 2006,
he transportation sector accounted for 22 percent of worldwide
nergy consumption [1] and 20 percent of greenhouse gas emis-
ions [3].  In California, transportation is responsible for roughly 50
ercent of energy use and 40 percent of greenhouse gas emissions
4,5]. Another major contributor to greenhouse gases and criteria
ollutants emissions is electricity generation that accounts for 28
ercent of the total greenhouse gases in California, second only to
ransportation. The concerns regarding global climate change, air
ollution, and high energy prices give rise to increasing demand for
trategies to shift to alternative, low, or non-carbon based energy
ystems, from electricity generation to vehicles.
Plug-in Electric Vehicles (PEVs) represent one of the numerous
trategies under consideration. These include both plug-in hybrid
lectric vehicles (PHEVs) and battery electric vehicles (BEVs). The

∗ Corresponding author. Tel.: +1 949 824 0088; fax: +1 949 824 7423.
E-mail address: tmb@apep.uci.edu (T. Brown).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.08.043
© 2011 Elsevier B.V. All rights reserved.

use of PEVs can reduce tailpipe emissions but will impose an addi-
tional load on the electricity grid, resulting in increased emissions
from electricity generation. Existing studies suggest that PHEVs
have a net emissions benefit over both conventional [6] and (non-
plug-in) hybrid electric vehicles (HEVs) [7],  and that the extent of
improvement depends on the electricity grid mix  [8],  and timing
and pattern of charging [9].  To analyze emissions impacts, these
studies have used one of the following three grid scenarios:

1. an average grid mix  [10,11],
2. the marginal generation technology (i.e., assuming that the

electricity required to charge the vehicles is provided by one
technology that comes online last) [12,13],  or

3. the temporal dispatch of generation resources based on histori-
cal data [14].

This research develops and applies a dispatch model which is
both spatially and temporally resolved. The necessary inputs of the
dispatch model are introduced and calculated first, followed by a

detailed description of the methodology. The model developed is
then used to (1) provide a base case for year 2050 and (2) estab-
lish the effects of deploying PHEVs and BEVs on the well-to-wheels
pollutant emissions, especially NOx, and CO2, for a future year

dx.doi.org/10.1016/j.jpowsour.2011.08.043
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tmb@apep.uci.edu
dx.doi.org/10.1016/j.jpowsour.2011.08.043


10388 G. Razeghi et al. / Journal of Power Sources 196 (2011) 10387– 10394

CAB a

(
C

2

2

o
r
a
m
o
l
e
t
i
E
t
C

d
S

Fig. 1. Map  of State of California, So

2050). The major urban air shed selected for the study is the South
oast Air Basin in southern California (Fig. 1).

. Modeling methodology

.1. Electricity demand forecast

To study the air quality impacts (e.g., ozone, particular matter)
f deploying PEVs today or in the future, spatially and temporally
esolved criteria pollutant emissions are required from both mobile
nd stationary sources, including power plants. The first step in
odeling the grid for emissions is to determine how the electricity

utput of each power plant changes with respect to the electricity
oad. Time resolved load data are not available for all generating
ntities within the SoCAB. As a result, it is assumed that the elec-
ricity demand is directly proportional to the population residing
n the study area. This assumption is based on various California
nergy Commission (CEC) reports projecting almost constant elec-
ricity consumption and peak demand per capita for the state of

alifornia [15].

Based on this population assumption, the hourly electricity
emand for the entire SoCAB region can be calculated from the
outhern California Edison (SCE) and San Diego Gas & Electric

Fig. 2. SoCAB’s 2005 hourly electricity load.
nd major utilities serving the area.

(SDG&E) hourly load, which is publicly available [16]. The results
are illustrated in Fig. 2 for the year 2005.

High summer electrical loads generally correspond to heavy use
of air conditioning in response to extreme heat. A high load results
in an increase in power generation and can lead to a “peak” hour of
generation for a given year. The electricity generation profiles for
the peak and average days of 2005 are presented in Fig. 3.

