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Executive Summary 

Plug-in hybrid electric vehicles (PHEVs) offer an attractive solution to a growing 
dependence on imported foreign oil with potential benefits and issues to the electric 
power industry.  The impact of PHEVs on the power grid is investigated.  The 
methodology for this investigation is based on three procedures: (a) typical utilization of 
PHEVs that capture human habits and terrain on which cars are driven for the purpose of 
evaluating the energy consumption and split between electric and gas, (b) simulation of 
the electric infrastructure (distribution systems) and the loading patterns that results from 
PHEV deployment and the effects on the equipment and in particular the expected life of 
transformers, (c) impact of PHEV deployment on energy resource utilization in the power 
grid, and (d) impact of PHEV deployment on the operations and the security of the power 
grid.  Proper models are utilized that capture all the interactions of the complex system 
that comprises the power grid, the distribution system and the PHEVs.  The report 
consists of two volumes. 

Volume I 
First, four hybrid-electric vehicle (HEV) powertrain architectures are described.  These 
architectures are commonly termed series, parallel, single-mode split-power, and dual-
mode split-power.  Conclusions suggest that either a parallel architecture or the GM 2-
MT is the best choice. 

Second, calculations of the electric energy consumed by PHEVs under typical scenarios 
are performed using both an analytic approach and computer simulation.  The analytic 
approach utilizes estimates for the efficiency of PHEV components.  Simulations are run 
using the Powertrain System Analysis Toolkit (PSAT) v.6.2 program developed by DOE’s 
Argonne National Lab.  A comparison of results from both methods is provided.  Sample 
results show that if 10% of the entire US vehicle fleet is replaced by PHEVs, and vehicles 
travel an average of 12,000 miles per year the added electric load due to PHEVs would 
be 3.3% of the installed 950 GW generation capacity in the US; a small increase in the 
added electric demand. 

Third, the vehicle emissions including nitrogen oxides (NOx) and the greenhouse gas 
carbon dioxide (CO2) are described.  It is found that if a PHEV control algorithm can 
operate a vehicle such that, on average, 62% of the energy supplied to the powertrain 
comes from the battery, then, with a standard spark-ignited IC engine the regulated 
emissions meet the latest standard (Tier2-Bin5). 

Fourth, two infrastructure implications are described (1) the impact of typical household 
infrastructure on PHEV recharging, and (2) the vehicle to grid interface.  The household 
circuit capacity (120V / 20A) is capable of recharging the required battery capacity 
needed to drive 40 miles in charge sustaining mode (70% of the required energy per mile 
is derived from onboard electric energy over the entire 40 miles) in 6 hours; further, the 
size of this battery pack is feasible in terms of weight and volume using battery 
technology available today.  Additionally, four levels of vehicle to grid interface are 
defined, increasing in functionality and complexity. 
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Fifth, the impact of PHEV charging on distribution transformers is described.  This 
impact is quantified through a loss-of-life (LOL) calculation.  The LOL calculation is 
based on distribution transformer hot-spot temperature.  This temperature is estimated 
using an electro-thermal distribution transformer model and is a function of the 
transformer winding currents.  These currents are computed using a center-tapped single 
phase transformer model.  Results of this research show that a measurable LOL can occur 
due to PHEV charging.  Areas of high ambient temperature show larger LOL over areas 
of low ambient temperature and highly loaded transformers show higher LOL over 
transformers with excess capacity. The LOL of transformers is very sensitive on whether 
the combined residential load and PHEV is near or exceeds the rating of the transformer.  

Sixth, the impact of PHEV charging in terms of (a) primary fuel utilization shifts, (b) 
pollution shifts, and (c) total fuel cost for yearly vehicle operation is described.  Vehicle 
and power system simulations are used.  The vehicle fleet simulations compute: the 
amount of added electric load demand to charge the PHEV fleet, amount of gasoline used 
by both IC vehicles and PHEVs, and the amount of environmental air pollution (EAP) 
generated by both IC vehicles and PHEVs.  The power system simulations simulate how 
much fuel usage and subsequent EAP are generated by a specific power system.  Results 
from this research indicate that PHEVs offer cleaner transportation (depending on the 
generation mix used to charge the vehicles) with decreased gasoline utilization at a lower 
cost to consumers.  Specifically, three different power system generating mixes are 
simulated with varying levels of PHEV penetration (defined as the percentage of the light 
duty vehicle fleet in the power system area replaced by PHEVs).  Two of the three power 
system generating mixes simulated show a decrease in total system NOx EAP and all 
three showed a decrease in CO2 EAP. 

Seventh, the benefit of using a heavy penetration of PHEVs to act as support to the grid 
during contingencies and also the costs incurred with security constrained control is 
described.  PHEVs provide a completely new way to store massive amounts of energy 
from the power grid.  It is found that (1) PHEVs have a great potential to save grid 
operating costs and reduce critical contingencies and (2) PHEVs have a significant effect 
on unenforceable security constrained optimal power flow (SCOPF) contingencies and 
maximum line overloads. 

Eighth, a comparison of vehicles powered from hydrogen fuel to PHEVs is described.  
The significant hurdles involving production, storage, distribution, and use of hydrogen 
are outlined.  Conclusions drawn are that hydrogen use with a fuel cell or even injected 
directly into an IC engine is not a near-term prospect for reducing the use of petroleum-
based fuels. 

Ninth, a comparison of battery-electric ZEVs to PHEVs is described.  The advantages of 
ZEVs over PHEVs are: a simpler less expensive powertrain, less maintenance with only 
an electric drivetrain, zero tailpipe emissions, electric energy that could be produced by 
renewable sources.  The disadvantages of ZEVs are large battery packs to get a 
reasonable range, and very long recharging times.  The advantages of PHEVs over ZEVs 
are: that an appreciable amount of the driving energy comes from the electrical grid thus 
reducing the use of petroleum-based fuels and tailpipe emissions compared to 
conventional vehicles, range limitations are not limited as charge-sustaining operation is 
available, smaller battery packs can be used.  The disadvantages of PHEVs are (a) more 
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complex and costly powertrain, and (b) use of a petroleum-based fuel with some tailpipe 
emissions when driven longer distances. 

Volume II 
Two studies are presented quantifying the impact of plug-in hybrid vehicles (PHEVs) on 
the power grid.  The first study quantifies this impact in terms of (a) primary fuel 
utilization shifts, (b) pollution shifts, and (c) total cost for consumers.  The second study 
quantifies this impact on distribution transformers. 

In the first study vehicle fleet and power system simulations are used.  The vehicle fleet 
simulations compute the amount of added electric load demand to charge the PHEV fleet, 
the amount of gasoline used by both internal combustion (IC) vehicles and PHEVs, and 
the amount of environmental air pollution (EAP) generated by both IC vehicles and 
PHEVs.  The power system simulations simulate how much fuel usage and subsequent 
EAP are generated by a specific power system. 

In the second study the impact on distribution transformers is quantified through a loss-
of-life (LOL) calculation that is based on the transformers hot-spot temperature.  This 
temperature is estimated using an electro-thermal transformer model and is a function of 
the transformer currents.  These currents are computed using a center-tapped single phase 
transformer model. 

The results from this research indicate that PHEVs offer cleaner transportation 
(depending on the generation mix used to charge the vehicles) with decreased gasoline 
utilization at a lower operating cost to consumers.  The impact to the utility infrastructure 
is favorable from the security point of view and additional revenues to the utility and 
unfavorable to the expected life of distribution transformers. The last issue can be 
addressed in a variety of ways, including monitoring of distribution transformers and 
replacing them with larger units if the loading from PHEVs results in substantial loss of 
life.  

In general the impact of PHEVs on the power grid is favorable. The unfavorable effect on 
the expected life of distribution transformers is not much different than the effect of 
increasing loads in a household or commercial building. Power companies deal with this 
problem routinely. It is suggested as a follow up to this research project to develop 
transformer life expectancy monitor. The technology exists today to develop a smart 
monitoring device that will track the loading and thermal history of distribution 
transformers and compute the loss of life in real time. This technology can provide 
alarms that quantify the impact of increased loading on the transformer life which can be 
used by utilities to prioritize the replacement of transformers. The increase of total load 
on the power grid, assuming expected gradual penetration of PHEVs in the market, is at a 
level comparable to what utilities have experience under normal economic conditions, i.e. 
few percentage points annually. Therefore gradual penetration of PHEVs can be easily 
handled by typical power system planning scenarios.  
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Nomenclature 

2-MT Two-mode transmission 
 Battery road-load coefficient 

 

 Battery output energy at time  over a time interval  (kWh) 
 Additional vehicle mass for conversion to a PHEV (kg ) 

ΔSOC SOC range for charge-depleting operation 
 Transformer LOL time step (1 hr) 
 A small increment of power output used in the PPC algorithm, refer to 

this increment as the block (1-2 MW) 
 Battery turn-around efficiencies (%) 

 Efficiency of the power electronic battery charging-discharging 
circuits (%) 

 Energy efficiency of the power electronic controller (%) 
 Fraction of the heat energy in a liquid fuel that an IC engine delivers to 

the driven wheels (%) 
 Energy efficiency of the electric drive motor (%) 

 Efficiency of the vehicles transmission (%) 
 Transformer aging acceleration factor 

 Density of air (1.202 kg/m3) 
 Fuel price ($/kg) 

 Heat energy density of a given fuel (For gasoline 36.65 kWh/gal) 
 Electro-thermal model winding mass density (8.93 g/cm3 ) 

 Inverse tangent of the grade i.e.tan-1(Grade) 
 Vehicle frontal area (m2) 

AER All electric range, or ZEV range (miles) 
 Constant emission rate coefficient (kg/h) 
 Constant heat rate coefficient (kcal/h) 

AGC  Automatic generation control 
 A random variable representing the output of generating unit-  (MW) 
 The available capacity of generating unit- , where  
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1. Project Description 

At present, the U.S. is importing crude oil at the rate of 10.0 Mb/day [1.1].  In addition, 
approximately 5.1 Mb/day of crude oil are produced domestically [1.1].  Two-thirds 
(62.9%) of this oil is refined into gasoline and diesel fuel to power U.S. passenger 
vehicles and trucks [1.2].  The political and economic effect of this "addiction to oil", 
particularly imported oil, is well documented, and is recognized as a serious national 
problem.  With a growing world-wide demand for crude oil, and the OPEC cartel 
controlling a large portion of its supply, there has been a significant rate-of-change in its 
market price now standing (June, 2009) at $65.62 per barrel [1.3].  Also, the burning of 
petroleum fuel emits CO2, the most serious greenhouse gas, into the atmosphere at levels 
now believed to be causing a global warming effect with very serious changes in global 
weather patterns.  There is a real national need to reduce consumption of crude oil, 
particularly imported oil. 

A number of solutions have been proposed for this problem, including finding more oil, 
increasing fuel economy, the use of ethanol, and the use of conventional hybrid electric 
vehicles (HEVs).  While all of these solutions have merit, we believe another solution 
exists that could be extremely attractive to the electric utility industry – the Plug-In HEV 
(PHEV).  The needed modifications to a conventional HEV powertrain to make a PHEV 
are simply to increase the energy capacity of the battery pack, and to modify the control 
strategy.  The basic idea is to use a charge-depleting control strategy wherein battery 
stored electric energy, mainly provided from the electric-power grid, is substituted for 
gasoline energy.  USA driving pattern studies have shown that on average half the 
vehicles drive 25 miles or less each day, and 78% drive 45 miles or less each day [1.4].  
This means that with relatively modest increases in battery energy capacity, an 
appreciable fraction of these miles could be driven with minimal use of the gasoline 
engine.  Unlike a pure battery electric vehicle, only the gasoline remaining in its tank 
limits the range of the PHEV.  If the stored battery energy should reach some set lower 
limit, either due to not recharging the previous evening or that the vehicle is being driven 
on a long trip, then the powertrain control strategy would revert from a charge-depleting 
mode to a charge-sustaining mode, and the vehicle would operate in the same way as 
conventional HEVs now on the market.  

The PHEV is an evolutionary change from the current HEVs now commercially 
available.  By increasing the battery capacity, the PHEV becomes a dual-fuel vehicle in 
which electric utility supplied, primarily off-peak energy, could be used to replace much 
of the gasoline energy now used in conventional vehicles.  From a consumer point of 
view the incremental cost of driving a PHEV using electric utility energy can be 
surprisingly attractive.  For example, gasoline has an energy content of 0.125 
MBtu/gallon, or 36.5 kWh/gallon.  Assuming a $3/gallon price, the cost of this energy is 
about 8.22 cents/kWh.  While this appears to be on par with average residential energy 
prices, one needs to consider energy conversion efficiencies.  Moving energy from the 
wall socket through a battery pack and electric motor, and then into the wheels has an 
average efficiency of perhaps 70%.  In contrast, the overall efficiency of taking gasoline 
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energy, through an internal combustion engine might have an average of 12.5% 
efficiency [1.5].  Hence the incremental operating cost of the PHEV would be about 1/5 
that of a traditional gasoline engine.  Furthermore, since the PHEV batteries could be 
charged at night (off-peak), substantially lower-priced electric energy could be used. 

From an electric utility point of view the use of PHEVs could also be quite attractive.  At 
a minimum they represent new, primarily off-peak users of (in aggregate) substantial 
amounts of electric energy.  To gauge the potential market, consider that in the U.S. we 
currently use about 400 million gallons of gasoline a day [1.6].  To meet this energy 
requirement completely with electric energy (again assuming the above 70% to 12.5% 
efficiency ratio) would require an additional 2.62 million MWh per day, a value on par 
with our current daily electric usage of 18.24 million MWh [1.7].  While certainly no one 
would expect 100% of the vehicles to be PHEVs, even a small percentage represents a 
major new electric load.  But in addition to just being energy users, in aggregate PHEVs 
could also provide large amounts of potentially controllable stored energy.  For example, 
if a single PHEV has an energy storage capacity of 15 kWh, one million such vehicles in 
a large metro area could provide 15,000 MWh of energy storage capability.  And, since 
many of these vehicles will be driven into the downtown areas during the day, they could 
represent potential emergency energy reserves, often in the locations on the grid where 
they are needed most.  Of course, in order to obtain these system-level benefits the 
PHEVs need to be treated as an integral part of the grid.  At a minimum this requires that 
when parked they be plugged in (at least much of the time).  But just as importantly, they 
also need to have networked communication capabilities with the ability to know the 
consumer’s desires about how the utility could utilize their PHEV.  While setting up such 
an ad-hoc parking lot network would have been nearly impossible several years ago, with 
the advent of ubiquitous wireless communication it is certainly technically feasible.  For 
example, at home the consumer might just desire that the PHEV be fully charged by 7 
am, while at work they might request it be fully charged by 5 pm as long as the price is 
sufficiently low, and that the energy in the PHEV would be available to the utility at a 
specified price.  Given that the efficiencies in moving energy from the wall socket to a 
battery can exceed 90%, energy could be placed in the PHEV during off-peak hours, i.e. 
midnight to 6 am, when the price is low, only to be retrieved by the utility later in the 
afternoon. 

With such a network the stored energy in the PHEVs and their energy storage capacity 
could become a highly controllable, system-level resource.  Potential applications include 
the ability to greatly reduce spinning generation reserves, the ability to increase 
transmission system capacity by providing a responsive post-contingent control, and the 
ability to mitigate Locational Marginal Pricing (LMP) market volatility.  For example, 
the energy in the PHEVs in the above example could be quickly made available to 
temporarily replace the energy lost during the unexpected outage of a large generator. 

The key items contained in this report are discussions of: 

• Existing HEV architectures. 

• Grid-supplied energy requirements of PHEVs. 
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• Household supply requirements and PHEV vehicle to grid interface design issues. 

• Probabilistic PHEV infrastructure impact analysis. 

• Probabilistic production simulation that incorporates plug-in hybrid vehicles. 

Included in the appendices are: 

• Nomenclature used in the report. 

• A discussion of hydrogen fuel as a competing technology to charge-depleting 
PHEVs. 

• A comparison of battery-electric powertrains as an alternative to PHEV 
powertrains. 

• A detailed list of the power system data used in the primary energy source 
utilization experiments. 

• Curtis Roe’s Georgia Institute of Technology MSEE Thesis documenting the 
infrastructure impact and production simulation methodologies. 
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2. Hybrid-Electric Vehicle Architectures 

2.1 Introduction 
At present, there are no Plug-in Hybrid-Electric Vehicles (PHEVs) available from any of 
the auto manufacturers.  All of the hybrid vehicles commercially available are designed 
to be charge sustaining.  Thus, the storage batteries in the powertrains of these vehicles 
are sized only to provide accelerating power for the electric drive to work synergistically 
with the IC engine in providing propelling torque.  These battery packs are therefore 
small in energy storage capacity, and their state-of-charge (SOC) is maintained nearly 
constant about a relatively high level by the onboard internal combustion (IC) engine.  A 
typical value for SOC is around 80% in order to allow for maximum use of regenerative 
braking recapturing some portion of the vehicles kinetic energy.  A higher SOC could 
cause the batteries to overheat on regeneration not storing energy as desired.  Generally 
during driving periods that involve constant speed cruising and regenerative braking, 
battery energy used for acceleration is replaced.  In effect, these charge-sustaining hybrid 
powertrains use only a single liquid fuel; usually petroleum based, and are not designed 
to have their batteries recharged from the electric power grid.  PHEVs are a modified 
design with larger capacity battery packs and a revised control algorithm such that 
operation is intended to be charge depleting, thus substituting stored electric energy in the 
battery for petroleum-based fuel. 

2.2 Series Architecture 
In a series architecture an internal combustion (IC) engine drives an electric generator 
whose electrical output is connected to an electric bus connected to the battery pack and 
the electric motor controller.  This configuration is shown in Figure 2.1. 

 
Figure 2.1: Series hybrid architecture wherein only the electric motor powers the driven 

wheels. 
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The mechanical output of the motor is geared to the driven wheels, and only the electric 
motor provides driving torque in this configuration.  The mechanical power out of the IC 
engine is converted from mechanical to electrical power by the generator and then back 
to mechanical power by the motor.  The disadvantages of this series architecture include 
the fact that this double energy conversion reduces fuel efficiency.  Also two electrical 
machines are required with the IC engine and generator sized to meet the largest 
sustained road-load for the vehicle.  The electric motor must be sized to meet this 
sustained load plus have an additional capacity to meet some vehicle acceleration 
specification.  This maximum sustained load could be approximately 80 mph up a 6% 
grade with the vehicle at its maximum allowable weight with passengers and cargo.  The 
advantages of a series architecture are simplicity in the operational control algorithm, and 
the fact that the IC engine speed is completely decoupled from the vehicle speed.  The 
control algorithm being proposed by GM does not start the IC engine driving its 
generator as long as the battery SOC level is above its desired low set point.  For 
example, with this scheme, if the set point at a minimum SOC ≈ 20%, and the battery 
SOC =100%, the powertrain would run as a pure electric vehicle (ZEV Zero Emission 
Vehicle), depleting the battery until the SOC ≈ 20% level was reached.  The IC engine 
would then go on and off, with some defined hysteresis characteristic maintaining a range 
of SOC values about the SOC ≈ 20% level.  Regenerative braking can use the motor as a 
generator thus converting some of the vehicles kinetic energy into electric energy that is 
stored in the batteries.  The normal friction brakes that waste this kinetic energy in the 
form of friction produced heat are still needed to completely stop the vehicle as 
regenerative braking diminishes as the vehicle speed goes to a zero value. 

Mechanically decoupling the IC engine from the vehicle speed allows the IC engine to be 
operated at an optimal speed, minimum fuel state point for some desired output power 
level.  An IC engine has a power-speed operating state giving a minimum Brake Specific 
Fuel Consumption (BSFC) in terms of grams of fuel consumed per kWh of output 
energy, sometimes known as the “sweet spot”.  Operating the IC engine at this state is 
generally not optimal as the excess electrical energy by the driven generator (i.e. the 
energy not taken by the motor) must be stored in the battery with a subsequent penalty 
imposed by the turn-around losses when this stored energy is later extracted.  Less fuel 
may be consumed by operating the IC engine at a power level that more closely matches 
the power into the drive motor, thus keeping the SOC at its lower limit avoiding the 
energy turn-around inefficiency of the battery.  No charge-sustaining HEVs on the 
market use a series architecture.  However, GM has announced that its first PHEV 
scheduled for 2010, named the “Volt”, will have this series configuration.  The Volt is 
advertised to have a 40 mile all electric range (AER) before the IC engine needs to be 
started.  Thus during this all electric operation the engine and generator are just non 
functioning “dead weight”.  Also the performance of the Volt is limited to the driving 
power that can be provided by the motor alone. 

