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EXECUTIVE SUMMARY

Plug-in hybrid electric vehicles (PHEVs) are being developed around the world, with much work
aiming to optimize engine and battery for efficient operation, both during discharge and when
grid electricity is available for recharging. However, the general expectation has been that the
grid will not be greatly affected by the use of PHEVs because the recharging will occur during
off-peak hours, or the number of vehicles will grow slowly enough so that capacity planning will
respond adequately. This expectation does not consider that drivers will control the timing of
recharging, and their inclination will be to plug in when convenient, rather than when utilities
would prefer.

It is important to understand the ramifications of adding load from PHEVs onto the grid.
Depending on when and where the vehicles are plugged in, they could cause local or regional
constraints on the grid. They could require the addition of new electric capacity and increase the
utilization of existing capacity. Usage patterns of local distribution grids will change, and some
lines or substations may become overloaded sooner than expected. Furthermore, the type of
generation used to meet the demand for recharging PHEVs will depend on the region of the
country and the timing of recharging.

This paper analyzes the potential impacts of PHEVs on electricity demand, supply, generation
structure, prices, and associated emission levels in 2020 and 2030 in 13 regions specified by the
North American Electric Reliability Corporation (NERC) and the U.S. Department of Energy’s
(DOE’s) Energy Information Administration (EIA), and on which the data and analysis in EIA’s
Annual Energy Outlook 2007 are based (Figure ES-1). The estimates of power plant supplies and
regional hourly electricity demand come from publicly available sources from EIA and the
Federal Energy Regulatory Commission. Electricity requirements for PHEVs are based on
analysis from the Electric Power Research Institute, with an optimistic projection of 25% market
penetration by 2020, involving a mixture of sedans and sport utility vehicles. The calculations
were done using the Oak Ridge Competitive Electricity Dispatch (ORCED) model, a model
developed over the past 12 years to evaluate a wide variety of critical electricity sector issues.

Seven scenarios were run for each region for 2020 and 2030, for a total of 182 scenarios. In
addition to a base scenario of no PHEVSs, the authors modeled scenarios assuming that vehicles
were either plugged in starting at 5:00 p.m. (evening) or at 10:00 p.m.(night) and left until fully
charged. Three charging rates were examined: 120V/15A (1.4 kW), 120V/20A (2 kW), and
220V/30A (6 kW).

Most regions will need to build additional capacity or utilize demand response to meet the added
demand from PHEVs in the evening charging scenarios, especially by 2030 when PHEVs have a
larger share of the installed vehicle base and make a larger demand on the system. The added
demands of evening charging, especially at high power levels, can impact the overall demand
peaks and reduce the reserve margins for a region’s system. Night recharging has little potential
to influence peak loads, but will still influence the amount and type of generation.
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Figure ES-1. Regions as specified by EIA for Annual Energy Outlook 2007:

. ECAR—East Central Area Reliability Coordination Agreement

. ERCOT — Electric Reliability Council of Texas

MAAC — Mid-Atlantic Area Council

. MAIN — Mid-America Interconnected Network

MAPP— Mid-Continent Area Power Pool

. NPCC -NY — Northeast Power Coordinating Council / NY

. NPCC -NE — Northeast Power Coordinating Council / New England

. FRCC — Florida Reliability Coordinating Council;

. SERC — Southeastern Electric Reliability Council

10. SPP — Southwest Power Pool

11. WECC-NW — Western Electricity Coordinating Council / Northwest Power Pool Area

12. WECC-RMP/ANM — Western Electricity Coordinating Council / Rocky Mountain
Power Area and Arizona-New Mexico-Southern Nevada Power Area

13. WECC-CA — Western Electricity Coordinating Council / California

©CONOUAWNPR

The ORCED model calculates the type of technology used for generation. By taking the
difference between the base scenario and the PHEV scenarios, we can examine the technologies
that will be used to generate the electricity for the PHEVS, which vary by region and by scenario.
Table ES-1 gives a generalized description of how the fuels used to generate electricity change in
each region, contrasting night charging and evening charging, for 2020 and 2030. Where the
table identifies “gas” as the fuel, it may be used in combustion turbines, steam turbines, or
combined cycle plants. More specific changes for each region are shown in figures in the body of
the report. Figures ES-2 and ES-3 show the capacity, generation, and change in generation
technologies for the sum of all regions in each of the years studied.
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Table ES-1. Generalized description of the types of fuels expected to be used to generate
added electricity load for charging PHEVS in each region, 2020 and 2030

2020 2030
10 p.m. 5p.m. 10 p.m. 5p.m.
charging charging charging charging
1 ECAR 70% coal 50% coal 50% coal 30% coal
2 ERCOT gas gas gas gas + unserved
3 MAAC gas + coal gas + oil gas + coal gas + oll
4 MAIN 75% coal 50% coal 40% coal 25% coal
5 MAPP 50% coal gas 40% coal gas
6 NPCC-NY oil + gas oil + gas gas gas
7 NPCC-NE gas + coal gas + oil gas gas + oil + coal
8 FRCC gas gas + oil coal + gas gas + unserved
9 SERC 50% coal 20% coal 60% coal 20% coal
10 SPP gas gas gas + coal gas
11 WECC-NW gas gas gas gas
12 WECC-RMP/ANM gas gas 80%coal 25% coal
13 WECC-CA gas gas gas gas + unserved

Note: “Gas” may be used for combustion turbines, steam turbines, or combined cycle plants.

Capacity 2020 Base Generation Added Electric Generation from PHEVs
All Regions All Regions All Regions
5,000 60
1,200 p— —— S
4,500 5 i —
1,000 {1 4,000 B Unserved
- 3,500 Renew - 40
- 3,000 [ Hydro E 30
& 600 = 2,500 Gas CT =
oo [ JH| Bomce |
400 1 Gas
10
1,590 = 0il
200 1:000 M Coal 0
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Figure ES-1. Sum for all regions of projected 2020 generating capacity (left), base generation (cen-
ter), and new generation dispatched to meet demand for each PHEV recharging scenario (right).
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Figure ES-2. Sum for all regions of projected 2030 generating capacity (left), base generation (cen-
ter), and new generation dispatched to meet demand for each PHEV recharging scenario (right).