In order to study the impact of PEVs in the future, the electricity
demand for a future year (2050) is projected based on historical
trends and the following assumptions:

(1) The electricity consumption per capita in the SoCAB remains
unchanged over the next four decades and is equal to that of
the entire State of California [15].

(2) The population growth rate in the SoCAB is equal to that of the
State of California [17].

(3) The increase in hourly load is the same as the average electricity
demand growth rate for that year.

Based on the first two  assumptions, the annual growth in

SoCAB’s demand from 2005 can be deduced using projected pop-
ulation. For example, in the year 2050, SoCAB’s annual electricity
load is projected to be almost 61 percent more than it was in 2005.
Further, it is assumed that the load growth rate for each hour is

Fig. 3. SoCAB electricity demand.
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corresponding conclusion is that the generation within the SoCAB
acts almost entirely as baseload, constant generation.
Fig. 4. Calculating the electricity g

onstant and the same as the annual average (i.e., the SoCAB load
or each hour for a specific day in 2050 is 61 percent more than the
oad at that same hour of the same day in 2005 as shown in Fig. 3).

.2. In-basin generation

In order to model future electricity generation, it is necessary to
1) establish the manner by which power plants are operated today,
2) establish a trend based on historical data, (3) model the elec-
ricity outputs of each power plant in the future, and (4) determine
he important factors affecting the different modes of operation.

An emissions inventory, generated for the 2007 Air Quality Man-
gement Plan by the South Coast Air Quality Management [18],
ncludes emissions from both stationary and mobile sources for
he year 2005, and CO, NOx, SOx, TOG and TSP emissions from each
ource for the entire year with a time resolution of 1 h. Using the
acility Identification (ID) codes, the name of each emission source
an be determined [19] and, based on the SIC code correspond-
ng to each source [20], those with primary function of electricity
eneration can be selected. () On-site self-generation facilities are
xcluded because they are not included in the electricity demands
eported by SCE or CEC.

With the emissions from the emissions inventory and emission
actors from the U.S. Environmental Protection Agency (EPA) which
an be obtained from eGRID [21], the hourly generation of each
ower plant can be determined. The calculations are based on NOx

missions because it is amongst the most important pollutants and
s monitored at the majority of the power plants. Fig. 4 is a flow
hart summarizing the process of calculating the hourly electricity
eneration from the emissions inventory.

For each power plant in the inventory, the electricity generation
or the peak day of 2005 is calculated on an hourly basis, and by
dding together the electricity outputs of power plants in a specific

our, in-basin generation for that hour is determined. It should be
oted that hydro power plants are included in the dispatch model

n order to accurately account for all power sources, even though
hey do not contribute any emissions.
ion from the emissions inventory.

It is improbable that the in-basin power plants generate the
same amount of electricity every day with the same daily pro-
file as revealed by the emissions inventory. It is noteworthy that
the purpose of this inventory, in support of the Air Quality Man-
agement Plan, is to model an “episode day,” namely where the
emissions and meteorological circumstances result in the worst
air quality impacts. As a result, the inventory does not indicate
how the in-basin plants actually operate throughout the year. In
this study, a dispatch model is developed to provide the needed
insight.

As a first step in the development of the dispatch model, a
graph of capacity factor versus “total generation”1 is constructed
for each in-basin power plant, including hydro plants, based on the
data derived from Energy Central [22] which is an online datatbase
including power plants’ generation data from 1998 to the present.
Each power plant is identified as either a baseloading, peaking or
intermediate (load-following) unit. The dispatch model is devel-
oped so the emissions on the peak day of 2005 are consistent with
the AQMD’s emissions inventory.

2.3. Electricity imports to SoCAB

Having calculated the in-basin electricity demand and the in-
basin generation, the electricity imports to the SoCAB can be
derived from the difference between the two; the results are
depicted in Fig. 5. The figure also shows the linear relationship
(coefficient of determination 0.96) between the power imported
to the SoCAB and the demand within the basin, which implies that
the imports serve primarily to provide load-following power. The
1 Total Generation accounts for the losses between the generation site and con-
sumer which is between 7-12 percent for the state of California [23].
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ig. 5. Relationship between electricity imports to SoCAB and total SoCAB genera-
ion  for 2005.