2.3 Parallel Architecture 
In a parallel architecture the IC engine is mechanically geared to the driven wheels.  
Thus, all the mechanical output of the IC engine can provide direct torque to power the 
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vehicle, as there is no energy conversion of the engine’s output power.  This architecture 
also includes a single electric machine whose mechanical shaft is also geared to the 
driven wheels.  The general form of the parallel architecture is shown in Figure 2.2.  The 
shaft of this electric machine can be mechanically coupled to the engine output shaft 
before the multi fixed-gear-ratio transmission or to the output shaft of this transmission, 
as is shown in Figure 2.2.  These two parallel configurations are known pre-transmission 
and post-transmission parallel hybrid powertrains, respectively. 

 
Figure 2.2: Post-transmission parallel architecture. 

Another interesting configuration for a parallel hybrid electric powertrain is known as a 
“through the road architecture” where the IC engine powers one pair of wheels and the 
electric motor powers the other pair of wheels.  The torques of the two drives are added 
together through the road.  The electric machine, when operated as a motor, has its 
electrical terminals powered by the battery pack.  In a charge-sustaining HEV, the 
electric machine provides the bulk of the torque required for acceleration with the IC 
engine providing steady-state constant speed cruising torque.  When cruising, the electric 
machine can be controlled to switch from motoring operation to generator operation thus 
recharging the battery pack with the energy previously drawn for acceleration. 

The control algorithm is much more complicated than in a series configuration as the 
torques from these two drives need to be blended to optimize some objective function.  
With a charge-sustaining HEV, the control should minimize fuel consumption while 
maintaining the battery SOC in the neighborhood of some relatively high value.  For a 
PHEV, the battery SOC would be allowed to fall to a much lower value as the control 
algorithm depletes the battery in trading stored electric energy for gasoline.  When this 
much lower SOC value is reached, the control would then operate as a charge-sustaining 
algorithm maintaining this lower SOC level by operating the motor as a generator during 
periods of constant speed operation.  As in the series architecture, regenerative braking is 
always used to reduce the waste of stored kinetic energy as heat in the mechanical 
friction brake pads.  The advantages of the parallel architecture mainly are due to the fact 
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that with two sources powering the vehicle both the IC engine and single electric machine 
can be smaller than in a series configuration.  In addition, there is a synergistic effect 
whereby the electric motor provides torque for acceleration and the IC engine provides 
cruising torque.  In a PHEV, the operation should still maintain this synergism of the two 
torque sources.  Thus generally, the powertrain should not be operated with the electric 
motor alone until the battery is at its lower SOC limit, and then turn on the IC engine 
alone for continued operation.  If operated consecutively instead of together, thus losing 
synergism, each drive will have to be much larger than when operated together.  This 
synergism is lost in the GM Volt series hybrid architecture. 

2.4 Toyota Hybrid System-II (THS-II) Single-Mode Power-Split Architecture 
Toyota has developed their THS-II power split architecture that they are using in the 
Prius and other current Toyota HEVs.  The THS-II architecture is shown in Figure 2.3. 

 
Figure 2.3: The Toyota Hybrid System (THS-II) power split architecture. 

A complete explanation of this power-split architecture can be found in [2.1].  In brief, 
the power-split architecture, as implemented by Toyota, has an IC engine mechanically 
connected to the carrier gear of a planetary.  An electric machine (called the generator) is 
connected to the sun gear of the same planetary.  Finally, the ring gear is connected to the 
shaft of a second electrical machine (called the motor) with this same shaft mechanically 
coupled through fixed gearing to the driven wheels.  The name power-split comes from 
the fact that the IC engine power is split between a mechanical path to the driven wheels 
and an electrical path through the generator and its controller to a bus connected to the 
motor controller and the battery pack.  An advantage of this architecture involves the fact 
that the IC engine speed is decoupled from the vehicle speed as in the series architecture.  
However, the price paid for this decoupling involves the fact that some of the IC engine 
output power goes through an electrical path that involves two energy conversions also as 
in a series architecture.  With some of the engine power going directly to the driven 
wheels this power-split architecture partially includes the synergism of a parallel 
architecture, whereby the engine torque and motor torque can be blended to power the 
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vehicle.  The control of the two electrical machines for minimum fuel operation is 
complicated with Toyota not publishing details of the control algorithm being used.  The 
use of the THS-II in a PHEV would require a higher capacity battery pack and a modified 
control algorithm that would allow for depletion of the battery stored energy to some set 
lower limit with charge sustaining operation continuing beyond this range. 

2.5 GM Two-Mode Compound Split Architecture 
The General Motors Two-Mode Transmission (2-MT) represents an extension of the 
Toyota THS-II, and is presently being used in rear-wheel drive, three planetary, hybrid 
versions of the Tahoe and Yukon SUVs.  In addition a front-wheel drive version of the 2-
MT is scheduled for use in the Saturn Vue due out in 2009.  A functional view of the 
front-wheel drive 2-MT is shown in Figure 2.4. 

 
Figure 2.4: The Toyota Hybrid System (THS-II) power split architecture. 

This version of the 2-MT contains two electric machines, one operating as a motor and 
the other as a generator, two planetary gear units, two electrically controlled torque 
transmission clutches CL2 and CL4, and two electrically controlled braking clutches CL1 
and CL3.  A complete explanation of the operation of this 2-MT can be found in [2.2].  
By operating specific pairs of two clutches at a time, the 2-MT allows for four fixed gear 
ratios from its input to output shafts, thus constraining the engine speed to one of four 
values for a given vehicle speed.  In its fixed-gear ratio operation, the engine output 
power is mechanically transmitted to the driven wheels as in a conventional non-hybrid 
vehicle with a four-speed automatic transmission  In each of these four fixed-gear ratios, 
the electric machines can provide additional propelling torque, identical to a parallel 
architecture,  In addition, and of great importance, is that the 2-MT also has two 
additional operating modes, designated as Modes-1 and -2, where the speed of the engine 
is decoupled from the speed of the vehicle, thus in effect giving CVT (continuously 
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variable transmission) operation.  Mode-1 requires the closure of only CL1, with Mode-2 
obtained by the closure of only CL4.  Operation in Mode-1 is essentially identical to the 
operation of the Toyota THS-II powertrain.  At higher vehicle speeds, with fuel efficient 
lower engine speeds, the operation of the THS-II has a reverse energy flow in its 
electrical loop, whereby in Figure 2.3, the motor operates as a generator and the generator 
operates as a motor.  This reverse energy flow causes greatly increased electric machine 
losses that can only be alleviated by increasing the engine speed to a less efficient 
operating state.  The 2-MT avoids reverse energy flow in the electrical loop by switching 
from Mode-1 to Mode-2.  The use of the 2-MT thus incorporates the main advantage of 
the series architecture with the decoupling of the engine speed from the vehicle speed and 
the main advantage of the parallel architecture with the synergistic summing of the 
engine and motor torques.  The major advantages over series, parallel, and even the THS-
II architectures obtained in using the 2-MT are summarized as follows [2.3]: 

• Smaller electric machines and a smaller battery pack than the THS-II can be used. 

• Higher efficiencies (i.e. lower fuel consumption) over a wide range of driving 
schedules can be achieved. 

These are significant advantages over the other three architectures.  The GM Two-Mode 
Split-Power Architecture is the most advanced hybrid-electric powertrain on the market.  
What is most interesting is that the GM Volt PHEV is using a series architecture.  GM’s 
own U.S. Patent 6,953,409, Column 1, Lines 42 – 54 gives a clear concise argument 
against using series architectures in a vehicle hybrid-electric powertrain. 

2.6 Preferred PHEV Architecture 
Starting in 1993 the U.S. Department of Energy under the Clinton administration 
provided substantial funding ($1.5 billion) to the big-three auto manufacturers, GM, 
Ford, and Chrysler, to develop hybrid-electric vehicles under the Partnership for a New 
Generation of Vehicles (PNGV) program.  The main objective of PNGV was to develop 
a mid-sized vehicle with fuel efficiency not less than 80 mpg.  All three companies 
produced prototype vehicles using diesel engines producing driving torque in parallel

Figure 2.5

 
with an electric drive that essentially met this three-time increase in fuel efficiency.  GM 
produced a vehicle known as the Precept.  Ford’s vehicle was the Prodigy, and Chrysler 
produced the ESX3 based on their Intrepid.  Particularly GM’s Precept was a very 
promising prototype with an extremely low reported drag coefficient , and a 
fuel efficiency of 80 mpg.  This  value is extremely low, on the order of half the value 
of current sedans.  In fact, this value is even lower than GM’s now abandoned very 
aerodynamic battery-electric EV-1 that had a .  The last report of an 
independent review committee in 2001 recommended continuation of the program [2.4].  

 shows these three vehicles.  All three of these vehicles represented substantial 
progress towards charge-sustaining HEVs and subsequent development of charge-
depleting PHEVs.  With the change to the Bush administration following the year 2000 
election, the PNGV program was abandoned with no further government support, and 
even more surprising, by no further work by the three U.S. auto companies. 
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Figure 2.5: The three Partnership for New Generation Vehicles (PNGV) with their key 

design accomplishments. 

The point here is that the preferred architecture for the PNGV program was parallel.  In 
fact, all non-plug-in charge-sustaining HEVs currently on the market use either parallel 
architectures or the THS-II for Toyota and Lexus vehicles.  Now GM has recently 
announced that they will have a PHEV on the market in late 2010 known as the Volt, 
shown in Figure 2.6. 

 
Figure 2.6: The GM Volt PHEV. 
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The architecture chosen for the Volt has been announced to be a series architecture.  The 
operating strategy is to drive up to 40 miles under battery supplied power, and then to 
start the IC engine for extended range driving.  The battery energy used would then be 
mainly replaced by a plug-in grid connection. 

The main argument favoring the series architecture for a PHEV seems to be that more 
electric energy can be substituted for petroleum energy by an all electric drive that would 
cover most of the driving done each day.  However, the performance in terms of 
acceleration for the series design is limited by what torque the drive motor can provide.  
With the parallel design or either of the two split-power designs, the performance is 
governed by what torque the motor (or motors) working synergistically with the engine 
could provide.  These architectures have a rated drive power greater than the series 
architecture by an amount equal to the rating of the engine.  The parallel architecture 
provides the opportunity to blend the torques of the engine and the drive motor, thus 
giving greatly improved performance.  Also with a charge-depleting control strategy, the 
parallel and split-power architectures can operate with electric energy substituted for 
petroleum energy 
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3. Grid-Supplied Energy Requirements for PHEVs 

3.1 Introduction 
In order to determine the effect that Plug-In Hybrid Electric Vehicles (PHEVs) would 
have on the electric power grid, an analysis of the energy requirements for these vehicles 
needs to be formulated.  At present, there are no PHEVs available from any of the auto 
manufacturers.  All of the hybrid vehicles commercially available are designed to be 
charge sustaining, and all have various forms of parallel architectures, the Toyota Hybrid 
System II (THS-II) architecture, or the GM Two-Mode transmission (2-MT) architecture.  
No commercially available hybrid-electric powertrains on the market use a series 
architecture.  Thus, the storage batteries in the powertrains of these vehicles are sized 
only to provide accelerating power for the electric drive to work synergistically with the 
internal combustion (IC) engine in providing propelling torque.  These battery packs are 
therefore small in energy storage capacity, and their state-of-charge (SOC) is maintained 
nearly constant about a relatively high level by the onboard IC engine.  Generally during 
driving periods that involve constant speed cruising and regenerative braking, battery 
energy used for acceleration is replaced.  In effect, these charge-sustaining hybrid 
powertrains use only a single liquid fuel; usually petroleum based, and are not designed 
to have their batteries recharged from the electric power grid.  PHEVs are a modified 
design with larger capacity battery packs and a revised control algorithm such that 
operation is intended to be charge depleting, thus substituting stored electric energy in the 
battery for petroleum-based fuel.  With no PHEVs on the market, the analysis presented 
here spans over a number of parameters in order to include a wide degree of penetration 
of vehicles that operate on two fuels; one liquid and the other grid-supplied electricity. 

We begin by defining four classes of passenger vehicles in Table 3.1, and the percentage 
that are PHEVs by the vector  as follows: 

Table 3.1: Definition of vehicle classes. 

Vehicle Class Description % of PHEVs 
1 Compact passenger cars  
2 Full size passenger cars  
3 Medium size SUVs and pick-up trucks  
4 Large size SUVs and pick-up trucks  

 
Thus, if a defined system area has  total passenger vehicles, then  are the 
number of these that are PHEVs in Class- .  The analysis here is based on a single 
defined system area, and excludes busses and large trucks such as 18-wheelers.  This 
system area could be a single utility service area, a FERC region, or even the entire U.S. 

For each vehicle class, Table 3.2 defines the basic parameters for an average 
conventional vehicle in terms of its mass, drag coefficient, frontal area, wheel-tire rolling 
coefficient, wheel rolling radius, and EPA combined mpg with 55% on the urban driving 
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schedule and 45% on the highway schedule.  We assume that all these parameters stay 
constant for PHEVs. 

Table 3.2: Average conventional vehicle parameter values for each vehicle class. 

Vehicle Class 1 
Compact 

2 
Full Size 

3 
Medium SUV 

& Pickup 
Truck 

4 
Large SUV & 
Pickup Truck 

Curb Mass (kg) 1301 1638 2159 2497 
D (Drag Coeff.) 0.335 0.320 0.425 0.463 

A (Frontal Area (m2)) 2.037 2.200 2.560 3.169 
Cr Rolling Coefficient 0.0070 0.008 0.0090 0.0100 

Wheel Rolling Radius (m) 0.3057 0.3075 0.3775 0.3870 
EPA mpg (miles/U.S. Gal) 29.72 24.84 17.11 16.70 

 
The data in Table 3.2 are average values for the following vehicles in each class: 

• Class 1:  Honda Civic and Ford Focus 

• Class 2:  Honda Accord and Ford Taurus 

• Class 3:  Ford Explorer and Ford F-150 

• Class 4:  Chevrolet Suburban and Chevrolet Silverado 

The Environmental Protection Agency (EPA) has used specific urban and highway 
driving schedules with the vehicles operating on chassis dynamometers that simulate the 
road load to determine miles-per-gallon (mpg) fuel efficiency and regulated tailpipe 
emissions.  These profiles are known as the Urban Dynamometer Driving Schedule 
(formerly Federal Urban Driving Schedule (FUDS)) (UDDS), and the Highway Fuel 
Economy Test (formerly the Federal Highway Driving Schedule (FHDS)) (HWFET) 
driving schedule.  In recent years drivers have found that in actual driving, these EPA 
mpg figures were not actually realized, and the EPA is issuing revised driving schedules 
to reflect better actual vehicle use.  The EPA mpg value in Table 3.2 is the average for 
the two vehicles in each class using the standard EPA estimate that 55% of the miles are 
on the UDDS urban schedule and 45% of the miles are on the HWFET highway 
schedule.  This report also uses a newer more aggressive driving schedule, known as the 
US06 schedule [3.1]. 

Even though there are currently no production PHEVs, a categorization commonly in use 
is denoted by the suffix -XX, where -XX represents the all electric range (AER) for the 
vehicle.  Thus, for example, a PHEV-40 would have a battery capacity to propel the 
vehicle 40 miles as a pure battery-electric vehicle commonly known as a zero emission 
vehicle (ZEV).  This AER concept comes from the idea that a PHEV would operate in a 
ZEV mode until the battery was depleted to some lower limit on the SOC, and then 
operate on the engine alone.  Generally, this is not an optimal strategy, as is discussed in 
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Section 3 and below in the Section 3.2 on control algorithms.  A better categorization 
would designate the range over which the PHEV is operating under a charge-depleting 
algorithm with a given value of the parameter  defined in Equation 3.1, as the 
average fraction of the total input energy that is supplied from the battery.  Thus a PHEV-
40 would have a battery capacity such that the vehicle would operate for 40 miles charge-
depleting, with a specified , and then would operate charge-sustaining for 
continued driving over a specified driving schedule. 

3.2 Consideration of PHEV Control Algorithms 
A key aspect of vehicle operation is the control algorithm used for the PHEV powertrain.  
A simplifying concept for the control of a charge-depleting PHEV is that this algorithm 
can be considered similar to a charge-sustaining hybrid-electric vehicle (HEV) algorithm 
in the following way.  The control algorithm for a charge-sustaining HEV (the type now 
on the market) maintains the battery SOC at a relatively high level, generally around an 
SOC ≈ 80%.  This control in a parallel or power-split architecture, either the THS-II of 
the 2-MT, generally uses the electric drive to overcome vehicle inertial forces, i.e. for 
acceleration.  Then the IC engine is used primarily to provide sustaining torque to 
maintain essentially constant speed operation.  Thus, if the battery started out at an SOC 
= 100% the algorithm would provide driving torque in such a fashion as to deplete the 
battery charge until the desired SOC ≈ 80% level is reached, and then run charge 
sustaining about this level.  We can consider a similar control algorithm for a PHEV 
except that a much lower SOC, perhaps an SOC ≈ 25%, is used before charge-sustaining 
control is implemented.  The control being described (by GM) for their Volt in a series 
architecture has the battery energy alone powering the drive motor until this lower SOC 
level is reached.  The IC engine coupled to its generator would then turn on and off, with 
some defined hysteresis range, to maintain this lower SOC level.  Therefore, with parallel 
or split-power architectures the control is much more complicated as the IC engine with 
the drive motor must be controlled synergistically to minimize fuel consumption, while at 
the same time allowing for depletion of the battery energy down to its lower limit.  In 
summary, all HEVs, including PHEVs, can be considered to be charge sustaining.  The 
difference lies in the SOC level at which charge sustaining operation occurs.  Thus, in all 
architectures a PHEV powertrain runs under a charge-depleting control algorithm until 
the defined lower limit on the SOC is reached, and then runs under a charge-sustaining 
algorithm.  To date there is no such synergistic control algorithm in the open technical 
literature for accomplishing this control (to this author’s knowledge).  This is an open 
problem on the same level of importance to continued development of components such 
as battery chemistries, power electronic controllers, and electric machines. 

In order to displace an appreciable quantity of petroleum-based fuels with grid-supplied 
electric energy, the battery energy storage capacity for a PHEV must be substantially 
increased over conventional HEVs now on the market.  As discussed above, the present 
methodology for denoting this capacity is to designate the PHEV with a suffix indicating 
its pure electric range.  For example, a PHEV-40 would have a battery capable of 
supplying enough electric energy to drive the vehicle 40 miles as a pure battery electric 
vehicle.  The only problem with this designation is that the driving schedule for this 40-
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mile electric-only operation is not usually specified.  Driving 40 miles on a level grade at 
a constant speed of 35 mph takes much less energy than driving this same distance at 65 
mph, particularly at some positive grade.  In addition, repeated rapid accelerations 
consume much more energy than more gradual accelerations. 

3.3 An Analytic Approach to Determine Daily Recharge Energy per Vehicle 
This section presents an approach that gives an estimate of the liquid fuel and electric 
energy usage based on the EPA published mpg (miles-per-gallon) values.  This 
methodology is based on using the average mpg values for each vehicle class to 
determine the energy input for the vehicle required for actual driving.  The EPA 
publishes the overall vehicle mpg values assuming 55% usage on the UDDS- and 45% on 
the HWFET-schedule (i.e. 55% urban, 45% highway).  Drivers generally observe their 
actual mpg to be only approximately 80% of this EPA value mainly because in actual 
driving higher vehicle speeds and other factors occur [3.1].  For example, the HWFET 
has a maximum cruising speed of only 55 mph.  Actual highway driving is generally at 
speeds in the range of 65 – 75 mph, thus increasing the aerodynamic drag power that 
varies as the cube of the vehicle velocity.  The calculation of the required recharging 
electric energy from the grid per day for each vehicle in class-  is computed as follows. 