CO,, NOx, and SO, emissions are calculated for the electricity generated. However, emissions of
NOx in the eastern half of the country and SO, in all of the country are limited by caps so that
the total amount will not change; instead, those generating emissions over the limits will have to
buy emissions credits from others who can reduce their emissions to compensate. So in effect,
there are no increases in SO, and only limited increases in NOx from this added generation. The
market-based generation price and variable cost increase is also calculated over each year. In
almost all cases, prices increase somewhat, with the largest impact from the evening scenarios
where peaking power is needed. For those regions with insufficient capacity, the model
calculates a cost of unserved energy that rises rapidly as the unserved amount increases. This can
greatly increase average prices (except that in reality the regions will build additional capacity
instead of allowing demand to go unserved).

A comparison was made of the fuel use, emissions, and cost of using a PHEV versus a clean,
efficient hybrid electric vehicle (HEV) for each region, with both vehicles going 20 miles per
day and the efficient HEV getting 40 miles per gallon. This is the simplest, most practical
comparison: a PHEV that is recharged from the grid, versus a non-PHEV (or an owner who does
not charge the battery from the grid). Table ES-2 shows the sum of all regions’ values for the
amount of fuel used (gasoline, fuel oil, coal, or natural gas), emissions, and the costs for 2-kW
charging during the evening or later at night. CO, emissions are slightly higher with PHEVSs than
gas-fueled HEVs in most scenarios because of the more carbon-intensive coal and oil (than
gasoline), and/or the use of less efficient gas turbines and gas-fired steam turbines to meet the
added generation needs. The NOy and SO, emissions are much higher, but with the caveat that
regulated caps will lower these values (through power plants adding scrubbers, catalytic
reduction technologies, or fuel changes.) The cost of the gasoline at $3 per gallon is much higher
than the cost of the added electricity generation (fuel, operating costs, and unserved energy).
This comparison does not include the added vehicle cost for the PHEV’s battery or recharging
capability, nor the full retail price paid for the electricity.
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Table ES-2. Comparison of fuels, emissions, and costs predicted for PHEVs using 2-kW recharging
versus gasoline-fueled HEVs, sum of all regions, 2020 and 2030

2020 2030
Gasoline 2 kW Night 2 kw Gasoline 2 kW Night 2 kw
Evening Evening

Vehicles (million) 19.45 50.04
Fuel

- Oil (million barrel) 84.5 4.2 104 2175 0.5 11.8

- Coal (MTon) 9.26 4.84 25.30 10.70

- Nat Gas (billion cuft) 270 367 678 970
CO; (MTon) 34.4 37.8 36.9 88.5 94.5 86.1
®NOx (kTon) 7.8 44.5 42.3 20.2 102.2 91.6
4S0; (kTon) 0 246 288 500 316
®Cost ($million) 10,647 2,500 3,294 27,399 6,186 12,858

®NOy and SO, emissions will be offset by reductions due to regulated caps.

®This comparison does not include the added vehicle cost for PHEV batteries or recharging capability, nor the full
retail price of electricity.

This analysis identifies some of the complexities in analyzing an integrated system of PHEVs
and the grid. Depending on the power level, timing, and duration of the PHEV connection to the
grid, there could be a variety of impacts on grid constraints, capacity needs, emissions generated,
and cost to the customer, utility, and society as a whole.

This analysis does use simplifications in modeling electric sector supply and demand. It applies
rigid recharging schedules to all vehicles in each scenario, it does not adjust electricity supply to
meet increased demand, its inventory of supply is based on results from a different model (the
National Energy Modeling System, or NEMS) that simulates supply and demand somewhat
differently, it does not model the transmission system, and it does not reflect all the complexities
of air emissions regulations. However, it does offer insights into the issues involved with PHEVs
and the electric grid. PHEV penetration of the vehicle market will potentially create a substantial
change on the electric grid. By evaluating these issues early, DOE will be able to help utilities,
manufacturers, and regulators understand the issues involved, suggest ideas that will better
optimize the combined system, and help avoid negative consequences.
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1. Introduction

Plug-in hybrid electric vehicles (PHEVs) — cars, sport utility vehicles, pickup trucks, and
others, that can be recharged from an ordinary electricity outlet in one’s garage or elsewhere —
have recently become a popular topic of research and development. Major automotive
manufacturers have proposed introduction of PHEVSs into the world market. Toyota is currently
testing a fleet of vehicles in Japan and California. General Motors has developed a prototype
vehicle called the Chevrolet “Volt”, which they prefer to call a plug-in electric vehicle (PEV)
because the gas engine does not directly drive the wheels. Manufacturers, their suppliers, the
electric industry, and government research institutions are continuing to develop the needed
technologies to enable widespread use of PHEVSs. It seems that general excitement with the idea
of PHEVs springs from the perceived possibility of a “free lunch,” which in this case is tripled.
PHEVs promise to reduce dependence on foreign oil, reduce emissions, and help utilize
generation capacity of the country that is idle during off-peak hours.

PHEVs offer the potential to reduce both gasoline consumption and associated emissions.
According to some estimates, PHEVs that could travel up to 60 miles on a battery charge on
electric energy stored in their batteries without recharge (PHEV60s) could reduce CO; emissions
by 50% and petroleum consumption by more than 75% (EPRI 2002). A recent DOE study
suggests that “PHEVs will demonstrate a 50% reduction in fuel use over conventional vehicles
when they are ready for market — possibly as early as 2010” (DOE 2006a). Many researchers
have noted that the emissions reductions associated with PHEVs will depend on the regional mix
of electricity generation technologies. The advantage of PHEVs is large in areas where electricity
is generated with low carbon fuels, but is modest or nonexistent in regions with coal-based
electricity generation (Kliersch and Langer 2006, Uhrig 2006). However, it is easier to control
emissions from one central source than from millions of individual tailpipes.