.4. Dispatch model

The electricity load increases significantly (61 percent) from
005 to 2050 and Fig. 5 suggests a corresponding significant

ncrease in imports. However, the State of California is currently fac-
ng transmission congestion, reliability challenges, and higher costs
elated to insufficient transmission infrastructure [24], all of which
hreaten the integrity of the electrical system and the health of the
conomy. As a result, new transmission infrastructure is required
o transport the higher imports to the SoCAB in the future. This
otwithstanding, several obstacles prevent building transmission

nfrastructure fast enough to keep pace with the demand. These
bstacles include: securing environmental permits and rights-of-
ay, securing regulatory approval for publicly-owned utilities and

ederal agencies, and local opposition due to visual and environ-
ental impacts, as well as concerns about property values.
Due to slow development of transmission infrastructure with

espect to demand, as well as the goal to model a worst case
cenario for the SoCAB air quality, it is assumed that no new trans-
ission lines are added to the current system and, as a result, the

xtra electricity generation needed to support the future demand
s generated within the basin.

On the peak day, the capacity factors of the majority of the power
lants within the basin are higher than their annual averages indi-
ating that the in-basin generation is also at its maximum on the
eak day. During heavy summer peak load periods, critical trans-
ission paths in the state are often constrained [22], indicating

hat the transmission system is near saturation on the peak day. As
 result, the capacity of the transmission system in this modeling
s set equal to the maximum amount of imports on the peak day,

hich can be derived from Fig. 5. This capacity is kept constant for
uture peak day scenarios.

The electricity generation of each individual in-basin power
lant is calculated for each hour of the 2050 peak day using the
rojected demand for that day. Assuming that the transmission
ystem capacity remains unchanged, the maximum dispatchable
lectricity based on 2005 data will be the sum of electricity outputs
rom all in-basin power plants for a specific hour and the maxi-

um allowed imports (transmission constrained). The difference
etween this available electricity generation and the generation
equired to support the demand indicates the amount of electricity
hat will need to be provided by in-basin units installed after 2005.

Assuming a maximum capacity factor of 0.95 for the gener-
ting units, 14.5 GW of capacity is added to the in-basin power
lants. This 14.5 GW consists of 12 GW of non-peaking and 2.5 GW

eaking units. This combination is chosen to ensure that the inter-
ediate units have an annual average capacity factor of at least 30

ercent, and the peaking units 10 percent or less, which matches
istorical trends. All the 12 GW non-peaking units are assumed to
Fig. 6. Predicted location of power plants and their nameplate capacities (MW)
required to meet 2050 demand.

be natural gas combined cycle power plants due to the high effi-
ciency compared to other types of power plants and the peaker
units are assumed to be natural gas combustion turbines. To deter-
mine the appropriate locations for installing the new generating
units, the locations of recently retired power plants along with
those that reduced their capacities due to retirement of one or more
generators are taken into consideration along with land-use and
permitting considerations. The locations of newly installed power
plants are shown in Fig. 6.

In order to add the newly installed power plants to the dispatch
model, it is necessary to establish a strategy for operating these
units. Peaking units in the future are assumed to be operated in the
same manner as the peaking units are operated today. In particular,
peaking units come online at times of peak demand or when the
increase in demand occurs suddenly and other units are not capable
of ramping up in time. As for the non-peaking units, these units are
operated as intermediate power plants.

It is necessary to mention that in this model, generators are
retired after they have been online for fifty years and are replaced
by generators with the same power capacity but with adjusted
emission factors for the time of replacement.

Fig. 7 shows the generator dispatch strategy and order. Base-
loading units are dispatched first, followed by intermediate units.
The older, existing intermediate units are dispatched before new
ones are added to ensure that first the existing capacity is uti-
lized. Next, the model dispatches imports and in-basin peaking
units if necessary to provide the electricity demand of the area.
If the demand still outpaces generation, the model adds additional
combined cycle facilities and restarts from the beginning.