A key parameter in the operation of a PHEV, denoted as , gives the fraction of the 
total energy input (to the engine and to the electric drive controller) that is taken by the 
electric drive controller over a specified driving schedule.  Thus, we have

 (3.1)

where  is the total energy input to the engine and electric drive controller 
and  is the energy delivered by the batteries to the electric drive controller. 

A value of  represents a charge-sustaining HEV, since no net energy is drawn 
from the battery.  Conversely, if the control algorithm would not start the engine at all, 
then , and all of the driving energy comes from the battery supplying the 
electric drive controller.  This is a ZEV pure battery-electric vehicle.  For a PHEV the 
actual value of  is somewhere between these two limiting values.  We can 
reasonably assume that  is independent of vehicle class-  under the concept that all 
control algorithms would be designed in a similar fashion to transfer the same fraction of 
the required energy per mile to the driven wheels.  In other words, the battery energy is 
always to be blended with the energy from the IC engine to maintain performance criteria 
and minimize liquid fuel consumption, and this optimal blending is independent of 
vehicle class and even system architecture. 

The primary dependence of  is on the daily miles driven.  For example, if the daily 
miles are within the ZEV range, and the control algorithm knew this fact apriori (i.e. 
before actually doing this daily drive), then a faster depletion of battery energy could be 
implemented and  would have a larger value.  Conversely, if the planned drive 
greatly exceeded the ZEV range, then a smaller fraction of the input energy would come 
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from the battery, and  would have a smaller value.  We use a range of values for 
. 

For a conventional vehicle, the energy (kWh) input per mile from the fuel tank for a 
vehicle in class-   is given by 

 

where  is the energy density of the liquid fuel in kWh per gallon.  It is well 
documented that on average a conventional powertrain transfers only a small portion of 
this fuel energy to the driven wheels.  This fraction is denoted as .  A much larger 
portion of the battery output energy in a PHEV is delivered to the driven wheels due to 
the higher efficiency of the power electronic controller , and the higher efficiency 
of the drive motor  when compared to an IC engine.  Thus, if the PHEV is driven 
only on the electric drive

A second key parameter is the turn-around efficiency of the battery defined as .  This 
efficiency defines the average energy that can be withdrawn from the battery for a given 
amount of charging energy into the battery.  Again we use some constant average value 
neglecting the fact that the energy that can be withdrawn from a charged battery is a 
function of the rate at which this energy is withdrawn (i.e. the instantaneous power out of 
the battery).  The efficiency of the charger  also needs to be included.  Thus, 
finally we have the following expression for the recharging energy (kWh) per mile that 
would be required from the grid , as a function of , for each vehicle in the 
defined system area

 

, termed ZEV operation, from stored battery energy, the required 
energy out of the battery would be 

 

(3.2)

The total number of vehicles in a defined system area, excluding large trucks and busses, 
is denoted as .  Table 3.1 defines the notation to compute the number of these vehicles 
that are PHEVs in each defined vehicle class.  Now we need to estimate how many miles 
each vehicle is driven each day.  A simple approach for this estimate is to assume an 
average total number of miles a vehicle is driven per year and then simply divide by the 
number of days in a year.  Thus if we assume that on average a vehicle is driven  = 
12,000 miles/year, this gives an average daily mileage of (12,000/365) = 33 miles/day.  A 
more interesting approach would be to start with the probability function expressing the 
probability that a specified number of miles are driven each day.  Then the resulting 
required recharge energy, per vehicle, per day would also be worked out in terms of a 
probability function.  In other words, the load that a fleet of PHEVs would put on the grid 
would be expressed as a probabilistic function.  Here initially we use the average 
calculation above. 
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Starting from Equation 3.2 that is used to compute the daily recharge energy per vehicle 
in class– , per mile driven we have the following expression for the total recharge energy 
(WMh) required per day for the entire system area

 
(3.3)
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Figure 3.1: Computation of grid-supplied recharge energy for PHEVs (kWh/mi) for four 

vehicle classes and 0 ≤ kPHEV ≤ 1.  Also computed is the MWh/day and added gross 
income in $/day. 

Note that Figure 3.1 uses MathCad software that has the ability to automatically change 
units.  For example, if we define the variable = 12,000 mi/yr, then if we want the 
value of  in terms of mi/day, we simply need to specify the desired units as mi/day, 
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and MathCad automatically divides by 365 days/yr.  Thus the factor 1/365 in Equation 
3.3 does not explicitly appear in the evaluation of EGrid_Total in Figure 3.1 above. 

Some details of the values used in the above Figure 3.1are summarized as follows: 

• The total number of light duty vehicles in the entire U.S. fleet is taken to be  = 
236⋅106 vehicles.  The total number of these that are PHEVs is assumed to be 

 with the distribution by class as defined by the vector . 

• The miles-per-gallon for each vehicle class are the values in Table 3.2. 

• The total miles driven for each vehicle is assumed to average  miles/year. 

• The retail charge for electric energy is assumed to be / kWh . 

• All other parameters needed in Equations 3.2 and 3.3 are defined in Figure 3.1: 
Computation of grid-supplied recharge energy for PHEVs (kWh/mi) for four 
vehicle classes and 0 ≤ kPHEV ≤ 1.  Also computed is the MWh/day and added 
gross income in $/day. 

•  above. 

With these parameter values and assumptions, we have the following key results: Table 
3.3 summarizes the grid supplied recharge energy the four classes of PHEVs would 
require per mile driven with  using the combined EPA mpg fuel efficiency to 
drive the Federal Test Procedure (FTP). 

Table 3.3: Required recharge energy for PHEVs in the four class sizes defined in Table 
3.1 and Table 3.2 driven with 70% of the input energy from the battery (kPHEV = 0.7). 

Vehicle 
Class 

Grid Supplied 
Recharge Energy 
kWh/mile Driven 

1 0.170 
2 0.204 
3 0.296 
4 0.303 

 
With  

• The recharge energy all these PHEVs (10% of all light-duty vehicles) would 
require computes to a value of  GWh/day. 

• The added gross income at / kWh to the electric utilities supplying this 
electric energy computes to be million/day. 

• If this recharging were all done in an off-peak 6-hour window each day, then the 
average total added generation over this period would be  
GW. 

With the total generating capacity in the U.S. at about 950 GW, this added off-peak 
generation is only 3.3% of this installed capacity.  Without considering power generating 
availability in specific areas, the electric power system has plenty of capacity to meet the 
recharging needs of a fleet of PHEVs that are 10% of all light-duty vehicles.  An 
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extensive analysis of the capacity of the existing U.S. electric power system to recharge 
the light-duty vehicle (LDV) fleet (i.e. cars, pickup trucks, and SUVs) concludes that 
73% of all these vehicles could be supported using generating, transmission, and 
distribution capacity presently installed [3.2].  If the charging period were constrained to 
6 pm to 6 am then this percentage is reduced to 43%.  Clearly the present electric power 
system has the capacity to supply an appreciable fraction of our countries required 
transportation energy in terms of PHEVs. 

3.4 PHEV Simulation Methodology 
In this present section, results obtained for a set of model vehicles using the software 
vehicle simulation package Powertrain System Analysis Toolkit (PSAT) v.6.2 developed 
by DOEs Argonne National Labs are presented [3.3].  These results from simulation are 
compared to those obtained by the analytic calculation methodology in the previous 
Section 4.3.  PSAT includes a multitude of Matlab/Simulink/State Flow models of the 
components in conventional and hybrid powertrains of various architectures.  These 
individual component models can be assembled to represent a particular overall vehicle 
model that also includes models for the driver and a vehicle powertrain control strategy.  
This control strategy includes transmission shift maps for manual and automatic 
transmissions as well as torque-blending strategies for parallel and split-power hybrid 
powertrains.  The engine models selected include emission maps for the three regulated 
emissions HC, CO, and NOx, and the greenhouse gas CO2.  Once the complete vehicle 
model has been selected, PSAT allows for the simulated operation of this vehicle over a 
wide available selection of driving schedules 

PSAT uses a fundamental simulation approach involving a determination of the road-load 
power each vehicle class requires over a specified velocity vs. time profile or driving 
schedule.  Here we have selected to use three schedules, namely UDDS, HWFET, and 
US06.  The approach used by PSAT requires values for the parameters of the vehicle 
including its mass, drag coefficient, frontal area, and rolling coefficient, as given above in 
Table 3.2 for our four vehicle classes.  In addition, the road-load power is highly 
dependent on both the driving schedule and the road grade.  The conventional equation to 
determine a vehicles road-load power is given by

 

(3.4)

The symbols in this equation are defined in the Nomenclature section.  Further, this 
equation describes the road load power required for vehicles in each class- .  This 
subscript has been removed for convenience.  Please note that this convenience is also 
taken in the following equations in this section. 

The terms in the square bracket represent the following four forces influencing the 
motion of the vehicle: rolling resistance, road grade, aerodynamic drag, and inertial 
effects, respectively.  Multiplying these forces by the vehicle velocity  gives the total 
power required at the driven wheels to meet a specified velocity profile.  Note that the 
road-load power can be negative due to a negative grade and/or deceleration with 
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.  PSAT computes this time dependent road-load power over the selected 
driving schedule.  Then by using a model for the vehicle driver, more or less input power 
from the liquid fuel and the battery is commanded such that the vehicles simulated speed 
matches the driving schedule speed.  When the driver model sees a speed error, more or 
less power is commanded similar to a real driver moving the accelerator pedal to achieve 
a desired speed. 

The PSAT output summary for each simulation provides the values of the total energy 
provided by the liquid fuel (gasoline) fed into the engine, , and the total energy 
supplied by the battery, , over the specific driving schedule.  By adjusting parameters 
in the control algorithm and the energy capacity of the battery, the relative values of 

 and  can be adjusted.  Then the value of  is determined from Equation 
3.1. 

Finally, the required grid supplied electric energy to replace the electric energy used over 
this driving schedule can be computed from 

 (3.5)

where  and  are the efficiency of the power electronic charging circuit, and 
the turn-around efficiency of the battery, respectively.  The vehicle emissions over a 
specified driving schedule are also computed by the PSAT simulations.  PSAT provides 
data on the three regulated emissions of HC, CO, and NOx, as well as the green-house gas 
CO2. 

Before presenting the simulation results, the three driving schedules used are shown in 
Figure 3.2, Figure 3.3, and Figure 3.4. 

. 

 
Figure 3.2: US06 driving schedule of 8 mi, over 600 sec with a peak speed of 80.29 mph, 

an average speed of 47.96 mph, and 5 stops totaling 45 sec duration. 

0

10

20

30

40

50

60

70

80

90

0 150 300 450 600

V
el

oc
it

y 
[m

ph
]

Time [sec]



 

22 

 

 
Figure 3.3: UDDS driving schedule of 7.45 mi, over 1369 sec with a peak speed of 56.7 

mph, an average speed of 19.58 mph, and 17 stops totaling 259 sec duration. 

 

 
Figure 3.4: HWFET driving schedule of 10.26 mi, over 764 sec with a peak speed of 59.9 

mph, an average speed of 48.27 mph, and 1 stop totaling 5 sec duration. 

For the PHEV simulations, a pre-transmission parallel architecture was selected with a 
spark-ignited internal combustion engine and a single permanent magnet electric motor.  
Pre-transmission, as explained in Section 2.3, means that the torque of the engine and the 
electric motor are mechanically combined ahead of the gear-changing transmission.  Thus 
both the torque outputs of the engine and motor are multiplied by the transmission gear 
ratio before being applied to the final drive and then to the driven wheels.  Simulations in 
each vehicle class were also run for a conventional IC engine only architecture.  Tables 
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3.4 –3.8 give the numerical results for the simulations of the engine-only powertrain 
followed by the four classes of hybrid powertrains, respectively.  The table captions give 
details of the PSAT vehicle model, IC engine size, electric motor size, and vehicle mass. 

Table 3.4: Engine-only simulation results for the four vehicle classes. 

Class Drive Schedule MPG [mi/gal] NOx Per Mile[kg/mi] CO2 Per Mile [kg/mi] 
1 HWFET 33.21 9.190E-05 0.2715 

UDDS 26.17 1.508E-04 0.3446 
US06 25.82 2.042E-04 0.3483 

2 HWFET 18.54 1.593E-04 0.4866 
UDDS 14.17 2.530E-04 0.6366 
US06 14.21 3.448E-04 0.6341 

3 HWFET 19.31 1.453E-04 0.4674 
UDDS 12.17 2.651E-04 0.7411 
US06 14.20 3.090E-04 0.6351 

4 HWFET 14.07 1.946E-04 0.6411 
UDDS 11.42 2.904E-04 0.7902 
US06 11.16 4.032E-04 0.8081 

 

Table 3.5: Hybrid powertrain simulation results for a compact Class-1, Ford Focus 
vehicle model, ICE = 40 kW, electric motor = 85 kW, mass = 1301 kg. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi] 

GPM 
[gal/mi] 

NOx Per Mile 
[kg/mi] 

CO2 Per Mile 
[kg/mi] 

HWFET 0.1156 0.0807 0.0146 7.720E-05 0.1316 
0.2183 0.1471 0.0125 5.100E-05 0.1123 
0.7196 0.2508 0.0023 6.700E-06 0.0208 
1.0000 0.2626 0.0001 0.00 0.00 

UDDS 0.1461 0.1167 0.0162 7.080E-05 0.1457 
0.2757 0.1973 0.0123 4.790E-05 0.1109 
0.5193 0.2666 0.0059 2.040E-05 0.0528 
1.0000 0.2235 0.0001 0.00 0.00 

US06 0.1141 0.1281 0.0235 1.273E-04 0.2115 
0.1803 0.1820 0.0196 1.016E-04 0.1760 
0.4114 0.3162 0.0107 4.920E-05 0.0963 
0.9463 0.4341 0.0006 2.300E-06 0.0052 
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Table 3.6: Hybrid powertrain simulation results for a full size Class-2, Ford Taurus 
vehicle model, ICE = 50 kW, electric motor = 125 kW, mass = 1638 kg. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi] 

GPM 
[gal/mi] 

NOx Per Mile 
[kg/mi] 

CO2 Per Mile 
[kg/mi] 

HWFET 0.1131 0.0987 0.0183 1.025E-04 0.1651 
0.1210 0.1070 0.0184 1.022E-04 0.1659 
0.1340 0.1117 0.0171 9.500E-05 0.1538 
0.4617 0.2698 0.0074 3.250E-05 0.0671 
0.6035 0.2808 0.0044 2.230E-05 0.0393 
0.7829 0.2952 0.0022 9.300E-06 0.0197 

UDDS 0.1898 0.1818 0.0186 8.860E-05 0.1680 
0.4534 0.3168 0.0091 3.100E-05 0.0820 
0.7613 0.3016 0.0023 7.800E-06 0.0203 
0.9664 0.2950 0.0002 1.000E-06 0.0022 
1.0000 0.2866 0.0001 0.00 0.00 

US06 0.0992 0.1374 0.0300 1.370E-04 0.2692 
0.1215 0.1609 0.0278 1.367E-04 0.2492 
0.3608 0.3539 0.0149 6.960E-05 0.1336 
0.5108 0.4232 0.0097 3.990E-05 0.0864 
0.9199 0.4672 0.0010 3.600E-06 0.0087 

 

Table 3.7: Hybrid powertrain simulation results for an SUV Class-3, Ford Taurus vehicle 
model, ICE = 125 kW, electric motor = 150 kW, mass = 2159 kg. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi] 

GPM 
[gal/mi] 

NOx Per Mile 
[kg/mi] 

CO2 Per Mile 
[kg/mi] 

HWFET 0.0482 0.0780 0.0364 1.307E-04 0.3287 
0.2976 0.2950 0.0165 5.250E-05 0.1484 
0.4217 0.3790 0.0123 3.800E-05 0.1108 
0.7746 0.4143 0.0029 9.400E-06 0.0257 
1.0000 0.4247 0.0001 0.00 0.00 

UDDS 0.0596 0.1145 0.0427 1.612E-04 0.3850 
0.3006 0.3927 0.0216 7.370E-05 0.1949 
0.6990 0.3889 0.0039 1.240E-05 0.0357 
1.0000 0.3872 0.0001 0.00 0.00 

US06 0.0530 0.1165 0.0492 2.436E-04 0.4436 
0.1872 0.3362 0.0344 1.549E-04 0.3108 
0.3516 0.5259 0.0228 8.750E-05 0.2064 
0.4718 0.6694 0.0176 6.400E-05 0.1595 
0.7168 0.7204 0.0066 2.260E-05 0.0605 
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Table 3.8: Hybrid powertrain simulation results for a Large Truck Class-4, GM Silverado 
vehicle model, ICE = 125 kW, electric motor = 225 kW, mass = 2497 kg. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi] 

GPM 
[gal/mi] 

NOx Per Mile 
[kg/mi] 

CO2 Per Mile 
[kg/mi] 

HWFET 0.0630 0.1024 0.0361 1.746E-04 0.3254 
0.2503 0.2985 0.0212 9.000E-05 0.1909 
0.5925 0.4820 0.0078 3.240E-05 0.0706 
0.9096 0.5155 0.0012 4.600E-06 0.0109 

UDDS 0.0719 0.1494 0.0461 1.892E-04 0.4158 
0.3406 0.4816 0.0221 7.720E-05 0.1987 
0.7526 0.4819 0.0037 1.320E-05 0.0338 
1.0000 0.5189 0.0001 0.00 0.00 

US06 0.0577 0.1360 0.0532 2.642E-04 0.4770 
0.3484 0.5736 0.0253 1.342E-04 0.2280 
0.4982 0.6986 0.0165 8.500E-05 0.1497 
0.6900 0.7606 0.0080 3.860E-05 0.0726 
0.8776 0.8530 0.0028 1.270E-05 0.0253 

 

3.5 Engine-Only Fuel Efficiency Comparison 
Table 3.4 shows the simulated results for a conventional IC engine-only vehicle over the 
three driving schedules for the defined four vehicle classes.  The Federal Test Procedure 
(FTP) computes a combined mpg by assuming that 55% of the miles driven are on the 
urban UDDS schedule and 45% of the miles are on the highway HWFET schedule.  The 
calculation of combined mpg uses the formulation given by 

 

Now using the mpg for these two driving schedules from Table 3.4 for each vehicles 
class, we obtain the combined mpg as given in .  The EPA values from Table 3.9 are 
included for comparison purposes. 
 

Table 3.9: Combined mpg for conventional vehicles (engine-only) from PSAT 
simulations and from the EPA average values for each vehicle class. 

Vehicle Class Simulated Values EPA Average Values 
Class-1 Compact 28.93 29.72 

Class-2 Full Size Sedan 25.48 24.84 
Class-3 Medium SUV 15.85 17.11 

Class-4 Large Pickup Truck 12.48 16.70 
 
The values in Table 3.9 compare fairly well except for the Class-4 Large Pickup Truck 
case.  The Chevrolet Silverado is a vehicle in this Class-4.  The standard engine for this 
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truck is 6.0 L, 360 hp (269 kW).  The EPA value of 16.7 mpg would indicate that the 
actual Silverado has a more fuel efficient engine than the scaled-up engine model used in 
the simulation. 

From the data in Tables 3.5 – 3.9, Figures 3.6 and 3.8 are plotted showing the energy 
required from the grid to recharge PHEVs and the miles-per-gallon of gasoline 
consumed, respectively, over the three driving schedules.  In addition, these figures also 
contain computed results for these same operational variables using the analytic 
methodology presented above.  The details of these computed plots are in Figures 3.5 and 
3.7, respectively.  The results are all plotted vs. the percentage of the total input energy 
that is supplied by the battery denoted as .  This design parameter, in the range 

, is a key parameter in the control algorithm for a PHEV.  The aim of this algorithm 
should be to maximize , for any given driving schedule, as this will minimize 
petroleum consumption and vehicle emissions.  Note that, a  value equal to 0 
represents a charge-sustaining vehicle, and a  value of 1 represents a pure battery 
electric vehicle. 