Plug-in vehicle technology can help to address the “underutilization” of generation and
transmission capacity in the country. Peculiarities of electricity generation and distribution
technology, combined with an extremely volatile demand that must be satisfied at every location
and every moment, require that the capacity and infrastructure is available for unexpected or
expected surges in demand. Depending on climate zone, peak demand occurs during certain
seasons (winter and/or summer) and certain times of day (afternoon and/or mornings). The rest
of the time the grid and generating capacity is less fully utilized. What PHEVs are indeed able to
do is to reduce the number of times generation plants are shut down and restarted, which
guarantees cost savings on dispatching power (Parks, Denholm, and Markel 2007).

Researchers on PHEVs and the effects of their market penetration are generally enthusiastic
about the ability of the present electricity infrastructure to accommodate increased demand
associated with new types of vehicles, provided that recharging occurs during off-peak hours
(Santini 2006; Parks, Denholm and Markel 2007). According to Kintner-Meyer, Schneider, and
Pratt (2007, p.1) of the Pacific Northwest National laboratory:

“The U.S. electric power infrastructure is a strategic national asset that is underutilized most of the

time. With the proper changes in the operational paradigm, it could generate and deliver the necessary
energy to fuel the majority of the U.S. light duty vehicle fleet.”
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Therefore, it might seem that there is a “free lunch” in a sense that, because of the infrastructure
that is already in place, no additional investments are necessary to accommodate a technological
breakthrough such as PHEVsS.

There are some concerns, however, about whether this lunch is really “free.” Increased electricity
demand will extend the time during which electricity generators work at full capacity. It will
accelerate amortization, increase opportunity costs of power plant withdrawals for planned
operation and maintenance checks, and change the mix of marginal generators. The transmission
grid will sway away from its customary “conservative” mode of operation to a fully loaded one.
To assure reliability, new technology that is able to respond more quickly to changes in electrical
properties of the line might be required. All in all, the “free lunch” may prove to be not so cheap.

With the argument that existing electricity generation and transmission capacity is sufficient to
accommodate increased demand associated with PHEVS, provided that recharging occurs during
off-peak hours (Kinter-Meyer, Schneider and Pratt 2007), the discussion so far has
predominantly concentrated on technical and commercialization feasibility of efficient plug-in
cars, while disregarding any potential constraints on the grid imposed by increased electricity
demand. The implied assumptions may be mistaken. In reality it might prove extremely difficult
to force consumers to charge their cars during some specified period of time, particularly if it is
not convenient for them. Thus, further analysis is needed for researchers to understand the effects
of PHEVs on electricity demand and grid performance if customers plug in when convenient for
them rather than for utilities.

This paper forecasts the impacts of PHEVs on electricity demand, generation structure, and
emissions levels in 2020 and 2030 in the 13 U.S. regions defined by the North American Electric
Reliability Corporation (NERC) and the U.S. Department of Energy’s (DOE’s) Energy
Information Administration (EIA). The paper extends the analysis undertaken in previous papers
(Hadley 2006, Hadley 2007) into the year 2030 and presents more detailed results and discussion
for every region of the country.

The authors used of the Oak Ridge Competitive Electricity Dispatch (ORCED) model to
simulate the electricity demand and supply for the years 2020 and 2030. It uses public sources of
electric power units from the National Energy Modeling System (NEMS) or other sources. The
analysis uses hourly demand data from utility submittals to the Federal Energy Regulatory
Commission (FERC) that are projected to future years. The model simulates a single region of
the country for a given year and matches generation to demands, assuming no transmission
constraints within the region and limited transmission in and out of the region.

ORCED can calculate a number of key financial and operating parameters for generating units,
including average and marginal prices, air emissions, and generation adequacy. By running the
model with and without demand changes such as PHEVs or distributed generation, the marginal
impact of these technologies can be found.

The ORCED model has been used in a variety of studies:

* Impact of restructuring on power prices in California and the Pacific Northwest
* Potential for economic biomass cofiring on a state and regional basis
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* National carbon emissions under varied energy and carbon reducing scenarios

* Impacts of hydropower relicensing on carbon emissions in each NERC region

* Impacts of restructuring on prices and transmission in Oklahoma

* Market incentives for adequate generation capacity in a restructured electricity market
* Effect of NOx emission control implementation plans on system reliability

» Effect of carbon taxes on power production in the Midwest

* Benefits of multiple emissions controls strategies

* Benefits of distributed generation to utilities, customers, and society

* Air pollutant concentration changes across the Southeast due to demand reductions

* Impact of PHEVs on electricity generation in Virginia and the Carolinas

A second purpose of this study was to more fully develop and automate the ORCED model to
enable it to be useful for a wider variety of studies. As shown in the list above, the model is
capable of analyzing a number of critical issues facing the electricity sector and society. The
hope is that making the model more accessible will enable others to use it for their own studies
on different topics. To further this, a follow-on report will detail ORCED’s operations, and the
version that is currently available on the web, including the latest input data, will be updated.

The power-charging characteristics of PHEVs and a possible (though optimistic) projection of
the PHEV market in the coming decades, which underlie the model’s calculations, are described
in Section 2 of this report. Chapter three describes regional electricity supply and demand,
including the operations of the ORCED model. Chapter four presents the results for each region,
beginning with a presentation of key results. Chapter five summarizes the results and presents
conclusions.
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2. PHEV Characteristics and Market

PHEVs are similar to existing hybrids such as the Toyota Prius in that they use both gasoline and
electric power. The difference is that PHEVSs are able to recharge their batteries from the
electricity wall outlet. PHEVs are expected to be able to travel 20 to 60 miles purely on electric
power without recharge, which will require a larger and more efficient battery than current
hybrids have.