3. Results

3.1. 2050 base case results

Emission factors corresponding to different pollutants for exist-
ing units are available. To calculate the criteria pollutants and GHGs
emitted from the newly installed plants, emission factors associ-
ated with these generators need to be determined first. Knowing
the fuel, the emission factors associated with that fuel (kg kJ−1) and
the heat rate of the system (kJ kWh−1), the emission factors of the
whole system (kg MWh−1) can be derived. Natural gas is chosen as
the primary fuel for all the new power plants. The emission factors

associated with natural gas can be extracted from the EPA emis-
sion factors reports [25]. In order to include the advancements in
technology that might occur in the future, and thus increase the
efficiency of combined cycle systems and combustion turbines, a
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Fig. 7. Dispatc

rojected efficiency of 65 percent is used for combined cycle sys-
ems without carbon capture and sequestration and 57.5 percent
or combustion turbines [26]. The efficiencies of today’s state-of-
he-art plants are 59 and 33 percent, respectively [26].

Fig. 8a and b illustrates the amount of NOx in kilograms emit-
ed from each individual power plant at 5 am and 5 pm on the
eak day of 2050 (basecase) respectively, demonstrating the spatial
esolution of the methodology.

.2. Impacts of PEVs in 2050

Replacing light-duty conventional vehicles with PEVs reduces
he tailpipe emissions related to the transportation sector; how-
ver, it imposes a new load on the electricity grid and gives rise

o increased emissions from power plants. In order to assess the
mpacts of PEVs on criteria pollutant and GHG emissions, the
hanges in emissions both from the transportation and electricity
eneration sectors must be evaluated in combination.
el flow chart.

To determine the electricity load associated with PEVs and con-
comitant emissions, for each case based on the charging scenario,
vehicle type (BEV or PHEV) and the penetration in the light-duty
fleet, the temporal electricity demand of the PEVs are calculated
and added to the base-case electricity demand. This overall elec-
tricity demand is used as the input to the dispatch model for the
year 2050.

To calculate the impact on emissions resulting from replacing
conventional vehicles with PEVs, characteristics of the future vehi-
cle fleet including fleet size, emission factors for both conventional
and PEVs, daily vehicle miles traveled, and the travel distribution
throughout the day must first be determined. The California Air
Resources Board’s EMFAC [1] model projects the necessary data for
future years up to 2040. Beyond roughly 2030, the vehicles emission
factors approach asymptotes signaling physical and technological

thresholds. To derive 2050 vehicle fleet characteristics, EMFAC’s
model outputs for 2040 are extrapolated. Due to the asymptotic
nature of the emissions, the 2050 factors are nearly identical to
those in 2040. PHEVs with a 60 km all-electric range are assumed
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Fig. 8. NOx (kg) emitted from each power plan

nd the associated emissions are calculated using a curve describ-
ng statistical driving behavior [27], the latter of which suggests
hat 70 percent of vehicles in Southern California are driven today
ess than 60 km per day.

Two particular charging profiles are considered – “business as
sual” and “off-peak” charging – which have been used in previous
tudies [14,28]:. The “business as usual” scenario assumes that both
orkplace and home charging are available and no incentives are

n place to shift the charging towards off-peak hours.
The amount of electricity consumed by PEVs depends on the

ype of vehicle and the penetration in the light duty vehicle fleet.
arious studies [29–31] suggest that 40 percent penetration of
HEVs in the light duty vehicle fleet for the year 2050 would be rea-
onable for Southern California. Fig. 9 shows the electricity required
or four separate 2050 scenarios, 40 percent PHEVs charging with
he “business as usual” behavior, 40 percent PHEVs charging with
n “off-peak” strategy, 40 percent BEVs charging with the “business
s usual” behavior, and 40 percent BEVs charging with an “off-peak”
trategy.