3.6 Grid Supplied Recharge Energy 
The computed plots in Figure 3.6 are determined by the calculations in Figure 3.7.  For 
all vehicle classes these computed plots most nearly match the UDDS and HWFET 
schedules, as these two schedules are the basis for the EPA combined mpg values used in 
the calculations in Figure 3.5.  Figure 3.6 is a plot of the recharging energy from the grid 
per mile that each PHEV class vehicle would require if driven over each of the three 
driving schedules.  Figure 3.6 has been drawn assuming that the electric energy out of the 
battery per mile on each of the three cycles must be replaced by recharging energy drawn 
from the grid.  Turn-around efficiency for the battery  has been assumed.  
Also, charger efficiency is set at   Thus,  of the 
electric energy drawn from the grid actually comes out of the battery while driving.  Note 
that, the most aggressive US06 driving schedule requires the most recharging energy, as 
would be expected. 
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Figure 3.5: Calculation of the grid-supplied energy per mile for the four vehicle classes. 
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Figure 3.6: Energy-per-mile that would be required from the grid by the four vehicle 
classes as a function of kPHEV, the fraction of the total input energy from the battery. 
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3.7 Fuel Efficiency 
Using the EPA miles-per-gallon values in Table 3.9, the following calculation in Figure 
3.7 gives an estimate of the miles-per-gallon of gasoline that a PHEV achieves as a 
function of  that is the fraction of the input energy supplied by the battery.  This 
approximate calculation simply assumes that the gallons of gasoline decreases linearly as 

 increases.  These computed results are shown as the computed line in Figure 3.8 
for each vehicle class. 
 

 
Figure 3.7: Calculation of miles per gallon of gasoline for the four vehicle classes. 

A more accurate estimate of the fuel efficiency coming from the PSAT simulation data is 
also shown in Figure 3.7.  Again, the miles-per-gallon of gasoline used to drive each of 
the three driving schedules are plotted as a function of .  All plots show that as 
more of the energy to drive the vehicle comes from grid-supplied electric energy, the 
miles-per-gallon of gasoline greatly increases.  For a value of , Figure 3.8 
shows that the three schedules UDDS, HWFET, and US06 would be driven in excess of 
100 miles-per-gallon of gasoline for all four vehicle classes.  These results clearly show 
the significant potential that PHEVs have to reduce oil consumption far beyond diesel 
engine technology or even currently available charge-sustaining hybrid-electric vehicles 
(HEVs). 
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Figure 3.8: Miles-per-gallon of gasoline as a function of the percentage of the total input 

energy from the battery. 
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4. Regulated Emissions and Greenhouse Gas Emissions for PHEVs 

4.1 Introduction 
Plug-in hybrid electric vehicles (PHEVs) are to be designed to substitute grid-supplied 
electric energy for the motive energy now supplied by a petroleum-based fuel, gasoline or 
diesel.  The result of this fuel substitution is that there will be less tailpipe emissions of 
regulated emissions and greenhouse gases with an increase in emissions from the electric 
power plants in producing the energy required to recharge these PHEVs.  This section 
defines the emissions regulated by the Environmental Protection Agency (EPA), and then 
presents an analysis to see which way the balance between emissions for conventional 
vehicles and PHEVs swings.  This key question is simply will we have more or less 
regulated emissions and greenhouse gasses with PHEVs as part of our light-duty vehicle 
fleet as compared to the present fleet with no PHEVs? 

4.2 Regulated Tailpipe Emissions 
We start by considering tailpipe regulated emission standards for conventional vehicles.  
These standards date back to 1970, and have undergone a series of revisions to reduce 
what is allowed.  The latest standard passed in 2000 to be implemented by 2004 is known 
as the Tier2 Standard for Passenger Cars and Light Trucks.  These latest standards apply 
to light-duty vehicles that are defined as vehicles having a curb weight less than 6000 lbs.  
These Standards are defined to limit the following emissions that are known as Regulated 
Emissions: 

• Nitrogen Oxides (NOx), including NO nitrogen monoxide, and NO2 nitrogen 
dioxide. 

• Non-Methane Organic Gases (NMOG) consisting primarily of hydrocarbons such 
as carbon monoxide (CO). 

• Volatile Organic Compounds (VOCs). 

• Particulate Matter (PM) in the case of diesel engines. 

NOx and NMOG contribute to the formation of ozone that is a prime contributor to smog.  
Smog and PM cause serious health risks, particularly with persons having respiratory 
conditions.  Another aspect of this newest Tier2 Standard is that for the first time the 
Standard would apply identically to both passenger vehicles and light-duty trucks. 

Along with two earlier Standards, Tier 1, and National Low Emission Vehicle (NLEV), 
the latest Tier2-Bin 5 Standard is summarized in Table 4.1.  Note in Table 4.1 how the 
emission standards have been steadily tightened since the mid 1990s.  In fact, the 
statement often heard in California where the drive towards lower emissions has been 
consistent is that the older 10% of their vehicle fleet account for 90% of the regulated 
emissions. 
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Table 4.1: Regulated exhaust emission standards in (grams per mile) [4.1]. 
Standard NOx NMOG HC PM 

Tier 1 (1996) 0.60 0.320 4.400 0.10 
NLEV (1999) 0.40 0.100 2.200 0.05 
Tier2 (2004) 0.07 0.090 0.01 0.01 

 
In Table 4.1 the NOx value for the NLEV standard is taken to be the average value 
between Cars at 0.3 gm/mi and SUVs, Minivans, and Trucks < 6000 lbs at 0.5 gm/mi. 

4.3 Comparison of NOx Emissions Conventional Vehicles and PHEVs 
NOx emissions are produced in energy conversion processes at higher temperatures and 
pressures, particularly with diesel engines.  A basic thermodynamic principle is that the 
efficiency of any process converting heat energy to mechanical energy has higher 
efficiency (i.e. more mechanical energy output per unit of fuel burned) if this process 
burns fuel at the highest possible temperature.  In Europe, diesel engines are more 
common than the spark ignited engines in the U.S., as fuel is much more expensive than 
in our country, and diesels use less fuel.  Diesel engines in passenger cars in the U.S. 
market are not very common partially because they cannot meet our NOx emission 
standards.  The German manufacturers, Volkswagen, BMW and Mercedes, have made 
much progress in producing what are termed “clean diesels” that will meet Tier2 NOx 
standard levels.  By 2007 all new passenger and light-duty trucks must meet the Tier2 – 
Bin5 level for NOx of 0.07 grams/mile.  A phase-in period from 2004 to 2007 was 
allowed, but now (in 2009) the Standard should be met by all new vehicles.  In preparing 
the newest Tier2 Standard, the EPA realized that the fuel used must also be altered.  In 
particular, the sulfur content of gasoline and diesel fuels produced by domestic refiners, 
and also sold by gasoline importers, must meet an average sulfur standard of 30 ppm 
(parts per million) and a cap of 80 ppm.  This requirement is the basis for diesel fuel 
selling at a higher price than all gasoline grades, even premium. 

Figure 4.1 below presents a calculation that compares the NOx emissions from 
conventional vehicles to the total NOx emissions from PHEVs plus the powerplant 
emissions due to the added generated electric energy needed to recharge these PHEVs.  
The recharge energy uses the electric energy per mile values computed in Figure 3.5 for 
our four vehicle classes.  This Figure 4.1 assumes that the PHEV engine in each class 
meets the Tier2 NOx Standard and receives  of its drive energy-per-mile 
from these engines.  Then using the May, 2005 Clean Air Interstate Standard for NOx 
emissions from power plants of 0.15 lbs of NOx per MMBTU (MMBTU = 106 BTU), the 
additional NOx emissions-per-mile for the powerplant recharging energy that is  of 
the drive energy is added to give the total NOx emissions from PHEV tailpipes per mile.  
These emission totals are then compared to the Tier2 standard. 
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Figure 4.1: Regulated NOx emissions for PHEVs. 

Note in Figure 4.1 that this simple calculation indicates a reduction of total NOx 
emissions for PHEV Classes 1 and 2 with total emissions decreasing as  increases 
to 1.0 representing a Zero Emission Vehicle (ZEV) battery-electric powertrain.  
However, for the two larger Classes 3 and 4 the NOx emissions increase as  
increases to 1.0.  This calculation is based on the assumption that in each vehicle class the 
IC engine in a conventional powertrain meets the Tier2-Bin5 NOx standard of 0.07 
grams/mile.  If electric powerplants can meet the prescribed 0.15 lbs/MMBtu NOx 
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emission standard, then the introduction of Class 1 and 2 PHEVs will result in a net 
reduction of NOx emissions, while Classes 3 and 4 would require further powerplant NOx 
reductions to avoid net increases in NOx emissions.  In fact, a powerplant NOx emission 
standard of approximately 0.010 lbs/MMBtu is required to have a net NOx reduction for 
all PHEV vehicle classes for  over its entire range. 

4.4 PHEV NOx Emissions from PSAT Simulations 
Using the NOx data from the simulation results Tables 3.5 – 3.8, Figure 4.2 is drawn for 
Classes 1 and 2, and Figure 4.3 is drawn for Classes 3 and 4.  The straight-line computed 
curve is a plot of [NOx_Gas] from Figure 4.1.  This is the NOx produced by the PHEV 
vehicle itself

 

, in each class, without accounting for the powerplant NOx emissions.  The 
powerplant emissions are not included in the PSAT vehicle simulations. 

 
Figure 4.2: NOx emissions for Class 1 and 2 vehicles as a function of the percent of the 

total input energy from the battery. 
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Figure 4.3: NOx emissions for Class 3 and 4 vehicles as a function of the percent of the 

total input energy from the battery. 

Figures 4.2 and 4.3 show, as would be expected, that meeting the Tier2-Bin5 standard of 
0.07 grams/mile for NOx emissions, the US06 driving schedule requires the largest value 
for , the fraction of the total input energy that comes from the battery.  Table 4.2 
lists the minimum value of  required for meeting the Tier2-Bin5 standard over each 
of the three driving schedules for each of the four vehicle classes. 

Table 4.2: Minimum value of kPHEV, the fraction of the total input energy that comes from 
the battery, required to meet the Tier2 Bin5 standard on each of the three driving 

schedules. 
Vehicle Class UDDS HWFET US06 

1 0.15 0.14 0.31 
2 0.33 0.30 0.37 
3 0.35 0.31 0.49 
4 0.40 0.40 0.62 

 
The results in Table 4.2 indicate that all classes of vehicles can meet this latest Tier2-
Bin5 standard if . 

4.5 Introduction to Greenhouse Gas Emissions 
The Kyoto Protocol was agreed upon on December 11, 1997 and entered into force on 
February 16, 2005 [4.2].  Both the U.S. and Australia are two major countries that have 
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not ratified this Protocol.  However, many individual states and cities in the U.S. have 
made commitments to the spirit of the Protocol.  The objective of this agreement is 

“to achieve stabilization of greenhouse gas concentrations in the atmosphere at a level 
that would prevent dangerous anthropogenic interference with the climate system. [4.3]” 
Here anthropogenic refers to processes that are derived by human activity as opposed to 
those occurring in natural environments without human influences.  As of June, 2007, 
172 parties have ratified the Protocol.  Of these, the Annex I signers include 36 countries 
plus the EU (European Union).  This Annex I group that emits 61.6% of the world’s 
greenhouse gas emissions is required by 2008 – 2012 to reduce their green house gas 
(GHG) emissions by a collective average of 5% below their 1990 levels.  For the 
collective EU countries this reduction corresponds to a 15% reduction below their 
expected GHG emissions in 2008.  There are six greenhouse gases in the Protocol that are 
as follows:  carbon dioxide, methane, nitrous oxide, sulfur hexafluoride, 
hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs).  The discussion below 
concentrates on the emission of carbon dioxide as this is a non-regulated emission 
common to power plants and to vehicles burning fossil fuels.  As a matter of interest 
China has now surpassed the U.S. in GHG emissions, and is not included in the Annex I 
group that has stated requirements on reducing emissions.  See the Kyoto Protocol 
website reference [4.2] for the reasoning behind this anomaly. 

4.6 Comparison of CO2 Emissions from Conventional Vehicles and PHEVs 
Recent studies show that the CO2 being released into the earth’s atmosphere by the 
burning of carbon-based fossil fuels is a major contributing factor causing global 
warming.  All fossil fuels contain carbon, and when these fuels are burned, the carbon 
combines with the oxygen in the air that supports combustion to form carbon dioxide.  If 
there is not enough air when the fuel is burned, then CO is formed.  This happens in an 
IC engine when the mixture of fuel to air is too high that is too rich.  The key point here 
is that CO2 is a natural product formed by burning all fossil fuels such as gasoline, diesel, 
coal, natural gas, etc.  We assume that PHEVs are designed, at least initially, to use a 
combination of gasoline or diesel fuel with electric energy.  Now we need to compare the 
emission of CO2 from a conventional vehicle to the sum of the CO2 produced by the IC 
engine in the PHEV plus the CO2 produced by the electric power plants in producing the 
added electric energy to recharge these PHEVs.  For convenience, we consider that the 
liquid fuel used by a conventional vehicle, and as one of the two fuels in a PHEV, is 
gasoline.  Thus, diesel fuel is initially not included since very few light-duty vehicles in 
the U.S. have diesel engines. 

Two key parameter values are needed to make this comparison.  The first involves the 
pounds (lbs) of CO2 produced by burning 1 gallon of gasoline.  The mass of carbon in 
gasoline is known to be grams/gal =  lbs/gal [4.4].  The molecular weight of 
carbon is 12, and the molecular weight of CO2 is 44.  In addition, it is customary to 
assume that 99% of the carbon is oxidized, (i.e. combines with oxygen in the air to form 
CO2).  Therefore the pounds of CO2 formed when burning one gallon of gasoline is given 
by 
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The second key parameter involves the pounds of CO2 emitted from electric power plants 
per kWh of generated electric energy.  This value depends on the fuel mix used to 
produce this electric energy.  If the power plant is either nuclear or hydro, then no CO2 is 
emitted.  However, if the power plant burns coal, natural gas, or fuel oil then CO2 is 
emitted.  In short, the amount of CO2 per kWh of output is dependent on the generation 
mix of the system being considered.  For simplicity, the value we initially use is the 
average for the power plants of the largest 100 electric utility companies in the U.S.  This 
value is 1.350 lbs of CO2/kWh [4.5].  Now Figure 4.3 below presents this comparison 
between the CO2 emissions from conventional vehicles to PHEVs as a function of the 
PHEV design parameter, , that is the fraction of the total input energy supplied by 
the battery. 

In Figure 4.3 the total CO2 emissions from PHEV tailpipes plus powerplant increased 
emissions due to the added generation for recharging in our four vehicle classes are given 
in the [CO2PHEV_Total] table.  The first column in this table gives the CO2 emissions 
for a charge sustaining vehicle with .  The second table 
[CO2_Reduction_Factor] gives the factor by which CO2 is reduced as a function of 

.  For example, with , CO2 emissions are reduced by a factor of 33.3%. 
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Figure 4.4: PHEV emission of the greenhouse gas, CO2. 

The CO2 Reduction Factor in the last table in Figure 4.4 can be directly computed from 

 

where the efficiency is defined by 

 

4.7 PHEV CO2 Emissions from PSAT Simulations 
Using the CO2 data from the simulation results Tables 3.5 – 3.8, Figure 4.5 is drawn for 
Classes 1 and 2, and Figure 4.6 is drawn for Classes 3 and 4.  The computed line is a plot 
of [CO2PHEV_Gasoline] in Figure 4.4.  This is the computed value of the CO2 emissions 
for the vehicle in each class without the emissions from the powerplants.  Note in all 
cases that this calculation gives higher CO2 emission levels than were actually obtained 
from the PSAT simulations.  The value of powerplant CO2 emissions used in Figure 4.4 
is 1.350 lbs of CO2/kWh from year 2000 and may be high.  The net conclusion is that 
PHEVs will give a substantial reduction in CO2 emissions in addition to substantially 
reducing gasoline consumption. 
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Figure 4.5: CO2 emissions for Class 1 and 2 vehicles as a function of the percent of the 

total input energy from the battery. 

 
Figure 4.6: CO2 emissions for Class 3 and 4 vehicles as a function of the percent  

of the total input energy from the battery. 
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5. Household Supply Requirements and PHEV Vehicle / Grid 
Interface Design 

5.1 Introduction 
In order to require minimal infrastructure changes for the recharging of Plug-in Hybrid 
Electric Vehicles (PHEVs), a standard 120 V three-prong grounded outlet is to be used.  
The connection to the vehicle could then be made using a standard extension cord with 
the proper current rating.  All recharging power-electronic circuitry would be on-board 
the vehicle.  This rectifying circuitry could then be matched to the specific battery 
chemistry used in the PHEV.  Thus, no stand-alone chargers would be needed, and the 
driver could plug into any electric power outlets within reach of his/her extension cord.  
The nominal rated current draw for each vehicle class is computed starting with the result 
in Equation 3.2 that gives the grid-supplied recharge energy per mile driven for each 
vehicle class- .  This rated current draw is determined starting with the energy per mile 
driven given by  for a given  from Equation 3.2.  Now specifying the total 
distance driven, the time for recharging, and outlet voltage, the rated current draw is 
given by

 
(5.1)

where  is the driving distance (miles),  is the recharging time (hr). and  is 
the wall outlet-socket voltage. 

Using Equation 5.1, Table 5.1 gives the current rating for a 120 V circuit required to 
recharge a PHEV having driven a distance , , and  miles in each of our four 
vehicle classes with the control algorithm maintaining   Thus, these driving 
distances are not driven on the batteries alone as a ZEV. 

Table 5.1: Current rating in (A) for a 120 V circuit with a recharge time interval of 6 
hours with kPHEV = 0.7. 

Vehicle Class 20-Miles 40-Miles 60-Miles 
1 4.73 9.46 14.20 
2 5.66 11.32 16.99 
3 8.22 16.44 24.66 
4 8.42 16.84 25.26 

 
As shown in Table 5.1, a 120 V branch circuit rated at 20 A is adequate for a 20 and 40 
mile drive for all four vehicle classes.  This same branch circuit could also handle a 60 
mile drive in classes 1 and 2 only.  For a 60 mile drive for classes 3 and 4, either the 
circuit must be wired to a 30 A rating (i.e. AWG-No. 10 wire) or the circuit voltage 
should be raised to 240 V, thus halving the current values given in Table 5.1.  Note in 
Equation 5.1 that if the branch-circuit voltage is doubled, then the recharge time could be 
halved to 3 hrs. and the same current ratings in Table 5.1 would be obtained. 
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5.2 Feasibility of Battery Packs for PHEVs 
As previously pointed out, there is at present no production PHEVs on the market.  
However, we can get some idea of what probable designs will be produced by 
considering the required battery pack rated energy storage for a PHEV operating at a 

 value.  Thus, for each vehicle class we want to compute the kWh and Ah 
ratings of the battery pack that would give the three ZEV ranges in Table 5.1 with this 
preferred value of .  This computation must include a factor that specifies the 
allowable SOC-range.  This factor, ΔSOC involves the minimum SOC that is allowed 
during battery-only charge-depleting operation before the control algorithm switches to 
charge-sustaining operation.  Thus, for example, a ΔSOC = 80% would allow charge 
depletion from an SOC = 100% down to an SOC = 20%.  The minimal battery rating can 
be determined from Equation 3.2 that gives the required recharging energy per mile for 
each vehicle class.  Thus, the minimal battery energy rating is given by

 
(5.2)

The Ah rating is a common way of normalizing the battery-pack energy storage rating by 
dividing the energy in Equation 5.2 by the rated voltage of the battery pack.  The value of 
a battery cells Ah rating, in effect, gives the charge that each individual cell can store. 

Now using Equation 5.2, Table 5.2 is computed for each vehicle class over our three 
driving distances, assuming that , and ΔSOC = 80%.  A nominal pack 
voltage of 336 V is arbitrarily chosen in the computation of Ahrs.  Note that if we choose 
a higher nominal voltage, then the Ah rating of each cell is reduced, but we need more 
cells in series to achieve this higher pack terminal voltage.  So the weight and volume of 
the battery pack tends to stay constant.  However, a higher pack voltage reduces 
controller and motor losses. 