As of early 2007, PHEVs are produced mostly as demonstration and prototype samples (Parks,
Denholm and Markel 2007). The battery technology and cost of battery production seem to be
the major impediments to the market expansion of PHEVSs. Although tremendous progress has
been made during the last decade in battery technology and electric drive systems, the estimates
of price increments for plug-in cars range from $3000 (DOE 2006) to $8000 (Simpson 2006), or
even $10,000 (EPRI 2002, Kliesch and Langer 2006). Recently the technology shifted from
nickel metal hydride to lithium-ion (Li-ion) batteries, which promise higher efficiency and cost
savings but are still expensive to produce. Other options for the battery technology include
lithium-metal-polymer, sodium/metal chloride, and nickel-zinc. The costs of these batteries must
be reduced through economies of scale or technological advance before they will be
commercially successful, and issues of performance, weight, and size still remain.

Nevertheless, there are signs that PHEVs are capable of displacing fleet petroleum consumption.
A customer preference study indicates a definite, strong market potential for all PHEVSs that is
particularly large if cost equivalence with conventional vehicles is achieved. An important
finding of the study is that the majority of respondents would prefer to charge a PHEV on their
own premises to fueling it at a gasoline station (EPRI 2002). A survey conducted in 2006
indicates that about 70% of consumers are aware of PHEVs, more than half think that plug-in
hybrids would be a good idea for their household, and about a third park their cars in garages or
carports (where outlets are available or can be installed) (DOE 2006).

As discussed by Simpson (2006), PHEVs are “well-matched to motorists’ driving habits.” Travel
survey data suggests that approximately 50% of vehicles travel less than 29 miles per day
(Markel et al. 2006). Therefore, even PHEV30s (with a 30-mile range before recharging) are
capable of displacing petroleum consumption equivalent to 40% of vehicle miles traveled.
PHEV60s can displace about 60% (Simpson 2006).

Another encouraging factor for PHEVs is the success of hybrid electric vehicles (HEVS) in the
market. American consumers seem to be willing to pay a premium of a few thousand dollars to
get cars that are more fuel efficient and environmentally friendly. Sales of conventional electric
hybrid cars have grown (Ostroff 2007), and global hybrid vehicle production is approaching
large-scale maturity with major improvements in performance and cost (Simpson 2006).

One more advantage of PHEVs from the consumer’s perspective is its flexibility with respect to
fuel use. Unlike HEVs and battery electric vehicles, PHEVs allow fuel substitution: the battery

allows any fuel source that makes electricity to contribute, while the petroleum fuel tank allows
it to travel long distances as conventional vehicles do.
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The last factor, which may be decisive in PHEV market penetration, is the role of the
government. Congress continues to talk of increasing corporate average fuel economy standards,
which would encourage the introduction of new and better technologies and make PHEVs one of
the most viable alternatives. During the Tour de Sol race in 2005 in Schenectady and Albany,
New York, a modified Prius equipped with a fully charged 9-kWh Li-ion battery achieved 102
mpg on a 240-km course (Jones 2005). PHEVs may also help curb U.S. dependency on oil
imports, since the transportation sector consumes most of the oil used in the nation. Participants
in a discussion on PHEVs held by DOE on May 4 - 5, 2006, said they thought that the federal
government should be involved when national strategic interests are concerned. They listed at
least three such interests with regard to PHEVs. First, energy security can be improved through a
combination of PHEVs and non-petroleum electricity generation. Second, emissions can be
reduced by using electricity from power plants that can be cleaner than internal combustion
engines. Third, using electricity for transportation diversifies the energy source and reduces risks
associated with disruptions in oil supply by maintaining mobility (DOE 2006).

2.1 Number of Vehicles

This analysis assumes considerable market penetration of the conventional vehicle fleet by
PHEVs. For this study we use an estimate that PHEVs will achieve a constant 25% market share
starting in 2020. Duvall’s presentation (Duvall 2006) presents EPRI data showing a base case
market potential of greater than 25% for the entire car and light-truck market regardless of
commute distance. Following the 2002 report by the Electric Power Research Institute (EPRI),
we assume a nominal vehicle life of ten years. To determine the possible total number of PHEVs
on the roads in each year we used the annual vehicle sales projected from the AEO2007 (Figure
1).

U.S. Light Vehicle Sales
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Figure 1. Past and projected vehicle sales in the United States.

For the purpose of this study we assume that the PHEV market share starts growing from 0% in
2010 to 25% by 2020 and stays at this level throughout the next decade (Figure 2). Combined

with the projected vehicle sales between 2020 and 2030, the expansion path of PHEVs results in
the number of plug-in hybrids sold each year as reflected in Figure 3. Assuming a useful service
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life of ten years, by 2030 only the PHEVs sold after 2020 will be running. This leaves the 2030
volume of vehicles lower than if the market share had continued to increase. However, since this
analysis does not include adding generating capacity to supply the extra demand, we find that
this level of penetration is sufficient to strain the system with evening charging, as shown later in
this report.

Market Share of PHEVs PHEVs Sold per Year
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Figure 2. Projected market share of PHEVS. Figure 3. Projected number of PHEVs sold per
year.

The analysis models each of 13 regions in the contiguous United States defined by NERC and
DOE, and on which the analysis in Annual Energy Outlook 2007 (EIA) is based. (These regions
are described more fully in chapter 3.) To determine the share of the total number of vehicles
sold in each region, we used 2004 data for each state from the Bureau of Transportation Statistics
(BTS 2005). We determined the registration ratios for automobiles, pickups, vans, and SUVs in
each region to the national registration. Multiplying each year’s market share for the PHEVS by
the national sales amount and by the ratio determined for each region gives the corresponding
annual sales of PHEVs for every region and for every year. Assuming the vehicles have a ten-
year life, the sum of all PHEVs sold in every region between 2011 and 2020 (for the 2020
values) and between 2021 and 2030 (for the 2030 values) gives the estimate of the number of
PHEVs on the road in the year evaluated (Table 1).