Figs. 10 and 11 illustrate the effects of different charging profiles
or PHEVs and BEVs on the grid’s NOx emissions, and well-to-wheels
Ox emissions on the peak day of year 2050, respectively. These
esults show that deploying 40 percent PHEVs and 40 percent BEVs
ill result in a 6 and 22 percent reduction in NOx emissions on the
eak day, respectively.

Fig. 9. Year 2050 electricity demand of PEVs with 40 percent penetration.
Fig. 10. NOx emissions associated with in-basin electricity generation.

Fig. 12 shows the 2050 annual GHG emissions associated with
different penetrations of PHEVs and BEVs and various charging pro-
files. The analysis shows that annual greenhouse gas emissions are
reduced 7 and 25 percent corresponding to 40 percent penetration

of PHEVs and 40 percent penetration of BEVs, respectively.

Fig. 11. Change in well-to-wheels NOx emissions for 40 percent penetration of PEVs
compared to a fleet composed entirely of advanced gasoline vehicles.
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. Discussion

This study has developed and applied a detailed dispatch model
n order to characterize the hourly operation and emissions of
ower plants in the Western Grid. The goal was  to establish the

mpact of PEVs, as a function of hour, on the overall emissions
tailpipe plus electricity grid) in a future year (2050) when a sub-
tantial population of PEVs would likely be deployed.

From the analysis above, the deployment of PEVs results in emis-
ion benefits at all hours of the day using the “business as usual”
harging profile. For the “off-peak” charging scenario, the addition
f PEVs results in an emission increase in the first 6 h of the day
ue to the large number of vehicles that are connected to the grid,
nd a small reduction from the transportation sector because of the
ow vehicle miles traveled at these hours. During the rest of the day,
he net emissions decrease and the overall reduction is greater than
he “business as usual” charging profile. Clearly, a further increase
n the PEV penetration reduces the net emissions, especially in the
ritical morning and afternoon commute hours.

Following are the conclusions of this research:

The deployment of PEVs reduces tail-pipe emissions and, for the
Western Grid, reduces overall emissions per vehicle mile.

The deployment of PEVs transfers emissions from the tail-pipe
to the electric grid. Due to the relatively low carbon footprint of
the U.S. Western Grid, the addition of PEVs results in a reduc-
tion in both GHGs and criteria pollutants, and in a reduction of
emissions per vehicle mile.
The reduction in GHG emissions depends on the charging sce-
nario.

For PHEV penetrations lower than 34.5 percent, the “business as
usual” charging scenario is more effective in reducing the emis-
sions of CO2. For PHEV penetrations higher than 34.5 percent,
the “off-peak” charging profile is more effective in CO2 reduc-
tion. This is observed because the average grid emission factor
changes with the electricity load and time of day.
The improvement in air quality depends on the time of day in-
basin criteria pollutant emissions are reduced.

The reduction in criteria pollutants is correspondingly lower
in both charging scenarios. Due to the relationship between the

emission of criteria pollutants and the resultant air quality, the
reduction in criteria pollutant emissions between the commute
hours of 6 and 9 am is expected to be especially effectual in
improving air quality.

[

[
[

 different scenarios in 2050.

• Smart communication and control will likely be required.
For grid stability and emission reduction, charging should be

(1) limited during the late afternoon and early evening periods
of peak electricity power demand and (2) encouraged between
11:00 pm and 6:00 am. The early deployment of PEVs will not
significantly impact either emissions or the grid ability to charge
the vehicles at any time of the day. As the popularity of PEVs
increase, a critical population will be reached where smart con-
trol with economic incentives will be required to (1) ensure that
the majority of charging occurs overnight and off-peak, and (2)
charging is incentivized during periods when grid stability and
efficiency would be enhanced (e.g., when wind resources would
otherwise be curtailed).

Overall, the results show that with careful planning for both
transportation and power generation sectors, along with providing
incentives to consumers to charge their plug-in vehicles at certain
times, deployment of PEVs in the light-duty vehicle fleet will result
in a reduction in criteria pollutant emissions, a reduction in green-
house gas emissions, and help the State of California to achieve
AB32 goals
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