Table 5.2: Battery pack rating for each vehicle class over the three driving distances 
(kWh / Ah). 

Vehicle Class 20-Miles 40-Miles 60-Miles 
1 3.83 / 11.41 7.7 / 22.82 11.50 / 34.22 
2 4.59 / 13.65 9.17 / 27.30 13.76 / 40.95 
3 6.66 / 19.82 13.32/39.63 19.97 / 59.44 
4 6.82 / 20.30 13.64 / 40.60 20.46 / 60.90 

 
The battery chemistry presently considered the best choice for PHEVs is Lithium-Ion (Li-
Ion).  This chemistry has the highest energy and power densities of all chemistries.  Table 
5.3 contains data on three currently available Li-Ion cells from SAFT, a major producer 
of Li-Ion batteries for hybrid vehicles that look reasonable for a PHEV design. 
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Table 5.3: Data for available SAFT Li-Ion battery cells. 
Cell Type VL 41M VL 30P VL 12V 

Nominal Voltage (V) 3.6 3.6 3.6 
Avg. Capacity (Ah) 41 (C/3) 28 (C/1) 12 (C1) 

Specific Power (W/kg) 794 1136 5000 (18 sec) 
Specific Energy (Wh/kg) 136 97 74 
Energy Density (Wh/liter) 285 209 175 

Peak Current (A) 300 (30 sec) 500 (10 sec) 3200 (2 sec) 
Cell Weight (kg) 1.07 1.1 0.64 

Cell Diam. / Ht. (mm) 54.3 / 222 54 / 222 47 / 173 
Cell Volume (dm3=liter) 0.51 0.51 0.27 

 
In Table 5.3 the (C/3) indicates that the battery is discharged at a constant current = (1/3 
its Ah value) over a time period of 3 hours.  Thus a cell rated for C/3 at 60 Ah could 
deliver 20 A for 3 hours.  Note that its C/1 rating would be less than 60 Ah as the current 
it could deliver for 1 hour is less than 60 A, so the C/x value must be specified when an 
Ah rating is given.  Battery manufacturers often quote a C/20 rating as that gives a much 
higher Ah value than C/1 or C/3. 

The VL 41M cell is a medium energy cell that represents a compromise between peak 
power and energy storage, and is reasonable for a PHEV design.  The VL 30P and 
VL12V cells are more suitable for charge sustaining HEVs that need high power output 
but much less energy storage.  Notice that the VL 41M has an Ah capacity (41 Ah) 
sufficient for all vehicle classes for charge depleting operation with  over 
driving distances of 20 and 40 miles.  For a 60 mile charge depleting drive, at this same 

 value, the VL-41M cell is only suitable for vehicles in class 1 and 2.  For a 60 mile 
charge depleting drive in classes 3 and 4, a cell with more energy storage is needed or 
charge depleting operation would start short of 60 miles. 

If we assume a battery pack nominal terminal voltage of 336 V, then 94 cells in series 
would be needed.  Using VL 41M cells, the weight of the 94 cells would be (94⋅1.07) = 
100.6 kg (221 lbs).  For the volume calculation, a packing factor 4/π is needed for these 
cylindrical cells.  Thus, the minimum volume for 94 cells is ((4/π)⋅94⋅0.51) ≈ 61 liters 
(2.2 ft3).  Both the weight and volume are reasonable values.  The conclusion here is that 
a 40 mile charge depleting operation is a reasonable design target with the control 
algorithm aimed at maintaining an average . 

5.3 Introduction to Vehicle / Grid Interface Design 
This section considers the design issues for the connection of a PHEV to the electrical 
distribution system.  The basic thesis of the designs to be considered here is that all of the 
electronics for electric energy flow control and communication should be on-board the 
vehicle and not in a special charging station in a customer’s garage or other plug-in 
location.  This specification for on-board electronics is proposed so that there is 
essentially no special house rewiring needed after a PHEV is purchased.  The only 
exception might be to have a 240 V, 30 A outlet installed in the garage to allow for more 
rapid electric energy interchange.  This higher voltage receptacle has the same 
specifications as an ordinary electric clothes dryer or an electric oven outlet, and in new 
homes could be readily installed during construction.  For older homes, such an outlet 
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could usually be installed with minimal difficulty.  Thus, the only equipment external to 
the vehicle needed by the driver of a PHEV would be an extension cord of suitable rating 
with a male plug at one end for the 120 V or 240 V wall receptacle and a female plug at 
the other end to plug into a mating male receptacle under an access door on the vehicle.  
If two extension cords were supplied, one with a 120 V male end and the other with a 240 
V male end, then the vehicle could be plugged into any receptacle in any location 
convenient for the driver using the appropriate extension cord. 

5.4 On-Board Electronic Requirements 
Now let us consider the requirements for the on-board electronics.  These requirements 
are grouped into four levels in order to allow for increasing functionality. 

5.4.1 Level-0 
All electric drives require a power electronic controller between the battery pack and the 
electric-drive motor.  This electric motor is either an induction motor or a permanent-
magnet field synchronous or brushless-dc motor.  For either motor type, the controller 
must have power-electronic circuitry that inverts the dc-electric energy from the battery 
into ac-electric energy for the stator of these electric motors.  This same power-electronic 
circuitry can also be used to rectify the ac-electrical energy from a wall receptacle into 
dc-electrical energy to recharge the battery pack.  Thus, the level-0 interface would 
simply include the following features: 

1. A control for the controller circuitry that would modulate the charging electrical 
energy injected into the battery pack.  Generally, this energy is applied at a 
constant current until some specified battery pack terminal voltage is reached.  
Then the charging energy is supplied at constant voltage until a specified higher 
battery pack terminal voltage is reached whereupon charging is discontinued.  
This constant voltage charging is known as a finish charge.  The advantage of 
having this charging control on-board the vehicle is that it can be matched to the 
specific battery chemistry used in the battery pack. 

2. A sensor that would not allow the vehicle to be operated if the female plug on the 
extension cord were inserted into the vehicle charging port.  This sensor could 
also be on the charging port access door, as this door could not close if the 
extension cord plug were not removed. 

All battery pack cooling and cell equalization would be designed into the battery pack for 
proper operation during both recharging and normal vehicle operation.  The level-0 
interface would supply recharge electric energy whenever the connection to the wall 
receptacle was established. 

5.4.2 Level-1 
The level-1 interface would include the features of the level-0 interface with the addition 
of time-of-day restrictions.  The simplest form of this enabling circuitry would be to have 
a clock on-board the vehicle that would only allow recharging between some set off-peak 
hours.  If the vehicle were connected to the wall receptacle outside of this off-peak 
window, then no recharging would occur.  Because the cost of electric energy for 
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powering the vehicle is so much less than the cost of an equivalent amount of gasoline, 
there may be no need to give a special reduced rate for this off-peak recharging energy.  
Therefore, this time-of-day reduced rate is not included in the level-1 interface. 

5.4.3 Level-2 
The level-2 interface includes the features of the level-0 and level-1 interfaces with a 
two-way wireless communications capability that is enabled when connection to a wall 
receptacle is established.  This two-way communication would allow for a great many 
features of great value to the electric utility, as now the PHEV would appear as both a 
controllable load and a store of electric energy for emergency generation during a peak 
power situation.  The envisioned features of this two-way communication are as follows: 

1. Upon being plugged into a wall-receptacle, the vehicle would report this fact to 
the utility including the vehicles identification and a GPS location of the 
receptacle.  The exact receptacle identification is probably not needed, just its 
approximate location in the distribution system. 

2. The utility can then decide when it wants to supply an enabling signal to allow the 
recharging to proceed.  This enabling signal could be turned on and off depending 
on the state of the utility’s system and the location of the vehicle.  The location of 
the vehicle in the distribution system is important, as transmission bottleneck 
problems may exist that make charging not desirable. 

The charging energy with a level-2 interface would be billed to the location where the 
vehicle is receiving charging energy.  The utility does not know the exact wall receptacle 
being used, only its general location in the distribution system.  Generally, PHEV 
charging will be at the driver’s home location, so his/her electric bill will include charges 
for this charging energy. 

5.4.4 Level-3 
The Level-3 interface assumes that there are dedicated wall receptacles that are used for 
PHEV connection to the power grid.  These special receptacles include the capability of 
transmitting to the utility their identification.  So now, upon connection of the PHEV to 
this special receptacle, the utility knows both the vehicle identification and the exact wall 
receptacle being used.  With this added information on the specific wall receptacle, the 
level-2 interface can be extended such that billing will always be transferred to the 
driver’s electric bill, and not to the bill of the remote location where the charging energy 
was actually obtained.  Here the term “remote location” refers to a wall receptacle 
different from a receptacle connected to the meter that produces the driver’s monthly bill.  
Thus, the added energy recorded by the remote location meter due to this PHEV charging 
energy must be debited from this remote location meter.  The vehicle circuitry has the 
capability to keep track of the charging energy received.  The utility after enabling 
charging to proceed can then monitor the recorded energy and make the correct billing 
adjustments debiting the remote location meter and adding energy to the driver’s meter. 

If level-3 interfaces are being used, then the added feature where energy could be 
extracted from the vehicle and injected into the wall receptacle can be included.  This 
vehicle-to-grid (V2G) operation would proceed only if the driver had given prior 
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permission.  This permission would be accessible by the utility once the vehicle 
identification was received.  As with the charging operation, V2G operation, if permitted 
by the driver, would proceed after an enabling signal was received from the utility.  Now 
the billing information would require adding energy to the remote location meter, and 
debiting energy from the driver’s home meter.  As an incentive to the driver to allow 
V2G operation, the energy debited from the driver’s meter could be the actual energy 
injected into the grid multiplied by some agreed upon factor greater than unity.  A very 
important design requirement of V2G operation is that no electric energy can be 
transmitted to the grid if the grid is not active.  This requirement means that if the wall 
receptacle had no voltage due to a power failure, the vehicle would not back-feed the 
line.  Back-feeding a distribution circuit presents a serious hazard to utility line 
maintenance personnel. 

Reference [5.1] defines what the author terms “The CashBack Car”.  This reference 
views PHEVs as a dispatchable generation resource similar to those generators in the 
system that can be used for frequency regulation.  These PHEVs can perform this 
ancillary function beyond what a generator can do as follows.  A generator can inject 
more or less power into the system, but cannot absorb power.  The PHEV can both inject 
power and also absorb power.  An actual demonstration of this regulation capability of 
PHEVs as a dispatchable load is described in [5.2].  The dollar value of this ancillary 
capability to the electric utility is high enough that the PHEV, according to [5.1], can pay 
back to the owner most if not all of the vehicle’s fuel costs for gasoline and recharging 
electric energy. 
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6. PHEV Infrastructure Impact 

Distribution systems are typically designed for specific load carrying capability based on 
typical load consumption patterns.  When plug-in hybrid electric vehicles (PHEVs) are 
deployed (consumers acquire PHEVs and use the existing electric system in houses and 
commercial building for charging the PHEVs) the patterns of electric power demand will 
change.  It is possible that the electric power system may be adequate to handle the new 
patterns and levels of demand or it is possible that periods of overloads on this system 
may increase.  Both circuits and transformers are vulnerable to these overloads with the 
transformer being more susceptible to overloads. 

To quantify the impact PHEV charging could have on distribution transformers a loss of 
life calculation will be utilized.  This method involves three steps: 

1. Center-tapped single phase distribution transformer simulation. 
2. Electro-thermal transformer simulation. 
3. Loss-of-life (LOL) calculation. 

In the first step random electric loads will be assumed (the probabilistic model of electric 
loading is described fully in Volume II of this report) and the resulting transformer 
currents will be calculated using a center-tapped single phase distribution transformer 
model.  From these currents the electro-thermal transformer model will be utilized to 
compute the transformer winding temperatures and hourly hot-spot temperature.  From 
the hot-spot temperature a percent LOL can be computed. 

Two experiments will be performed to quantify the impact of PHEV charging on 
distribution transformers.  The first varies the number of PHEVs charged from a single 
15 kVA transformer (one, two, and three PHEVs in the distribution system).  The second 
varies the size of the distribution transformer used to charge three PHEVs (10 kVA, 15 
kVA, and 25 kVA).  In all scenarios the same base case electric load is assumed and two 
limiting ambient conditions are used, Figure 2.1 shows the daily ambient temperature for 
both cases (Tucson Arizona and Fairbanks Alaska on July 1, 2008). 
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Figure 6.1: Daily ambient temperature profiles used as limiting case scenarios [6.1]. 

Repeated simulations in each scenario will be performed, resulting in a histogram of 
percent LOL for each scenario.  A maximum likelihood estimation of each scenarios 
mean percent LOL will be used as an estimate of the expected percent LOL, from which 
percent increase in LOL will be computed. 

6.1 Distribution System Model 
The model, shown in Figure 6.2, is fully described in [6.2].  This model for our purposes 
is a single phase distribution transformer feeding three typical houses.  The transformer is 
a 7.960 kV to 120/240 V transformer.  The transformer has series resistance  and 
reactance . 

 

 
Figure 6.2: Center-tapped single phase distribution transformer model [6.2]. 
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To compute the winding impedances  the interlaced transformer design 
equations were used [6.2] 

 

 

To convert the per-unit impedance values to actual units the base impedances must be 
computed. 

 

 

Thus, 

 

 

The turns ratio  is the ratio of the primary and secondary voltages 

 

Finally, the total complex power is distributed between the two 120 V circuits and the 
240 V circuit assuming that 60% of the power demand in typical household loads is 120 
V (split evenly between the two 120 V lines) and 40% 240 V.  Thus, 

 

 

The method outlined in [6.2] to compute the transformer currents is an iterative process 
consisting of a forward sweep and a backward sweep. 

The electro-thermal transformer model, described next, computes the expected 
transformer winding temperature based on the transformer current results from the 
center-tapped single phase transformer model. 

6.2 Transformer Electro-Thermal Model 
Simplified electro-thermal model of a center tapped convection cooled distribution 
transformer [6.3] is shown in Figure 6.3. 
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Figure 6.3: Electro-thermal transformer model. 

Each node in Figure 6.3 represents: 

• The high voltage winding (node h). 
• The low voltage winding center tap 1 (node 1). 
• The low voltage winding center tap 2 (node 2). 

In Figure 6.3, each circuit element represents a thermal phenomenon: the conductance 
components represent heat transfer within and between the transformer windings 
(estimated from temperature gradients between transformer windings [6.3]); the 
capacitive components represent transformer winding thermal inertia (computed from 
volume and specific heat constants of the transformer windings [6.3]); and the current 
sources represent heat sources in the form of ohmic losses in each of the transformer 
windings. 

The dynamics of the transformer winding temperatures [6.3] are described by the 
following differential equation

 
(6.1)

where  is the thermal capacitance matrix 

 

 is the components temperature vector 

 

 is the heat input vector 



 

51 

 

which represent ohmic losses in the transformer windings and as such can be modeled as 
a function of the currents in the transformer windings and resistance of the windings 

 

and  is the thermal conductance matrix, which represents the thermal conductance 
among the three windings 

 

The winding capacitive circuit parameters , , and  are functions of the mass 
density , specific heat , and volume  (in3) of the respective windings that they 
represent [6.4], where ,  is used a general terms for the individual 
winding capacitive results, and  is used a general term for the volume of the particular 
winding.  For copper the mass density  = 8.93 g/cm3  and specific heat  = 0.385 
J/(g⋅℃) are physical constant values. 

To estimate the volume of typical transformer windings a number of transformers 
physical dimensions and volumetric quantity of oil data was utilized.  The data utilized 
included transformer dimension and transformer oil volume values for a range of Power 
Partner overhead distribution transformers [6.5].  The specific data utilized is shown in 
Table 6.1. 

Table 6.1: Transformer dimension and oil volume data [6.5]. 
kVA Height  [in] Radius  [in] Oil Volume [gal] 
10 34 6.625 11 
15 36 6.625 12 
25 41 7.625 18 

 
The numeric values of the circuit parameters utilized for the 15 kVA model were 
analytical computed and experimentally verified [6.6], the circuit parameters for the 10 
kVA and 25 kVA transformer were computed from the first.  Verification of these circuit 
parameters is ongoing work.  The circuit parameter values utilized are shown in Table 6.3 
for each of the three transformer sizes utilized. 

From the height and diameter data the transformer volume was computed, using the 
common volume of a cylinder formula .  The height was reduced by five 
inches to account for the transformers bushing included in the height dimension.  Next, 
the oil volume was subtracted from the transformer volume resulting in an approximation 
of the transformer less oil volume, representing the total volume for transformer core and 
windings.  Finally, the primary winding volume was assumed to be 0.553% of the total 
core and winding volume and the secondary winding was assumed to 0.874% of the total 
core and winding volume.  These percentages were selected so that the 15 kVA results 
would approximate previously verified electro-thermal circuit parameter values [6.6].  
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This method resulted in the transformer less oil volume, primary winding volume, 
secondary winding volume, ,  and  results shown in Table 6.2. 

Table 6.2: Electro-thermal transformer capacitance results. 
kVA Transformer 

Less Oil 
Volume [cm3] 

Primary 
Winding 

Volume [cm3] 

Secondary 
Winding 

Volume [cm3] 

  and  

10 23892.1 132.1 208.8 454.2 359.0 
15 24626.2 136.2 215.2 468.2 370.0 
25 39624.0 219.1 346.3 753.3 595.3 

 
The conductance circuit parameters are solved for assuming (as the standard [9] requires) 
the nameplate transformer rating full load should result in a 65˚C winding temperature 

increase.  Specifically, in Equation 6.1:  was set to zero (indicating steady state 
conditions),  was set to , and  was set to 

 where  and .  
Thus, Equation 1 simplifies to 

 

which after substitution is equivalently  

 

which can be separated into three algebraic equations and after some simplification are 

 

 

 

Finally, it is assumed that 

 

 

 

which results in an analytic set of functions for the conductance values in terms of the 
winding resistance and rated transformer currents.  The three modeled transformers 
resulting circuit parameters are shown in Table 6.3. 
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Table 6.3: Electro-thermal model circuit parameters. 
 10 kVA 15 kVA 25 kVA 

    
,     

 454.2 468.2 753.3 
,  359.0 370.0 595.3 

 0.5385 0.8077 1.3462 
,  2.6923 4.0385 6.7308 
,  1.0769 1.6154 2.6923 

 8.0769 12.1154 20.1923 

 
A trapezoidal integration method is used to calculate the solution of Equation 6.1.  In 
particular, integration within the time interval  is 

 

where  is the time step of the integration. 

The input to the above model is the transformer currents  over a specific 
time period, e.g. one day.  The result from the trapezoidal integration is the estimated 
transformer temperature over the simulated time span.  The transformer temperature is 
with respect to ambient temperature. 

6.3 Loss of Life Calculations 
The process of insulation degradation, for oil filled transformer, is a function of three 
phenomenon (1) temperature, (2) moisture, and (3) oxygen content [6.7].  The second 
two consist of water and oxygen contamination of the transformer oil and can be 
controlled through “oil preservation systems” [6.7] and thus are not considered in this 
analysis.  The following method outlined in [6.7] is used to compute the percent LOL. 

 
The percent LOL  is a function of the equivalent life  (hr) and the normal insulation 
life  (hr) 

 

where the equivalent life  is computed as a function of the aging acceleration factor  

 

and the aging acceleration factor  is computed as a function of the aging rate constant 
 and the transformer hot-spot temperature  (˚C) at time  (hr) 
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The percent LOL calculations is computed for a typical summer day based on hourly 
increments, thus  is 24 and  is 1 hour.  Thus, the percent LOL calculation variables 

 and  will be computed for each hour of the simulated day based on the simulated 
hot-spot temperature  in that hour (the maximum simulated transformer temperature for 
a given hour). 