Table 1. Each region’s share of total vehicles registered in 2004 and projected
number of PHEVs in 2020 and 2030

Percentage of total Projected number of PHEVs on the road (millions)
. vehicles registered

Region (2004) 2020 2030
1 ECAR 12.4% 2.44 6.27
2 ERCOT 7.2% 141 3.62
3  MAAC 9.0% 1.77 4.54
4 MAIN 9.4% 1.84 4.73
5 MAPP 3.6% 0.71 181
6 NPCC-NY 4.8% 0.94 242
7 NPCC-NE 5.2% 1.03 2.64
8 FRCC 6.1% 1.20 3.10
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Percentage of total Projected number of PHEVs on the road (millions)
vehicles registered

Region (2004) 2020 2030

9 SERC 17.3% 3.38 8.70
10 SPP 2.2% 0.44 1.13
11 WECC-NW 5.3% 1.04 2.67
12 WECC-RMP/ANM 3.5% 0.69 1.78
13 WECC-CA 13.1% 2.57 6.63
14  Alaska and Hawaii 0.7% 0.14 0.35
Totals 100.0% 19.58 50.39

Using national registration data, we find that the ratio of automobiles to all types of vehicles
(autos, light trucks, and SUVs) is 60%. For our analysis we assumed the amounts were equally
split between compact and mid-size sedans (30% each) and mid-size and full-size light trucks
and SUVs (20% each).

2.2 Charging Characteristics

A key factor to understand is that the power demand on the grid from charging PHEVs will be a
function of the voltage and amperage of the connection to the grid. The capacity of the battery
will then determine the length of time it will take to recharge the battery, given the connection
strength.

EPRI has conducted several studies on PHEV capabilities and issues. Dr. Mark S. Duvall’s
presentation at the DOE Plug-in Hybrid Electric Vehicles Workshop reviewed several
characteristics for evaluating PHEV impacts on the grid (Duvall 2006). Duvall shows that there
are many options for connecting vehicles to the grid. At 120 volts AC, a 15 amp circuit would be
about a 1.4 kW load, while a 20 amp circuit would be about 2.0 kW. Using a 208/240 volt and 30
amp circuit instead, the load could be as much as 6 kW.

A comparison of times required for recharging is given in Table 2. This table, from the Duvall
presentation, shows the time required for vehicles that have a 20-mile battery range (PHEV20) to
recharge from 20% to 100% state of charge (SOC). Large battery packs (for longer range) would
increase the time required for charging, while higher voltage or amperage would reduce it.

Table 2. Charging times required for PHEV20s for 20 — 100% SOC, with 1.2 — 1.4 KW power
and 1 or 2 hours conditioning (Duvall 2006)

Pack size Charger circuit Charging time

Type of PHEV20  (kWh) (VAC/15A) (hours)
Compact sedan 5.1 120 39-54
Mid-size sedan 5.9 120 44-59
Mid-size SUV 7.7 120 54-71
Full-size SUV 9.3 120 6.3-8.2

Using the pack size from Table 2, a power level of 1.4 kW, and an inverter loss of 15%, we
arrive at the approximations of the energy and time needed for recharging each PHEV shown in
Table 3.
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Table 3. Power requirements and kWh demand by hour for PHEV20s at 120 V / 15A

Hours charging

Type of PHEV20 1 2 3 4 5 6 7 8

Power requirements (kW) Demand (kWh)
Compact Sedan 1.4 1.4 1.4 1.4 0.4 0 0 0 6.0
Mid-size Sedan 14 14 14 14 1.3 0 0 0 6.9
Mid-size SUV 14 14 14 14 14 14 0.7 0 9.1
Full-size SUV 14 14 14 14 14 14 14 1.1 10.9

Assuming a constant energy requirement for fully charging the battery, higher voltages or current
would reduce the time required to fully charge, as shown for each vehicle type in Figure 4. As
the battery approached full charge, the actual demand curves would vary more and be dependent
on other factors. In charging any battery, the amperage will vary as the battery approaches full
state of charge, such that the power needs will fluctuate and tail off toward the end of the
charging time. This is approximated in the table and calculations by having the last hour be only
a partial charge. Our analysis only requires hourly values to match against hourly utility demand
levels, as discussed below.
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Figure 4. Hourly demand for a PHEV20vehicles at varying voltages and currents.
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Many cars will not be fully discharged (at 20% SOC) when they are plugged in. Also, the owners
may need to unplug them for travel before they are fully charged. These added complications are
important, but will not be considered in this analysis.

2.3 Timing of Plug-in

A key question is when consumers would recharge their vehicles. The optimum time for
electricity providers is typically at night when demand is low and low-cost plants are the
marginal producers. Any additional generation would come from these low-cost plants and not
strain the existing transmission and distribution system. However, for consumers the preferred
time (absent any incentives to change their preferences) is likely to be as soon as they are within
easy access to a plug. Charging at that time is most convenient because the driver is then at the
vehicle already and will likely want to keep the battery as fully charged as possible in case the
car is needed soon.

There are various ways for utilities to modify customer choices, including pricing schemes
favoring nighttime charging or regulatory fiats on vehicle charging. Technically, it may be
through smart chargers that know the price of power and/or driving habits of the owner. The
intelligence could be in the charger or in the vehicle itself. Such questions are fertile areas for
more extensive analysis but are beyond the scope of this paper.

Consumers could also recharge at their places of work, giving them additional range. Employers
could offer this option as a benefit to employees, or local governments could offer daytime
recharging to reduce afternoon air pollution (since more battery power would then be used
during the evening commute.) Utilities and businesses could even install the infrastructure to
allow consumers to plug in anywhere and have the cost of purchased power added to their bills.

There is also the idea of allowing PHEVs to provide power from their engines or batteries to feed
the grid at times of peak demand, but further analysis is needed of this strategy’s costs and
benefits to consumers, the electric provider, and the environment. Additional circuitry would be
required in vehicles, interconnection issues would add complications, battery life may be
affected, and the pollution impact of the vehicles on air quality would have to be addressed. It
may be that operating the vehicles to provide electricity to the grid may be more expensive and
dirtier than building additional power plants.

For this analysis two options were modeled. For the evening charge half of the vehicles were
plugged in at 5:00 p.m. and half at 6:00 p.m. For the night charge half were plugged in at 10:00
p.m. and half at 11:00 p.m. They then remained plugged in until fully charged, using the
timeframes shown in Table 3 for the 120V/15A scenario and more rapid recharges at higher
voltages and currents. The resulting weighted average profile is shown in Figure 5. In the
evening scenarios the zero hour is 5 pm, while in the night scenarios it is 10 pm. For each region,
the hourly demand from the curve is multiplied by the number of PHEVs on the road to get the
hourly addition to the system electrical load.
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Figure 5. Weighted average charging profile for all vehicles with half charging one hour later.

Regional Grids and Plug-in Hybrids



3. Regional Electricity Supply and Demand

3.1 Overview

To forecast the effects of PHEV market penetration on electricity demand, supply, price, and
emissions, the authors used the ORCED model developed at Oak Ridge National Laboratory to
examine numerous facets of a restructured electricity market. The model focuses on power
generation, but also calculates a number of key financial and operating parameters. Several
versions of the model have been developed over the years to address the particular needs of
successive studies. The model’s flexibility allows it to answer many different questions
concerning the electric utility industry.

The ORCED model uses the collection of available electricity supply sources to dispatch plants
to meet the defined demands for a single year of operation (Hadley and Hirst 1998). For this
study, the program models the 13 NERC regions without transmission constraints within each
region. Inter-regional transmission amounts are based on projections from Annual Energy
Outlook 2007 for each region, with most sales occurring during the low and medium demand
periods. The program can handle several thousand power plants and models three seasons:
summer, winter and off-peak. Additional details on the model are included in a companion report
(Hadley 2008).

3.2 Definition of Regions

Because of considerable regional variation in the mix of electricity generation types, capacity,
and other factors related to generation and distribution, this analysis was performed on a regional
basis, using the regions defined in Annual Energy Outlook 2007 (EIA 2007). The 13 regions are
shown in Figure 6.

[

. ECAR—East Central Area Reliability Coordination
Agreement
. ERCOT — Electric Reliability Council of Texas
MAAC — Mid-Atlantic Area Council
. MAIN — Mid-America Interconnected Network
. MAPP— Mid-Continent Area Power Pool
.NPCC -NY — Northeast Power Coordinating Council / NY
. NPCC -NE — Northeast Power Coordinating Council /
New England
8. FRCC — Florida Reliability Coordinating Council;
9. SERC — Southeastern Electric Reliability Council
10. SPP — Southwest Power Pool
11. WECC-NW — Western Electricity Coordinating Council /
Northwest Power Pool Area
12. WECC-RMP/ANM — Western Electricity Coordinating
Council / Rocky Mountain Power Area and Arizona-New
Mexico-Southern Nevada Power Area
13. WECC-CA — Western Electricity Coordinating Council /
California

N INEANN

Figure 6. Regions as specified in Annual Energy Outlook 2007.

The names and borders of the regions have recently been changed, including merging of ECAR
and MAAC, elimination of MAIN, and expansion of SERC. However, we used the regions
shown in Figure 6 for this study because the Annual Energy Outlook 2007 data used in this
analysis is based on those regions.
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There are two processing steps necessary to initiate the model: estimation of demand and
estimation of supply. The model matches the supply to demand based on cost and other
parameters in a simulation of how utilities dispatch the fleet of plants available.

3.3 Demand Estimation

Demand levels are estimated by first finding the hourly demands (loads) for the region of study.
Many utilities are required to submit hourly load data to FERC, and this information for each
control area for 2006 and earlier years is posted on the FERC Web site. Hourly load data for
2005 from about 85 utilities or control areas was retrieved and aggregated for each of the 13
regions. The resulting hourly loads were then escalated to match the regional total net electric
load in the year being studied. Net inter-regional imports or exports from Annual Energy Outlook
2007 were then added to the loads, with transfers added mostly during lower demand periods and
less at peak demand. As an example, Figure 7 gives the hourly loads for 2030 for the ECAR
region. The year is separated into summer, winter, and off-peak seasons.

ECAR Region 2030 Demand Based on 2005 Shape
90 T

80

70

2 Winter Off-Peak Summer Off-Peak
10 Season Season Season Season
0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 7. Hourly loads for ECAR in 2030 based on escalated 2005 loads.

Besides the base case with no PHEVs included in demand, six scenarios of PHEV charging were
modeled: three power levels at two time periods each, evening (beginning at 5 p.m.), and night
(beginning at 10 p.m.) following the charging profiles from Figure 5. Table 4 shows the 2020
increased demand for each region in gigawatts, for each hour, due to charging PHEVs at a power
level of 1.4 kW per vehicle. With power levels of 2 kW the charging is completed within 7
hours, and at 6 KW per vehicle, all charging is completed in 3 hours, but at higher rates, of
course. The SERC region shows the largest increase in absolute power, 4.7 GW in the second
through fourth hour of charging.
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Table 4. Increased demand in 2020 in each region from charging PHEVs
at 1.4 kW (GW), for each hour of charging time

Hour in charging period (9 hours total)

Region 1 2 3 4 5 6 7 8 9

ECAR 1.7 34 34 34 3.0 2.0 12 0.8 0.3
ERCOT 1.0 2.0 2.0 2.0 1.8 12 0.7 0.5 0.2
MAAC 12 25 25 25 2.2 15 0.9 0.6 0.2
MAIN 1.3 2.6 2.6 2.6 2.3 15 0.9 0.6 0.2
MAPP 0.5 1.0 1.0 1.0 0.9 0.6 0.3 0.2 0.1
NPCC-NY 0.7 13 1.3 1.3 1.2 0.8 0.5 0.3 0.1
NPCC-NE 0.7 14 14 14 1.3 0.8 0.5 0.3 0.1
FRCC 0.8 1.7 1.7 1.7 15 1.0 0.6 0.4 0.1
SERC 24 4.7 4.7 4.7 4.2 2.8 16 11 0.4
SPP 0.3 0.6 0.6 0.6 0.5 0.4 0.2 0.1 0.1
WECC-NW 0.7 15 15 15 1.3 0.9 0.5 0.3 0.1
WECC-RMP/ANM 0.5 1.0 1.0 1.0 0.9 0.6 0.3 0.2 0.1
WECC-CA 1.8 3.6 3.6 3.6 3.2 2.1 1.3 0.8 0.3

For a given region and year, the total increase in demand is the same for all scenarios. The
changes in charging power level and time of charging simply shift the time of demand, but the
total amount demanded is constant. Table 5 shows the increase in demand for each region. While
the largest increase in absolute demand is in the SERC region, the largest on a percentage basis is
in California because of the high penetration of vehicles in the state.