The percent LOL constants  and  are selected based on historically accepted values.  
The historical perspective on the insulation life values and LOL calculations is quite 
interesting, the values in Table 6.4 for normal insulation life and in Table 6.5 for aging 
rate constant are surrounded in ambiguity; however, in [6.7] a conclusion is drawn that 
the “chemical test measurement of degree of polymerization is a much better indication 
of cellulosic insulation mechanical characteristics than loss of tensile strength,” therefore 
the normal insulation life used is 150,000 hours (17.1 years) and aging rate constant used 
is 14,580. 

Table 6.4: Normal insulation life times [6.7]. 
Basis Normal Insulation Life [hr] 

50% retained tensile strength of insulation (former IEEE Std. C57.92-
1981) 

65,000 

25% retained tensile strength of insulation 135,000 
200 retained degree of polymerization in insulation 150,000 

Interpretation of distribution transformer functional life test (former IEEE 
std. C57.91-1981 criterion) 

180,000 

 

Table 6.5: Aging rate constant [6.7]. 
Basis Aging rate constant 

50% retained tensile strength of insulation (former IEEE Std. C57.92-1948) 14,830 
50% retained tensile strength of insulation (former IEEE Std. C57.92-1981) 16,054 

DT life tests (former IEEE Std. C57.92-1981) 14,594 
250 retained degree of polymerization in insulation 14,580 

 

6.4 Results 
It is expected that the repeated LOL results should follow a normal distribution due to the 
law of large numbers.  Thus each scenario is repeated 100 times and the simulation 
results are characterized using the common normal distribution maximum likelihood 
estimator (MLE) 

 

this result is valid assuming that the percent LOL results will follow normally distributed.  
From the mean MLE results for each of the scenarios simulated a percent change in 
average LOL can be determined for both experiments conducted.  The results from the 
first experiment, varying the number of PHEVs in the distribution system, are shown in 
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Table 6.6.  The results from the second experiment, varying the size of the transformer 
charging three PHEVs, are shown in Table 6.7. 

Table 6.6: Base case and PHEV scenario percent LOL for Tucson AZ and Fairbanks AK 
varying the number of PHEVs charged using a 15kVA transformer. 

# of PHEVs 1 2 3 
Scenario Base Case PHEV 

Scenario 
Base Case PHEV 

Scenario 
Base Case PHEV 

Scenario 
Tucson AZ 3.2725E-06 3.4741E-06 3.2701E-06 3.6875E-06 3.2737E-06 3.9566E-06 

Fairbanks AK 5.6455E-08 6.1380E-08 5.6867E-08 6.7451E-08 5.6422E-08 7.3125E-08 
 

Table 6.7: Base case and PHEV scenario percent LOL for Tucson AZ and Fairbanks AK 
varying the size of the transformer used to charge three PHEVs. 

Xfmer. Size 10 kVA 15 kVA 25 kVA 
Scenario Base Case PHEV 

Scenario 
Base Case PHEV 

Scenario 
Base Case PHEV 

Scenario 
Tucson AZ 9.6593E-06 1.4412E-05 3.2921E-06 3.9510E-06 1.9133E-06 2.0532E-06 

Fairbanks AK 1.7916E-07 3.0089E-07 5.6383E-08 7.3226E-08 3.3069E-08 3.6528E-08 
 
Using the normal insulation life and aging rate constant selected for operation at a 
constant 110 ˚C for 24 hours is 0.016%.  Intuitively, this indicates that a transformer that 
withstood a 24 hour period with hot-spot temperature of 110 ˚C aged the equivalent of 
0.016% of its useful life.  Notice, 24 hours is 0.016% of 150,000 hours. 

Notice that, the effect of ambient temperature is significant; most of the results show the 
percent loss of life in Tucson AZ being two orders of magnitude larger than the similar 
experiment and scenario in Fairbanks AK. 

The amplitude of the percent LOL is not the focus of this study.  Rather the relative 
increase in percent LOL.  This increase is the increase in transformer degradation caused 
by the additional electrical load caused by PHEV charging.  Figure 6.4shows the percent 
increase in percent LOL for the first experiment and Figure 6.5 shows the percent 
increase in percent LOL for the second experiment. 
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Figure 6.4: Increase in percent LOL for Tucson AZ and Fairbanks AK for a varying 

number of PHEVs included in the distribution system. 

 

 
Figure 6.5: Increase in percent LOL for Tucson AZ and Fairbanks AK charging three 

PHEVs using different transformer sizes. 

In the first experiment the percent LOL is computed for a 15 kVA transformer when the 
electric load is increased for one, two and three PHEVs.  As expected the percent 
increase in LOL increased as the number of PHEVs in the distribution system increased.    
Because the Fairbanks AK results are so small the relative percent increase for these 
results is larger than the Tucson AZ results. 

In the second experiment the percent LOL is computed for a 10 kVA, 15 kVA and 25 
kVA transformer when the electric load is increased due to three PHEVs in the 
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distribution system.  The percent increase in LOL is significant for both scenarios using a 
10 kVA transformer.  Notice that, the average peak load was 11.1 kW, thus the 10 kVA 
transformer is undersized by 11% with no additional load due to PHEV charging. 

6.5 Conclusion 
The electric load was a random variable computed with and without PHEV charging.  
Repeated simulations of both the base case and PHEV scenarios were used to compute an 
average LOL result for both scenarios, and from this a percent reduction of LOL was 
computed. 

The transformer life results indicate that adding the additional electric load demand to 
distribution transformers has a measurable effect on the longevity of the transformer.  
The impact is expounded as the number of PHEVs which are applied to the transformer 
increases and when the transformer loading is increased beyond the nameplate rating of 
the transformer. 

On average it was assumed that the average daily electric demand seen by a distribution 
transformer for three typical houses is 150 kWh.  The average added electric load due to 
PHEVs is on average 16 kWh.  The added average electric load demand seen at the 
transformer and resulting average LOL are shown in Table 6.8, computed as the average 
percent LOL for the Tucson AZ and Fairbanks AK results. 

Table 6.8: Increase in average electric load and resulting average transformer LOL. 
 Percent Increase 
 Average Electric Load Transformer LOL 

One PHEV 10.67% 7% 
Two PHEVs 21.33% 16% 
Three PHEVs 32.00% 25% 

 
If the failure rate of a specific hypothetical utility company with a fleet of 3 million 
transformers was originally 10% per year.  Then assume that as the penetration of PHEVs 
reaches significant levels the failure rate of transformers increases to 17% per year (on 
average all transformers load increases due to one PHEV) the impact on the entire utility 
companies transformer fleet would increase significantly.  Specifically, originally 10% 
failure rate indicates 300,000 transformers would fail in a single year.  Increasing this 
failure rate to 17% would indicate 510,000 transformers would fail in a typical year with 
the added electric load due to PHEV. 

In economic terms, consider an assumption that purchasing and installing a new 
transformer costs $750.  Then replacing the original failed transformers required an 
annual budget of $225 million.  Whereas, the increased number of failures including the 
PHEV electrical load would cost $382.5 million.  This increase in utility company 
expenditures would be offset utility company added revenue generated by the added 
electric load demand created by the added PHEV.  Assuming 3 million PHEVs each 
adding 16 kWh per day charge 8 cents per kWh represents added annual revenue of 
$1,401.6 million, indicating approximately, $1,019.1 million in net profit. 
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Potential avenues for future work quantifying the impact of PHEV charging on 
distribution transformers is in the process, which includes further analytic modeling of 
distribution transformers.  Opportunities for this work to continue are numerous; 
specifically, data on specific power system feeder loading, transformer fleet specifics, 
and economic cost data would provide significant validation of the developed 
methodology. 
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7. PHEV Energy Utilization 

To quantify where the electric energy used to charge plug-in hybrid electric vehicles 
(PHEVs) is generated, a probabilistic simulation program was developed.  Two key steps 
of this simulation program include a vehicle fleet simulation and a power system 
simulation.  The vehicle fleet simulation computes: the amount of added electric load 
demand to charge the PHEV fleet, the amount of gasoline used by both an internal 
combustion (IC) vehicle fleet and vehicle fleet comprised of both IC vehicles and 
PHEVs, and the amount of environmental air pollution (EAP) generated by both vehicle 
fleets.  The power system simulation computes how much fuel usage and subsequent 
EAP is generated by each generator in a specific power system.  The power system 
simulation is based on the Probabilistic Production Costing (PPC) [7.1] algorithm. 

7.1 Vehicle Simulations 
The vehicle simulation utilize vehicle operational metrics computed using the results 
from Powertrain System Analysis Toolkit (PSAT) simulations.  The PSAT results were 
used to compute IC vehicle and PHEV performance metrics.  The IC vehicle metrics 
include 

• Fuel efficiency. 

• NOx and CO2 generated per mile. 

The PHEV performance metrics include 

• Required grid electric energy required per mile. 

• Fuel efficiency. 

Using the developed performance metrics three vehicle simulation results are computed:  
the amount of added electric load demand to charge a PHEV fleet, the amount of gasoline 
utilized, and the amount of EAP generated.  The methods used to calculate these three 
results are described next. 

First, a few variables will be defined:   is the total number of light duty vehicles in the 
power system area,  is the number of PHEVs in the light duty vehicle fleet, and 

 is the percent penetration of PHEVs. 

 

Thus the number of IC vehicles in the light duty vehicle fleet is . 

To compute the additional energy required to charge the PHEV fleet five calculations are 
required: 

1. Compute the daily required grid energy, . 
2. Compute the daily recharge length, . 
3. Generate the recharge voltage,  . 
4. Compute the recharge current, . 
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5. Compute the total recharge power, , per hour. 

The superscripts in these variables indicate that the variables represent the quantity in 
question for vehicle-  on day-  and the vehicle is a vehicle of class- .  Where, vehicle-  
is a particular vehicle sampled randomly from the total vehicle fleet ., the total number 
of vehicles in the sample population is ., day-  is a particular day of the simulation, the 
total number of days simulated is , and class-  is one of the four defined vehicle classes. 

First,  is computed.  This value depends on the random value, , which 
represents the daily driving distance for vehicle-  on day- , and the PHEV design value, 

, which represents the distance a PHEV in class-  can drive in charge sustaining 
mode.  If  is greater than or equal to  the required grid energy is the entire 
usable fraction of the PHEV battery capacity.  Otherwise  is the produce of the 
daily driving distance times  

 

where  is a random value representing the usable fraction of the PHEVs battery 
capacity for a PHEV in class-  and  a PHEV performance metric function 
representing the required grid electric energy rate for a PHEV in class-  with design 
variable . 

Second,  is computed.  This value is the number of hours the vehicle will be 
plugged in 

 

where  is a random value representing the arrival time of vehicle-  on day-  and  
 is a random value representing the departure time of vehicle-  on day- .  Thus, 
 is the number of hours between arriving home on day- , and leaving on day- . 

Third,  is generated.  This value is a discrete random value is set to 120 volts for 
70% of the PHEVs in the vehicle fleet and 240 volts for 30% of the PHEVs in the vehicle 
fleet. 

Fourth,  is computed. 

 

This value is limited by the maximum current available, , from the charging circuit.  
Where  is 15 A from 120 V service and 30 A from 240 V service.  Thus,  cannot 
exceed the service capacity. 

Finally, the required recharge power, , is the energy required every hour of the 
charging period 
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where  is the number of PHEVs in class- . 

Next, the method used to compute the amount of gasoline consumed by a fleet of IC 
vehicles and a fleet of vehicles with  penetration of PHEVs is described. 

To compute of the amount of gasoline for a vehicle fleet with a specified level of PHEV 
penetration three steps are required: 

1. Compute the amount of gasoline a fleet of  IC vehicles would consume, . 
2. Compute the amount of gasoline a fleet of  PHEVs would consume, 

. 
3. Compute the total gasoline usage, . 

The total gasoline used by a fleet of  IC vehicles is computed assuming the average 
used by the vehicle sample population, , is equal to the population average. 

 

where  is the total distance driven by vehicle-  and  is the fuel efficiency of the 
IC vehicles in class- . 

Thus,  is the sum of the product of the total number of vehicles in class-  times the 
average gasoline used per vehicle in class-  for each vehicle class 

 

where  is the percentage of vehicles in class- . 

To calculate the amount of gasoline a fleet of PHEVs uses is more complicated because 
the rate, at which PHEVs use fuel (in the assumed control strategy), depends on the daily 
driving distance.  If   is greater than or equal to  the entire daily driving 
distance will be performed in charge depleting mode.  Under this condition the daily 
required gasoline,  , is 

 

where  is the performance metric function representing the fuel 
efficiency of PHEVs in class-  with vehicle design variable  in the charge 
depleting mode.  However, if  is strictly less than  then the distance 

 must be completed in charge sustaining mode, and  is 
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where  is the fuel efficiency of a PHEV in class-  in the charge sustaining 
mode.  The first term in this sum represents gasoline used in charge depleting mode and 
the second term represents gasoline used in charge sustaining mode. 

From  the yearly gasoline usage, , is computed summing over each day in 
the simulation 

 

Next, the sample vehicle population average gasoline usage, , is computed 

 

Then,  is the sum of the product of the number of vehicles in each class times the 
average gasoline usage per vehicle for each vehicle class 

 

assuming that the sampled PHEV population average gasoline usage is equal to the 
PHEV population gasoline usage average. 

Finally,  is the sum of the gasoline used by the IC vehicles and the gasoline used by the 
PHEVs. 

 

The vehicle EAP is computed in a parallel fashion to that of the gasoline consumption, 
replacing the fuel efficiency with EAP rates.  To simplify the description  
will be used as a general term for either  or .  These functions 
are the EAP performance metric functions for a PHEV in class-  with design variable 

.  Additionally,  will be used as a general term for either  or .  
These values are the EAP rates for the IC vehicles in class- . 

First, the total EAP generated by the fleet of IC vehicles is described, followed by the 
description of the EAP generated by the fleet of PHEVs. 

The total EAP generated by a fleet of  IC vehicles is computed, assuming the vehicle 
population average,  is equal to the average generated by the sample population 

 

Thus, the total fleet EAP generated, , is the sum of the product of the total number 
of vehicles in class-  times the average EAP generated per vehicle in class-  for each 
vehicle class 
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The method used to compute the total EAP generated by a fleet of PHEVs is described 
next. 

First, the daily amount of EAP generated, , is computed.  If  is greater than or 
equal to  then 

 

however, if  is strictly less than  then 

 

where the first term in the sum represents EAP produced in charge depleting mode and 
the second term is EAP produced in charge sustaining mode. 

Second, the yearly EAP generated, , is computed summing over each day in the 
simulation 

 

Third, the sample vehicle population average yearly EAP generated, , is computed 

 

Next, the total EAP generated by a fleet of PHEVs, , is described.  This value is 
the sum of the product of the number of vehicles in each class times the average EAP 
generated per vehicle class over each vehicle class 

 

Finally, the total EAP generated, , is the sum of the EAP produced by both the IC 
vehicles and the PHEVs 

 
Additional details regarding the vehicle simulation can be found in Volume II of this 
report.  The vehicle simulation results of the added electric load demand created by 
including PHEVs into the light duty vehicle fleet are used by the PPC simulation to 
calculate the power system results with and without the added electric load due to PHEV 
charging. 
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7.2 PPC Simulation 
The problem of electric power system simulation may be defined as follows.  Given the 
forecasted electric load demand for the time period under consideration and a list of 
available generating units in the system, simulate the operation of the system in order to 
forecast energy generated by units, cost, required fuel and environmental pollution, 
taking into account the effects of scheduling functions within the time period considered 
and the random forced outages of the units. 

Historically a very successful probabilistic simulation technique has been developed 
[7.2], [7.3].  This technique will be briefly discussed. 

The methodology is based on appropriate probabilistic models for generating units and 
the electric power demand.  The probabilistic model of a generating unit of capacity  
MW is shown in Figure 7.1.  This is known as the up and down state model.  This model 
can be interpreted as follows.  With probability  the unit is available for production and 
with probability  it is unavailable.  The quantity  is known as the forced 
outage rate (FOR) of the unit. 

 

 
Figure 7.1: Probability density function of the available capacity of a generating unit. 

The electric power demand probabilistic model is developed as follows.  The electric 
power demand of a system is plotted as a function of time to obtain the chronological 
load demand curve.  From the chronological load curve, another curve can be constructed 
which describes the length of time for which the load was greater than a specified value.  
In addition, the time axis is normalized by the duration  of the time period considered 
and it is shown in Figure 7.2.  The generated curve can be interpreted as follows.  
Consider point A on the curve with coordinates .  Over the period  the load on 
the system is greater than  for a time period equal to .  Therefore, if the frequency 
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theory of probability is used and the load duration curve is referred to the future, the 
definition in Equation 7.1 follows. 

 

 
Figure 7.2: Normalized inverted load duration curve 

 (7.1)

It is apparent that the normalized time axis can be interpreted as probability.  Therefore 
we can define  to represent the normalized inverted load duration curve. 

The function , is defined in Equation 7.2 describes the probability distribution 
function (or cumulative probability function) of the variable , the total load on the 
system, which is interpreted as a random variable

 (7.2)

The functions  and  describe the same thing, the statistics of the variable .  The 
function  is the usual probability distribution function (PDF) which  is called the 
inverted probability distribution function (IPDF). 

Given the above models the following quantities can be computed. 

1. Probability of operation of unit 1: 

. 

2. Expected value of produced energy from the unit. 

3. Expected value of cost of operation of unit- . 

4. Expected fuel amount required of unit- . 

5. Expected pollutant amounts to be emitted from unit- . 

The aforementioned quantities can be computed as follows.  Consider the  units of the 
system operated at level , , …, .  If unit-  is not in operation, then obviously 
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.  Since there is a finite probability that any unit can be forced out, the output of 
unit- , , can be considered to be a random variable with probability of forced outage 
equal to .  This derivation results 

 

where  is a random variable representing the available capacity of unit- .  This 
relationships states that the probability that the output of generator-  is  equals , 
and the probability that the same output is zero equals . 

Further assume that the electric load equals .  The probability distribution function is 
determined with the load duration curve defined in Equation 7.2.  For the condition that 
has been considered, the apparent load  is defined 

 

Since , , …,  are not deterministically known, the above equation can be replaced 
with its equivalent equation in terms of corresponding random variables 

 

where  is a random variable representing the electric load and  is a random variable 
representing the output of unit- .  Since the PDFs of the random variables , ,  …,  
are known and since these random variables are independent, the probability distribution 
function of the random variable  can be easily computed with a series of convolutions 
[7.2], [7.3], [7.4]. 

If we assume that , load exceeds generation, then another unit should be brought 
into operation or one or more of the operating units should increase their output.  Assume 
that unit-  is operating at  and that it is selected according to an arbitrary dispatch 
criterion to respond to any increases in the load.  This arbitrary dispatch criterion will be 
qualified later.  Without loss of generality  may be equal to zero.  In general, if  
the output of unit-  will increase from  to  where  is a small increment (1-
2 MW).  We shall refer to this increment as the block .  It should be obvious that if 

, the increment  may not be small.  In this case unit-  will be brought into 
operation at a level at least equal to minimum allowable operating level.  With the 
described formulation and application of basic probability theory, it is easy to derive 
expressions for the expected energy to be produced, cost of operation, required fuel, and 
pollutant emission from the  increase in the output of generator- .  The results are 
summarized as follows: 

Step 1: Compute the probability distribution function of random variable . 

Let it be .  If , skip this step and assume . 

Step 2: Compute 
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Where: 

• , 

•  is the heat rate curve of unit- , 

•  is the incremental heat rate of unit- , 

•  is the expected energy to be produced from block , and 

•  is the expected heat consumed by block . 

Plant pollution output can be computed similarly.  If the pollution curve for the plant is 
known as a function of power output , the expected amount of pollutants to be 
produced from block  is  

 

where  is the expected amount of pollutants from block . 

The cost of operation of block  is computed  

 

where  is the price ($/kg) of fuel and  is the heat content of fuel (cal/kg).  The fuel 
required for the operation of block  is computed 

 

Once the above computations have been completed, the apparent load, after loading of 
block , will be 

  

The probability distribution function of  can be easily computed 

 

In this case a convolution between the probability density function of variable  with the 
probability density function of variable  with suffice to determine the statistics of 
variable . 
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The application of above procedure for the computation of expected production quantities 
is obvious.  Each generating unit is partitioned into a number of blocks.  The procedure is 
then applied on each one of the blocks. 