Table 5. Increase in electrical demand due to PHEVs for each region in 2020 and 2030

2020 2030
Region Base Demand Increase in Base Demand Increase in
generation with PHEVs demand generation with PHEVs demand

(Twh) (Twh) (%) (Twh) (Twh) (%)
ECAR 695 702 1.0 703 721 2.6
ERCOT 363 367 11 413 424 25
MAAC 332 337 15 394 408 3.3
MAIN 373 378 14 365 378 3.7
MAPP 198 200 1.0 207 212 25
NPCC-NY 175 178 15 183 190 3.8
NPCC-NE 149 152 2.0 162 169 4.7
FRCC 281 285 12 340 349 2.6
SERC 1,053 1,063 0.9 1,268 1,294 2.0
SPP 231 232 0.5 283 286 1.2
WECC-NW 299 302 1.0 326 334 24
WECC-RMP/ANM 301 303 0.7 347 352 15
WECC-CA 277 284 2.7 348 367 5.5

A key value is the peak demand, whether it is at 6 — 7 p.m. in the evening scenarios or 11 — 12
p.m. in the night scenarios. The power level per vehicle has a significant effect on the peak, as
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shown in Table 6. The 6 kW scenarios have by far the highest peak levels, with demand rising
more than 34 GW in SERC by 2030.

Table 6. Highest demand increase from PHEV charging at each power level
in 2020 and 2030, in each region (GW)

Region 2020 2030
1.4 kW 2 kw 6 kW 1.4 kW 2 kw 6 kW
ECAR 34 4.9 9.6 8.8 125 24.8
ERCOT 2.0 2.8 5.6 5.1 7.3 14.3
MAAC 25 35 7.0 6.4 9.1 17.9
MAIN 2.6 3.7 7.3 6.6 9.5 18.7
MAPP 1.0 14 2.8 25 3.6 7.2
NPCC-NY 13 1.9 3.7 34 4.8 9.5
NPCC-NE 14 2.1 4.1 3.7 5.3 104
FRCC 1.7 24 4.8 43 6.2 12.2
SERC 4.7 6.8 13.3 12.2 17.4 34.3
SPP 0.6 0.9 1.7 1.6 2.3 45
WECC-NW 15 21 4.1 3.7 5.3 10.6
WECC-RMP/ANM 1.0 14 2.7 25 3.6 7.0
WECC-CA 3.6 5.1 10.2 9.3 13.3 26.2

Since the added demand for PHEVs does not fall at the absolute peak for the year, each system’s
peak does not rise as much as the demand increases shown in Table 6. The amount the system’s
peak rises depends on both the charging power level and the timing. Figure 8 shows the impact
of the added power for each of the scenarios on the peak day for the ECAR region in 2020 (July
25). Only in the 6 kW evening scenario is the system peak increased by the added PHEVSs. The
other scenarios spread the generation over longer time periods and/or shift it to off-peak hours.

PHEV on Peak Day Load Curve

East Central Area Reliability Coordination Agreement - 01
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110
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70
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Figure 8. Added demand from PHEV charging scenarios on the peak day in ECAR for 2020.
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While PHEV charging can have an impact on the peak days, on most other days the addition
does not raise demand over the annual peak. The 2030 scenarios show a more marked rise in the
demand profiles due to PHEVs. The impact of charging during the evening is significant, but
charging during nighttime has no impact on capacity requirements. Figure 9 shows the impact of
the 2 kW charging scenario on ECAR in 2030 during the peak week during the summer, winter,
and off-peak seasons. Note that even though the 2 kW charging scenario is not the one with the
largest capacity demand, it still raises the system peak during the evening scenario. The summer
peak is still the overall annual peak, and the evening charging does not occur during the day’s
overall peak, so demand increases are not abrupt. In the winter season, the PHEV evening
demands are sufficient to change the profile from peaking in the morning to peaking in the
evening. The off-peak season curves have a later peak than summer, so the PHEV addition has a
larger impact on the day’s overall peak.

It is clear that in all cases, the nighttime charging “fills in the valley” and so provides a more
level load profile than the evening charging. Since utilities would prefer the increased utilization
of existing capacity rather than having to build additional capacity, they would be expected to
prefer nighttime charging.

While the figures here show the profiles for ECAR, other regions of the country show similar
curves. There are differences depending on the unique characteristics of each region, such as the
timing of peak load both within the day and over the course of the year.

After the hourly demands are found for every region, they must be converted into load duration
curves (LDCs) for summer, winter and off-peak seasons (Figure 10). The LDC reorders demand
by increasing power levels and so shows the percentage of time that demand equals or exceeds a
given power level. Three separate curves were developed to determine power plant production in
each season. For the purposes of ORCED operation, the LDCs need to be linearized to 11-
segment lines. These are done using the Excel Solver function to fit points to the lines while
minimizing the variance and keeping the total production constant.

When PHEVs are added to the LDC for each region, the curves will rise. When added during the
nighttime, the lower demand values are preferentially raised (on the right side of the graphs),
while the evening scenarios preferentially raise the left side of the graphs. Figure 11 shows the
impact of adding the 2 kW evening charging and night charging scenarios to the ECAR region in
2030. The annual peak rises 5.4%, but in other regions with a higher percentage of vehicles and
in the 6 KW evening scenario the difference is more pronounced. California has a 9% rise in the
peak by 2020 and a 28% rise by 2030.

Table 7 shows the increase in the annual peak for each region using the 6 kW evening charging
scenario in 2020 and 2030. These peak increases only apply if all vehicles use the 6 kW evening
charge schedule. In 2020, at 2 kW, only nine regions show any increase in their annual peak, and
at 1.4 kW, only seven. The peak is not affected if charging is done at night. With the larger
number of vehicles in 2030, all of the regions see new peaks if vehicles charge in the evening,
regardless of the power level. So even though the total energy demand increase from PHEVs is
in the range of 1 — 5% (Table 5), the peak capacity demand ranges from no change to 28%
higher in our scenarios.
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Hourly Load Profile
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Figure 9. Added demand from the 2 kW PHEV charging scenarios on the peak weeks in
summer (top), winter (middle), and off-peak (bottom) seasons in ECAR for 2030.
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ECAR 2020 Load Duration Curves
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Figure 10. Load duration curve for ECAR in 2020 with no PHEVs.
ECAR 2030 Summer Load Duration Curves
160
140
120
3 100
2 80
[
5 60
o]
40 — 2kW Night ‘
20 ——2kW Evening |
0 10 20 30 40 50 60 70 80 90 100
Percent of Season
Figure 11. Summer LDC for the ECAR region in 2030 showing
no PHEVs and with charging at 2 kW in the evening and night.
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Table 7. Increase in annual peak demand with PHEV charging at 6 kW in the evening

2020 2030
Peak increase (GW) Increase (%) Peak Increase (GW) Increase (%)
ECAR 5.2 4.2 19.3 14.7
ERCOT 35 45 10.9 12.7
MAAC 4.3 6.0 15.3 194
MAIN 6.4 10.1 16.9 24.4
MAPP 25 7.4 6.9 18.5
NPCC-NY 24 6.9 7.9 21.8
NPCC-NE 1.6 4.9 7.4 21.7
FRCC 3.3 5.3 10.2 13.7
SERC 6.4 3.1 25.9 10.8
SPP 0.6 12 2.7 4.9
WECC-NW 3.2 6.9 9.4 17.9
WECC-RMP/ANM 1.3 2.3 4.2 6.4
WECC-CA 5.6 9.0 20.7 27.9

Figure 12 and Figure 13 below show the changes in the LDC for the summer season of ECAR in
2020. (The pink line in each graph represents the difference between the 2 kW scenario and the
base scenario in Figure 11.) These curves are not smooth (and some values go slightly negative)
because the graphs take the difference between the 12-point linearized LDCs used by the
ORCED dispatch model, rather than the original curves. The total area under each curve is the
same for each, representing the amount of energy demanded by the PHEVSs. In most scenarios,
the peak impact is less than 2000 MW, but in the 6 kW evening scenario, the peak demand rises
to 5200 MW. This is because the highest demand occurs near the peak demand for the system.
Note that in Table 6 the peak power added by PHEV is 9600 MW. However, this demand is not
at the same time as the system peak, so the system peak only rises by 5200 MW. When the
demand is added at lower power levels, the calculation of the LDC moves those hourly values to
the left in the graph, so the net rise is less than the specific hour’s rise in demand.

PHEV Addition to Summer LDC PHEV Addition to Summer LDC
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Figure 12. Addition of PHEV night charging to Figure 13. Addition of PHEV evening charging
ECAR 2020 summer season LDC. to ECAR 2020 summer season LDC.
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3.4 Supply Estimation

First, the plants for a modeled region must be determined. For this analysis, the key plant lists
come from the Energy Information Administration’s Annual Energy Outlook 2007 (EIA 2007)
and the model used to create the report, the National Energy Modeling System (NEMS).

One input file to the NEMS includes a list of 21,000 generating units in the country. This list
contains a large number of parameters for each unit, including summer capacity, winter capacity,
heat rate, generating technology, fuel type, emission rates, operating costs, and age. Fuel costs
are not specified since they vary by year and type of fuel. However, fuel cost per million Btu for
each region and year is an output of NEMS that can be used to approximate the fuel costs for
each plant. In addition, the NEMS model calculates the amount of additional capacity needed for
each region and simulates the construction of this capacity. The amount added each year can be
calculated, and the necessary parameters for ORCED can be found from the input files or the
output tables.

The list of plants for a region are then ordered by technology, fuel type, and variable cost. This
list is then separated into up to 200 bins that capture the weighted average values of the plants in
each bin. The resulting table of plants, with key modeling parameters, is passed to the ORCED
dispatch model.

Table 8 shows the nameplate capacity of the mix of plants for each region in 2020. Summer and
winter capacities can be greater or less than nameplate, and ORCED uses the appropriate
amounts available for each season. These seasonal capacities are shown in each region’s results
in Section 4. A question arises about whether the NEMS model constructed enough additional
capacity or too much for a given region, because NEMS uses a more simplified LDC than
ORCED. However, NEMS includes some production sales between regions, limited by
transmission constraints. The timing of these sales or purchases can modify the LDC so that
capacity can be sufficient for the regions. ORCED accounts for this by adjusting the LDC to
satisfy the production amounts from NEMS, with changes in the LDC affecting mainly the mid-
range and lower demand levels.

Table 8. Power plant nameplate capacity by region in 2020 (GW)

ECAR ERCOT MAAC MAIN Mapp NPCC- NPCC-rore gere spp WECC \éevl\ig/CA WECC-

NY NE NW NM CA
Coal Unscrub 58.7 60 149 297 107 2.0 2.2 27 496 139 2.6 4.2 0.0
Coal Scrub 31.0 106 112 59 10.2 1.3 1.1 112 357 87 127 242 108
Oil Steam 0.7 0.0 7.2 0.4 0.3 8.0 5.9 6.5 2.1 25 0.0 0.0 0.2
Oil Turbine 1.8 0.0 4.7 2.1 2.9 1.8 1.8 4.1 5.3 1.5 0.1 0.4 0.5
Oil Comb Cycle 0.0 0.0 0.6 0.0 0.0 0.0 0.0 1.1 0.1 0.0 0.0 0.0 0.0
Gas Steam 36 273 0.6 0.6 0.1 3.7 1.7 47 184 110 0.8 49 143
Gas Comb Cycle 135