On a basic level the impact of PHEV charging in terms of primary energy source 
utilization and EAP production can be computed comparing PPC results with no electric 
load demand representing PHEV charging with PPC results where the computed electric 
load demand has been increased due to PHEV charging.  Specifically, because the 
vehicle simulation includes random values repeated iterations of both the vehicle 
simulation and the power system simulation so that average results could be computed. 

Three experiments were conducted using the probabilistic simulation of an integrated 
power system with distributed PHEVs methodology to quantify the impact charging 
PHEVs will have on primary energy source utilization. 

7.3 Results 
In the first two experiments the level of PHEV penetration is increased from 0% (Base 
Case), to 5%, 10%, 20% and 40%. 

In the first experiment the power system used to charge the vehicles is the 1979 
Reliability Test System (RTS) [7.5].  In the second experiment the power system is the 
average generating mix used in the United States.  The third experiment keeps the 
number of PHEVs constant and varies the RTS generating mix.  The RTS generating mix 
is changed such that the total generating capacity is constant but the ratio of clean 
generating capacity is increased. 

In each experiment the results include primary fuel utilization shifts and pollution shifts.  
The total cost for consumers is computed for the first experiment only.  The generating 
capacity mixes for both power systems simulated are shown in Figure 7.3and Figure 7.4. 

 

 
Figure 7.3: RTS generating capacity [7.5]. 
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Figure 7.4: U.S. total generating capacity [7.6]. 

The expected energy production from each fuel for the base case, no added electric load 
demand representing PHEV charging, and a scenario where 5% of the light duty vehicle 
fleet in the power system area is replaced with a fleet of PHEVs are shown in Table 7.1.  
In Table 7.1 the percent change was calculated 

 

the total amount of generated energy is used to normalize the percent change so that the 
relative size of each fuels contribution to the total energy generated is accounted for.  
Without this normalization the percent increase in the RTS simulation #2 oil percent 
increase would be 17.71% increase and #6 oil percent increase would be 9.67% 
improperly indicating higher increase in #2 oil over #6 oil because the contribution of #2 
oil is so small compared to all other fuels. 
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Table 7.1: Change in primary energy source utilization. 
 Base Case 

[GWh] 
5% PHEV 

Penetration [GWh] 
Percent 
Increase 

RTS Simulations #6 Oil 924 1,014 0.59% 
#2 Oil 5 6 0.01% 
Coal 7,988 8,212 1.47% 

Nuclear 6,167 6,167 0% 
Hydro 194 194 0% 

U.S. Power 
System 

Simulations 

Coal 2,000,000 2,013,547 0.33% 
Liquid and Coke 

Petroleum 
45,533 45,881 0.01% 

Natural and Other 
Gas 

882,840 889,230 0.16% 

Nuclear 808,630 812,525 0.09% 
Renewables/Others 377,920 380,657 0.07% 

Modified RTS 
Simulations 

#6 Oil 1014 862 -0.97% 
#2 Oil 6 11 0.03% 
Coal 8,212 6,052 -13.85% 

Nuclear 6,167 8,384 14.22% 
Hydro 194 217 0.15% 

 
In the RTS simulations #6 oil and coal are utilized to meet the additional load due to 
PHEV charging.  In the RTS the nuclear and hydro energy are fully utilized thus no 
increase in energy utilization is possible.  In the U.S. power system simulations coal is 
significantly utilized followed next by natural gas and next by both nuclear and 
renewable energy sources.  Very little added energy is provided by petroleum sources.  
The modified RTS simulations introduced additional nuclear and hydro generation 
capacity.  This change resulted in significant increase in nuclear energy generation and 
slight increase in hydro energy generation. 

In addition to the expected energy production, expected NOx and CO2 EAP production 
were also calculated.  Total system EAP results are shown in Table 7.2.  The total system 
EAP is the total EAP produced by both the electric power system and the light duty 
vehicle fleet in the power system area.  Table 7.2 shows EAP results for each 
experiments base case and 5% PHEV penetration simulations.  Here the percent decrease 
is normalized by the base case results, as is standard. 
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Table 7.2: Total system EAP. 
  Base Case [kg] 5% PHEV 

Penetration [kg] 
Percent 

Decrease 
RTS Simulations NOx 4.4316E+07 4.4724E+07 -0.92% 

CO2 1.7361E+10 1.7200E+10 0.93% 
U.S. Power System 

Simulations 
NOx 2.9589E+10 2.9577E+10 0.04% 
CO2 2.0974E+13 2.0946E+13 0.14% 

Modified RTS 
Simulations 

NOx 4.4724E+07 4.1982E+07 6.13% 
CO2 1.7200E+10 1.6454E+10 4.34% 

 
In the RTS simulations, an increase of 0.92% of NOx represents an annual increase of 
0.4986 million kg of NOx; whereas, a decrease of 0.93% of CO2 represents a decrease of 
160.6 million kg of CO2.  Similarly in the U.S. simulations, a decrease of 0.04% of NOx 
represents an annual decrease of 12.40 million kg of NOx; further, a decrease of 0.14% of 
CO2 represents a decrease of 28,900 million kg of CO2.  In the modified RTS simulations 
significant EAP reduction were simulated, a decrease of 6.13% of NOx represents an 
annual decrease of 2.742 million kg of NOx; further, a decrease of 4.34% of CO2 
represents a decrease of 745.9 million kg of CO2. 

The fuel cost of a PHEV includes gasoline and electricity purchasing.  The average 
annual fuel cost was compared for PHEV versus IC vehicles in the RTS simulations.  
Assuming constant gasoline price of $3.00 per gallon and electricity rate of 8 cents per 
kWh all year long it was found that PHEV fuel costs were 65% less expensive then IC 
vehicle fuel costs.  Additional results from the three experiments can be found in Volume 
II of this report. 

7.4 Conclusion 
The results from this research indicate that for the US and the modified RTS system 
PHEVs offer cleaner transportation with decreased gasoline utilization at a lower cost to 
consumers. 

The outlined methodology has been integrated into a simulation program with graphical 
user interface.  Thus, the ground work has been performed for further analysis of an 
actual power system and the impact that the added electric load would have on primary 
energy source utilization, environmental air pollution, and cost to consumers in both 
electricity rates and transportation fuel costs.  Specific details of the power system data 
required are outlined in Volume II of this report. 
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8. An Evaluation of PHEV Contributions to Power System 
Disturbances and Economics 

This section of the report is based on the material in [8.1] and will focus on the support 
plug-in hybrid electric vehicles (PHEVs) can provide to grid security and possible 
economic benefits for grid operation.  PHEVs also have a large potential to save money 
for those that own one.  An analysis of the economic benefit to individual owners will be 
described.  An in-depth formulation of how much power PHEVs can provide will also be 
shown.  To show the economic benefit of grid connection, the IEEE 24, IEEE 118, and a 
utility 2,574 bus test system will demonstrate costs associated with PHEVs.  These 
systems with several different levels of support will be simulated to see what potential 
cost benefits and increased grid security can be achieved. 

8.1 Literature Review 

8.1.1 Justification for Integrating PHEVs to the Power Grid 
The concept of vehicle-to-grid (V2G) connections started in 1997 with Professor Willett 
Kempton [8.2], exploring the potential economic and system potential of electric cars 
connected to the power grid.  To show the potential power of untapped energy, look at 
the capacities of the grid and electric vehicles. 

According to the 2007 EIA Energy Outlook, the total generation capacity of U.S. electric 
utilities is almost 920 GW (0.92 TW) [8.3].  Let us assume a grid connection of all light 
duty vehicles (cars, SUVs, and small trucks) to a standard 120-V 15-A electrical outlet 
(1.8 kW of output power).  According to the 2005 statistics, there were approximately 
238.3 million light duty vehicles [8.4].  This represents a total possible output power of 
429 GW, nearly half the current capacity of all U.S. generators combined with only a 
standard outlet connection.  With improved outlet connections, this number could be even 
larger. 

Another false rumor is that the majority of this potential power would not be available to 
the grid.  According to a 2001 survey, the average car is only used 62.32 min per day; in 
other words, the average vehicle is idle for 96% of the time [8.5].  Studies have shown 
that even during peak travel hours, 90% of the vehicle fleet is not in use [8.6].  This 
shows that during peak load a large majority of the electric vehicle capacity will be ready 
for control room operators to use. 

8.1.2 Evaluation of Potential Grid Uses for PHEVs 
PHEVs have been envisioned to help the power grid in several different ways.  Such 
methods include: base load generation, peak demand, spinning reserves, regulation, 
reactive power, and grid security improvement.  Some of these ideas show promise, while 
others do not show much potential. 

One method that does not show promise is base load generation [8.6].  Currently nuclear 
power stations constitute the majority of base load generation and produce very cheap 
electricity, often 3 to 5 ¢/kWh, much lower than the cost to operate a PHEV to supply 
base load power. 
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Peak demand generation, on the other hand, has much different potential.  During peak 
demand period, around 3-6 pm, electricity prices can spike to well over 30 ¢/kWh.  This 
is because of where the last few megawatts of power are generated.  Often small, very 
expensive generation units come online to supply peak power.  These units are often 
powered by natural gas or oil and can also be highly polluting. 

If PHEVs were charged at night when electric rates are low, then sold its stored energy 
back onto the grid during the peak, a profit could be made.  The drawback to this method 
is the percentage of time this event occurs.  It may only be possible to use this method a 
couple hundred hours a year [8.6].  This would not earn much money for consumers and 
may not be worth their effort. 

One large potential for PHEVs is their use in regulation.  Grid operators at an 
independent system operator (ISO) are constantly adjusting the amount of power 
generation to closely match the amount of power consumption at any one time.  This 
method of adjustment, called regulation or automatic generation control (AGC), can be 
very costly.  For example, California ISO typically spends up to 80% of their ancillary 
service expenditures on regulation [8.7]. 

Another potential use of PHEVs is the supply of reactive power to the grid.  Current 
technology in power electronic converters can change the power factor of the alternating 
current to the grid to supply real and reactive power support [8.8].  In the future, most 
ISOs are planning reactive power markets.  Once this happens this could be a great 
additional source of revenue for PHEV owners. 

A final proposed use for PHEV is use in improving grid security.  During a system 
disturbance, generators are quickly asked to increase or decrease output to suppress the 
effects of the change in the system.  A PHEV’s inverter has a much faster response time 
than a turbo-generator governor’s and could react rapidly to a disturbance.  This would 
improve overall reliability of the system and potentially allow the grid to run at a lower 
overall cost with this rapid response [8.9].  This paper will explore the use of PHEVs for 
grid security and cost reduction in much greater detail. 

8.1.3 Beginnings of Vehicle-to-Grid Connections 
Several cities and states are already taking the initiative to push the idea of plug-in hybrid 
electric vehicles.  One example is Austin Energy, a city owned utility, in central Texas.  
They have launched a recent campaign – called Plug-In Partners – to line up potential 
buyers once PHEVs are in production.  So far they have had over 8,000 pledges from 
residents and organizations.  Their own city council has already set aside $1 million in 
rebates for the first 1,000 customers and also plans to change city building codes to 
require plugs available in parking lots [8.10]. 

The Michigan Public Service Commission (MPSC) also initiated a pilot program to 
integrate PHEVs to the Michigan power grid.  Their location near some of the largest 
auto makers in the world will put them in a unique position to be a leader in V2G testing 
and connections.  They will study the effects on the grid at low, medium and high levels 
of PHEVs and how that fits in with current smart grid projects [8.11]. 
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8.2 Case for Converting Vehicle Fleet to PHEVs 

8.2.1 Personal Savings Over Current Vehicles 
By increasing the battery capacity of the current HEV, the PHEV becomes a dual-fuel 
vehicle.  The electric utility can supply off-peak energy during the night to replace 
gasoline for daily commuting.  This new source of energy has the potential to be very 
attractive to the consumer. 

For example, gasoline has an energy content of 124,000 BTU per gallon or 36.36 kWh 
per gallon [8.12].  Taking a US average of $3.84 per gallon [8.13], the cost of energy 
from gasoline is about 10.56 cents per kWh.  Considering the average price of electricity 
of 8.90 cents per kWh for 2006 [8.14], there does not seem to be a large advantage until 
one considers the energy conversion efficiencies. 

Moving energy from the wall socket to a battery pack and an electric motor has an 
average efficiency of around 61% [8.15].  This is vastly higher than the efficiency of the 
current internal combustion engine of 12.6% (see Figure 8.1).  Hence, taking efficiencies 
into account, it costs 83.8 cents per usable kWh for gasoline but only 14.6 cents per 
usable kWh using electricity or the equivalent of buying gasoline at $0.67 per gallon.  In 
addition, cars would mainly be charged during the nighttime off-peak hours when spot 
electricity prices are usually much lower.  Utilities could set up programs for PHEV 
owners to give discounted rates or real-time pricing to take advantage of this cheaper 
electricity. 

 

 
Figure 8.1: Internal combustion powertrain energy losses [8.16]. 

To see the potential to the US economy, look at the nation-wide fleet of vehicles.  If each 
vehicle drives an average of 11,800 miles per year [8.17] and makes an average 22.9 mpg 
[8.18], a typical vehicle will use about 515 gallons of gas per year.  This translates to an 
annual savings of over $1,600 per PHEV.  As mentioned earlier, with 238.3 million light 
duty vehicles (passenger cars, SUVs and small trucks), if only 20% of the current fleet is 
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replaced by plug-in hybrids, it would save $78 billion annually.  These savings will only 
increase as oil and gasoline prices continue to rise. 

8.2.2 Greenhouse Gas Reduction 
Another large benefit of the PHEV is its beneficial impact on the environment.  The 
current light duty vehicle fleet consumes approximately 6.5 million barrels of oil 
equivalent per day, or 52% of the entire nation’s oil imports [8.19].  All of this gasoline is 
burned and produces harmful greenhouse gas emissions nationwide.  Switching this fuel 
consumption to the production of electricity, more efficient and advanced technologies 
can remove those harmful gases from the emissions. 

A November 2007 study performed a nationwide simulation of this theory to see how 
much it would impact emissions.  The study concluded that greenhouse gases, mainly 
carbon dioxide (CO2), are expected to reduce by 27%.  This varied by as much as 40% 
for the ERCOT region, which has a large number of natural gas plants, to slightly 
negative for the Midwest with a large amount of coal generation.  The largest impact is 
seen with volatile organic compounds (VOCs) and carbon monoxide (CO) emissions 
having a reduction of 93% and 98%, respectively.  This number could be exaggerated 
since it is assumed that all PHEVs will only run on electric mode and does not take into 
effect longer trips that will use the internal combustion engine.  Nitrogen oxide (NOx) 
emissions are also projected to decrease 31% mainly due to reduced refining of gasoline 
[8.19]. 

Not all emissions will have a positive effect.  Particulate emissions (PM10) and sulfur 
oxide (SOx) emissions are expected to increase by 18% and 125%, respectively.  This is 
largely due to the increase in coal-fired power generation.  The positive side will be that 
the most harmful emissions will be removed from urban areas to a few hundred 
generation sites across the country.  This can add pressure to increase funding in carbon 
sequestration technologies to further reduce emissions [8.19]. 

It should be noted that these values could be reduced even further with the increased use 
of wind energy, which produces zero greenhouse gases during generation.  Wind also 
generally blows more during the nighttime hours, which is when most plug-in vehicles 
will be charging and storing more power from the grid. 

8.3 US Vehicle and Grid Connection Information 

8.3.1 Estimation of PHEV Penetration 
Besides the obvious individual economic benefit PHEVs can provide, they also have a 
large potential for the electric power grid because they represent a large amount of energy 
storage.  To analyze the benefits to the grid, an estimate of the amount of support from 
PHEVs needs to be determined. 

As of July 2006, the US population is 299.398 million people [8.20].  The peak load 
during the same time period was 789,475 MW [8.21].  This equates to 2.637 kW per 
person or 379.24 people per MW.  According to the 2006 Census, there were 111.6 
million occupied houses in the US and 91.2% of these houses have at least one vehicle 
[8.22]. 
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Using these numbers, there is an average of 2.68 people per house, 141.5 houses per MW 
of peak load, and 129.05 houses with vehicles per MW of peak load.  If we estimate 20% 
of houses own a PHEV, this translates to 25.8 plug-in hybrids per MW of peak load. 

To analyze how much power can be delivered by PHEVs, one must consider the amount 
of “energy flow” that can be achieved.  The main constraint is the connection to the grid.  
Current technology of bidirectional converters and practical limits of residential service 
could support a maximum power transfer of about 10 kW.  Commercial installations 
could theoretically take maximum power straight from the electric motor in the range of 
100 kW.  This amount of power transfer cannot be achieved in the standard home or 
business without a major change to the wiring and circuit breakers and a large cost to 
consumers.  This would be a large deterrent to potential PHEV buyers. 

The PHEV power inverters could also adjust the power factor coming from the vehicle to 
allow reactive power support to the grid.  This study, however, will only look at real 
power support since consumers are not charged for reactive power and would not see a 
monetary benefit from this type of support.  In the future, reactive power markets could 
be created, giving incentive to users to provide reactive support. 

We will examine what can be achieved with minimal or no upgrade to a house’s wiring.  
If the hybrid was plugged into a standard 120-V, 15-A wall outlet, it would be able to 
provide a power transfer of 1.8 kW.  Using the number of PHEVs per MW of peak load, 
they can provide 46.45 kW per MW or 4.6% of relief.  This paper will also take a look at 
other possible connections to see the wide range of possible support available from 
PHEVs. 

8.4 Test Cases 
To show the benefits of plug-in hybrids, a typical power system needs to be analyzed.  
For the purposes of this research, three different test cases were examined: IEEE 24 bus, 
IEEE 118 bus, and a utility 2,574 bus case.  To see the cost benefits of PHEV support, a 
steady-state power flow will be run for the case to determine the system state and costs 
associated with generation. 

8.4.1 Solving an Optimal Power Flow for a Test Case 
The first step was to evaluate the operating cost of the system using optimal power flow 
(OPF).  OPF can trace its origins back to 1962 [8.23].  The goal is to schedule the 
generation of a system to minimize an objective function while not violating any 
constraints on the system.  Common constraints on the system can include power 
balance, voltage profiles for buses, and thermal constraints on transmission lines.  
Usually the objective is to minimize cost, but it could also be to minimize losses or 
minimize control shifts. 

To formulate the OPF problem [8.24], we define  as the vector of state variables and  
as the vector of control variables.  The objective function is defined as .  The 
equality constraints such as the power flow equations and total power generation equaling 
power consumption plus losses, are defined as as .  The inequality constraints 
including voltage profiles and thermal constraints, are defined as  
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 (8.1) 

The function  for this OPF will be to minimize the overall operating cost of the 
power generation, shown in Equation 8.2 where  is the set of all generators and PHEV 
support for the power system

 
(8.2) 

The generator coefficients for the cost function are given in Table 8.2, 
.  The function  contains the power flow equations 

 

 

and the power balance equation 

 

where  is the complex admittance from bus  to bus  and  is the set 
of all buses connected to . 

The function  contains all the inequality constraints for the problem.  These 
include voltage constraints at each bus, generator constraints, and thermal constraints on 
transmission lines.  The equations are given 

 

 

 

 

where  is the set of all buses in the system,  is the set of all generators,  is the set of 
all lines and transformers, and  is the magnitude of the complex power flowing 
from bus  to . 

Using all of these equations we construct the Langrangian of the minimization problem 
defined in (8.1): 
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The variables  and  are defined as the Lagrange multipliers.  To minimize this function 
we set the gradient to zero and solve for the control variables and multipliers. 

 

8.4.2 Solving a Security Constrained OPF for a Test Case 
Security constrained OPF (SCOPF) takes the original OPF problem and adds additional 
constraints.  The OPF solves a system optimally for   contingencies, or the system 
at steady state with all lines and generators in service.  The SCOPF solves the system to 
minimize cost while also making the system secure for  contingencies, or the 
system with any one transmission line or generator out of service.  Since the SCOPF has 
more constraints it will always be equal to or more expensive than the OPF.  The SCOPF 
problem formation is 

 

 

where  is the base case and  is each  contingency case. 

8.4.3 IEEE 24 Bus Test Case 
To test the theories of PHEV support, a test case is needed.  For this we choose the IEEE 
24-bus Reliability Test System (see Figure 8.2) [8.25]. This system contains 34 
generation units with a total capacity of 3,405 MW, 17 loads totaling 2,850 MW and 580 
Mvar, and 38 transmission lines.  At peak load, this system has several contingencies and 
high congestion which will show larger impacts versus an extremely secure system. 

Since this case was created in 1979, the cost data for generators has become extremely 
outdated.  To fix this, updated cost figures for different fuel types were found and can be 
seen in Table 8.1 and Table 8.2 [8.26]. 

Table 8.1: Fuel cost figures for generators. 

Fuel Type Fuel Energy 
Density 

[kcal/kg] 

Fuel Costs 
[$/kg] 

Fuel Costs 
[$/kcal] 

Fuel Costs 
[$/MBtu] 

#6 Oil 11,200 0.6 5.35 E-05 13.50 
#2 Oil 12,000 0.65 5.41 E-05 13.65 
Coal 6,000 0.05 8.33 E-06 2.10 

Nuclear 2.00 E+21 60,000 3.00 E-17 ~0.00 
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Figure 8.2: IEEE 24 bus test system. 

 

Table 8.2: Cost curve values for generator types. 
Size MW Gen Type Fuel 

Type 
a 

[MBtu/kWh] 
b  

[MBtu/kWh] 
c 

[MBtu/kWh] 
12 Fossil Steam #6 Oil 18.24 -1.25 E-06 6.09 E-14 
20 Combustion 

Turbine 
#2 Oil 17.00 -1.25 E-06 0.00 

50 Hydro Water 0.00 0.00 0.00 
76 Fossil Steam Coal 18.24 -1.97 E-07 1.52 E-15 

100 Fossil Steam #6 Oil 15.94 -1.39 E-07 8.06 E-16 
155 Fossil Steam Coal 13.63 -5.58 E-08 1.97 E-16 
197 Fossil Steam #6 Oil 12.40 -3.02 E-08 8.25 E-17 
350 Fossil Steam Coal 11.96 -1.63 E-08 2.67 E-17 
400 Nuclear Steam LWR 14.84 -2.71 E-08 3.78 E-17 

 
Currently all fixed costs are set to zero and hydro units are assumed to have no fuel costs.  
For this study, we will only consider the system under peak load conditions.  To simulate 
the support of PHEVs, a “generator” was inserted at every load bus.  This would 
represent the entire amount of support available from all PHEVs in a city with a 
corresponding MW load value.  After running an OPF and contingency analysis on the 
system before the addition of PHEVs, there are numerous problems. 

An initial OPF, with no plug-in support, produced an overall cost of $139,068 per hour. 
Checking all  contingencies for lines and generators, the system has 9 insecure 
contingencies.  An initial SCOPF had a cost of $167,089 per hour with 2 unenforceable 
contingencies and 1 binding contingency, an increase in cost of 20% and a 78% reduction 
in violating contingencies. 

Some trouble spots during contingencies include low voltage violations on the left side of 
the grid and line overloads on the right side. 
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8.4.4 IEEE 118 Bus Test Case 
The next system to be examined is the standard IEEE 118 bus case [8.27].  This system 
contains 54 standard generation units with a total capacity of 7,220 MW, 91 loads 
totaling 5,318 MW and 2,085 MVAR, and 186 transmission lines.  Generation cubic cost 
coefficients, generator limits, and transmission line power limits were taken from a 
previous paper concerning unit commitment [8.28], [8.29].  Fuel cost figures were 
matched similarly to the generators in the IEEE 24 bus case based upon their maximum 
output.  As with the 24 bus case, a PHEV “generator” was added to every load bus and 
set to produce or consume the specified amount of support. 

After running an initial OPF with no plug-in support, there were 26 separate 1N −  
contingency violations with an overall cost of $330,823 per hour.  The initial SCOPF 
produced 3 unenforceable contingencies, 4 binding contingencies, and a cost of $443,552 
per hour.  This was an increase in costs of 34% and a reduction in violating contingencies 
of 85%. 

8.4.5 Utility 2,574 Bus Test Case 
The final test system used for this simulation was a 2,574 bus case from a region of a 
North American utility.  This system is much larger and was taken during a peak load day 
in 2007.  It contains 220 generation units totaling 27,725 MW of capacity, 622 load buses 
with a total load of 20,823 MW and 3,166 MVAR, 95 switched shunts, and 3,315 
transmission lines.  Generator, transmission line, and interface limits were included along 
with 851 predefined contingencies.  Cost figures for the generators were not included, so 
based upon the generator’s upper limit, the units were classified similar to the 24 bus test 
case and given corresponding cost figures. 

Starting with the base case and no plug-in support, an initial OPF was run and produced 
588  contingency violations (mostly interface overloads) and a total cost of 
$1,096,327 per hour.  The initial SCOPF produced 9 unenforceable contingencies and 9 
binding contingencies at a total cost of $1,812,126 per hour, 65% more costly than the 
OPF but a 98% reduction of the original violating contingencies. 

8.5 Test Scenarios Using PHEVs 

8.5.1 Amount of PHEV Support for Simulations 
To see a wide range of possibilities of the potential support PHEVs could provide, 
several factors were varied to view their impacts.  Future penetration of plug-ins in 
society is highly uncertain.  Several factors can determine future use including the 
availability of plug-ins from manufacturers, the amount of government incentives to 
consumers, and the future price of fossil fuels. 

For the purposes of this study, penetration levels of 10% to 25% were examined.  Also 
the type of vehicle connection can have a large impact on the available support.  We 
looked at connecting the vehicle to both 120-V and 240-V circuits with circuit breakers 
of 15 A, 20 A, and 40 A.  Amounts of PHEV support are shown in Table 8.3. 
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Table 8.3: PHEV support in percent of peak load. 
10% PHEV 120V 240V  15% PHEV 120V 240V 

15A 2.3229% 4.6458%  15A 3.4844% 6.9687% 
20A 3.0972% 6.1944%  20A 4.6458% 9.2916% 
40A 6.1944% 12.3888%  40A 9.2916% 18.5832% 

       
20% PHEV 120V 240V  25% PHEV 120V 240V 

15A 4.6458% 9.2916%  15A 5.8073% 11.6146% 
20A 6.1944% 12.3888%  20A 7.7430% 15.4860% 
40A 12.3888% 24.7776%  40A 15.486% 30.9720% 

 
Since potential support can range from as low as 2% to just below 31%, SCOPF 
simulations of the three test systems will be run with support from 1% to 31% in 1% 
increments.  All PHEV “generators” were given a piece-wise linear cost function.  If the 
PHEVs were absorbing power they would pay a price of 5 ¢/kWh and would supply 
power to the grid for a price of 20 ¢/kWh. 

8.6 Results 

8.6.1 IEEE 24 Bus Test Case 
As expected, larger vehicle penetrations and upgraded outlet connections have a larger 
effect on the support PHEVs can achieve.  The support was not linear, however.  For the 
first 10% of support, the cost had a steep decrease.  With only a little more than 4% of 
PHEV support, the SCOPF became the same operating cost as the OPF.  After a support 
level of 10-15%, any additional support had only a small incremental effect on the cost of 
the system.  This can all be seen in Figure 8.3. 

 

 
Figure 8.3: Bus system cost vs. PHEV support normalized to OPF cost. 
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Contingencies did not see as immediate an effect as the system cost.  The system still had 
two unenforceable contingencies until after 10% of support and the final unenforceable 
contingency was eliminated after 16% of PHEV support.  Results can be seen in Figure 
8.4. 

 

 
Figure 8.4: 24 Bus contingency violations vs. PHEV support. 

The maximum line overload had similar results.  During the period of support from 0% to 
16%, the overloads steadily decreased overall and after 16% when all unenforceable 
contingencies were eliminated the system was  secure so every line was at or less 
than 100% of its limit. 

It should be noted that the unenforceable contingencies and maximum line overloads 
might be larger than it should be due to the charging on the transmission line from bus 6 
to 10.  It is abnormally high causing a large amount of MVAR on the line and the 
overload. 

8.6.2 IEEE 118 Bus Test Case 
The 118 bus test case had similar results.  For the first 10% of support the system cost 
had a sharp decrease and began to have a smaller effect larger than 20% (see Figure 8.5).  
For this system it took a larger amount of support to reduce the cost to the base case OPF, 
a little more than 12%. 
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Figure 8.5: 118 Bus system cost vs. PHEV support. 

Unenforceable contingencies experienced an immediate benefit with only 1% of support 
reducing the overall number to two violations.  From 12% to 14% of support, the 
remaining two unenforceable contingencies were eliminated, making the system  
secure (see Figure 8.6).  The number of binding contingencies fluctuated throughout the 
region of support but was not a large issue since the system cost continued to decrease as 
discussed earlier. 

 

 
Figure 8.6: 118 Bus contingency violations vs. PHEV support. 

Maximum line overloads had a similar result as the previous case.  They continued to 
decrease and reached 100% at the same time the system became completely secure.  The 
overloads experienced a small bump around 25% of support coinciding with a small 
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increase in binding contingencies.  This is most likely due to tolerances in the algorithm 
and the system can still be considered  secure. 

8.6.3 Utility 2,574 Bus Test Case 
The much larger utility system has some different results than the previous two IEEE test 
cases.  The initial SCOPF with no plug-in support had a much higher cost, 165% of the 
base case OPF system cost.  As PHEV power increased, it had a continually large effect 
on overall system cost (see Figure 8.7). 

 

 
Figure 8.7: 2,574 Bus System Cost vs. PHEV Support. 

After 9% of support, the SCOPF became cheaper than the original OPF and continued to 
decline to only 22% with 30% of PHEV power.  This is largely due to the inclusion of 
interface limits with the utility case.  The initial maximum interface overload was over 
400% of its stated limit with the OPF and greatly reduced to 100% with over 20% of 
support. 

Contingency violations had a similar result as the other two cases.  Unenforceable 
contingency violations decreased from 9 to 5 after only 4% of support.  From 7% to 8%, 
2 more contingencies were eliminated and the final 3 were eliminated after 22% of 
support making the system  secure (see Figure 8.8). 

Maximum line flows continued to decrease steadily from over 116% to around 102% 
over the first 12% of PHEV support.  From about 12% to 21% of support there was little 
change in the line overloads.  This was most likely due to the SCOPF algorithm first 
eliminating the interface violations before satisfying every limit violation.  During 
emergency situations a line violation of 102% may be acceptable if costs are being 
greatly reduced by eliminating interface overloads first. 
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Figure 8.8: 2,574 Bus contingency violations vs. PHEV support. 

8.7 Conclusion 
Plug-in hybrids have been shown to be a promising advancement toward meeting our 
future personal transportation needs.  They can save the typical consumer over $1,600 
annually, reduce our nation’s dependence on foreign oil imports, and reduce overall 
pollution.  They have also demonstrated great potential when simply parked in the home 
garage or at work plugged into an outlet providing grid support. 

As we can see from the three test systems, plug-in hybrids have a great potential to save 
grid operating costs and reduce contingencies.  It is interesting to note for the test systems 
that after 10% - 15% of support, the PHEVs have a minimal effect on the grid.  This can 
be a good situation since it will take time for the pool of hybrids to grow and we can still 
see significant impacts very quickly as the penetration grows. 

Plug-in hybrids had a significant effect on unenforceable SCOPF contingencies and 
maximum line overloads, but the contingencies required a larger amount of support.  All 
test systems were made completely  secure after PHEV support from 14% to 22%.  
It should be noted that plug-ins might have a larger effect on contingencies if they were 
also providing reactive support. 

It will be crucial to the future of the transportation and energy industries as well as the 
environment to push the development and implementation of PHEVs.  Currently at least 
14 automakers are pursuing the development of the first line of pluggable hybrid vehicles 
[8.30]. 

General Motors is the most advanced of the American Big 3 in the process to develop a 
PHEV.  They officially unveiled the Chevrolet Volt concept car at the North American 
International Auto Show on January 7, 2007, in Detroit, Michigan.  This series electric 
vehicle is set for production as early as 2010-2012, once the batteries are fully developed 
and tested, currently underway as of February 2008 [8.31].  Some groups such as the 
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Electric Auto Association have already taken it upon themselves to convert current HEVs 
like the Prius into a PHEV [8.32]. 

This technology has the potential to reduce and even eliminate our dependence on foreign 
oil, greatly reduce greenhouse gas emissions, and save large amounts of money for 
transportation.  This issue needs to stay at the top of the list and is critical to our future 
energy independence. 
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Appendix A: Hydrogen Fuel as a Competing Technology to Charge-
Depleting PHEVs 

A.1 Introduction 
On May 7, 2009, Energy Secretary Steven Chu announced that hydrogen research will be 
“zeroed out” in the 2010 federal budget.  In recent years there has been great deal of 
federal funding towards using hydrogen as an automotive fuel either in a fuel cell 
producing on-board electric energy for an electric drive or by injecting the hydrogen 
directly into an internal combustion engine instead of a petroleum-based fuel.  The 
production of this hydrogen would require grid-supplied electric energy, and would have 
a substantial impact on the electric utility companies.  Thus, hydrogen represents a 
potential automotive fuel that needs some consideration by the electric utility industry 
even though knowledgeable experts say that real hydrogen-fueled vehicles are at least 
“20 years in the future”.  This 20-year figure appears to stay constant no matter when the 
question of availability is posed. 

A.2 Four Main Hurdles for Hydrogen as an Automotive Fuel 
There are four main hurdles towards the realization of hydrogen as a replacement for 
petroleum as an automotive fuel.  These hurdles are [A.1]:  

1. Production 

2. Storage 

3. Distribution 

4. Use 

A.2.1 Production: 
The leading method for producing hydrogen in the U.S. involves using fossil fuels 
particularly natural gas.  High pressure and temperature are used to break the 
hydrocarbons into hydrogen and carbon oxides, particularly CO2.  Therefore, even though 
hydrogen fueled vehicles produce no CO2, this particular production process does add 
this greenhouse gas to the atmosphere.  Presently 95% of the hydrogen used in the U.S. 
comes from this process using natural gas as the base fuel.  The U.S. has great reserves of 
natural gas that could serve as a source for hydrogen as a transportation fuel provided the 
production facilities to do this conversion could be built and the emission problems 
(particularly CO2) handled.  Here the emissions are moved from vehicle tailpipes to these 
hydrogen production plants, a fact that fuel-cell proponents often fail to mention.  A 
second method to produce hydrogen is electrolysis, where an electric current passing 
between two plates immersed in water splits the water into its hydrogen and oxygen 
components.  Now, as with PHEVs, emissions are moved from vehicle tailpipes to the 
electric powerplants.  There are sufficient water supplies, and off-peak electric energy 
could be used for this electrolysis process.  In summary, with substantial investment, the 
U.S. could produce the hydrogen needed for use as an automotive fuel.  The hurdle of 
production can be overcome. 
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A.2.2 Storage: 
At present there are two ways of storing hydrogen on-board a vehicle; either as a liquid or 
as a gas.  In particular, BMW has been working on liquid storage of hydrogen.  The 
energy density (kWh/liter) of liquid hydrogen is about one-third that of gasoline.  
However, the major problem involves two factors.  The first relates to the large amount 
of energy needed to convert gaseous hydrogen to its liquid form.  The second major issue 
involves the extremely low temperature (20o Kelvin or -253o C) required to maintain 
hydrogen in its liquid state.  At room temperatures, hydrogen is in its gaseous state 
holding about one-three-hundredth the energy of an equivalent volume of gasoline.  
Therefore, in order to store hydrogen in a reasonably sized containment tank, gaseous 
hydrogen must be compressed.  To store enough hydrogen for a 350-mile range, a tank 
pressure on the order of 10,000 psi is required.  A recent announcement from Honda 
concerning their FCX Clarity fuel-cell powered vehicle, shown in Figure A.1, claims a 
range of 270 miles with a charging pressure of only 5000 psi, thus representing a 
significant reduction in storage pressure.  However, these pressures represent a serious 
safety hazard in vehicles subject to everyday collisions.  In addition, these high-pressure 
storage tanks take up four to five times the space of a gasoline tank giving an equivalent 
driving range.  Perhaps the fuel cell and the electric drive may take less space than a 
conventional IC engine powertrain, thus compensating for the larger tank volume. 

 

 
Figure A.1: The Honda Clarity fuel cell vehicle. 
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A.2.3 Distribution: 
In general, hydrogen is a difficult substance to transport since it tends to make metals 
brittle to the point of fracture.  The current methods of transporting hydrogen are either as 
a liquid in special tankers or as a compressed gas in high-pressure cylinders in truck 
trailers.  Both methods are not very efficient, particularly when compared to the 
transmission of electric energy.  One way to avoid these expensive transportation 
methods is to use a hydrogen pipeline with the hydrogen transported as a gas.  These 
pipes must have special treatment to avoid the problem of becoming brittle, and to 
withstand the very high pressures that are required.  Another approach is to make the 
hydrogen where vehicles are to be refueled.  This is what is being done at about half of 
the 36 refueling stations now in operation using natural gas as the feedstock with CO2 
being released.  If electric energy could be generated with much reduced emission levels, 
then an electrolysis process could be used at these refueling stations.  Efforts to use 
renewable energy sources for electric energy generation with an electrolysis-based 
hydrogen refueling station would now eliminate all emissions. 

A.2.4 Use: 
Hydrogen can be injected directly into the cylinders of an internal combustion engine 
(ICE) with minor modifications needed for the engine.  This is a relatively 
straightforward approach to using hydrogen as a transportation fuel.  In particular, BMW 
has been exploring this approach since the 1970s.  However, the major thrust is to use 
hydrogen in a fuel cell that produces electric energy as long as hydrogen is supplied.  
Many hurdles need to be overcome in order to have a production ready fuel cell suitable 
for a passenger vehicle.  If we assume that all these hurdles can be overcome, we can 
zero in on other key reasons that fuel-cell technology makes little sense.  As shown in 
Figure A.2, the fuel-cell approach starts with the production of hydrogen, as discussed 
above, by either breaking it free using a fossil fuel or by electrolysis.  Let us here assume 
that electrolysis of water is the method of choice.  In this case electric energy is used to 
split water into its hydrogen and oxygen components.  The storage and transportation 
problems now come into play in order to have the hydrogen on-board the vehicle for the 
fuel cell conversion back to electric energy. 

 

 
Figure A.2: The fuel-cell cycle for using hydrogen as an automotive fuel, whereby the 
electric energy from the grid uses hydrogen as an energy transport medium to provide 

electric energy onboard the vehicle. 
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With the plug-in hybrid electric vehicle (PHEV) approach, shown in Figure A.3, the 
power plant electric energy is transported over an existing grid transmission network 
directly to the PHEV.  This energy is then stored on-board in battery packs that have an 
ever-increasing capability. 

 

 
Figure A.3: The PHEV stores the electric energy directly from the grid. 

The key point is that the use of hydrogen in fuel cells requires a double conversion from 
electric energy to hydrogen and then back to electric energy onboard the vehicle.  The 
onboard storage of hydrogen requires either cryogenic or high-pressure tanks whereas 
batteries operate nominally at ambient temperatures and pressures.  It is this double 
conversion along with the problems associated with the transmission of the hydrogen fuel 
and its on-board storage that makes the PHEV a much more practical approach to 
minimizing reliance on petroleum-based fuels.  Note that, this discussion has made the 
leap-of-faith assumption that a production feasible fuel cell can be developed.  The 
conclusion is that hydrogen as an automotive fuel is certainly not a near-term option. 

A.3 Fuel-Cell Vehicle vs. PHEV Efficiency 
Finally, let us consider how much of the electric energy out of an electric power plant 
ends up as electric energy on-board both a fuel-cell vehicle and a PHEV.  Approximate 
efficiencies for a fuel-cell vehicle are as follows [A.2]:  

A.3.1 Efficiency of process component in a Fuel-Cell Vehicle: 
1. Electrolysis of water, power plant to hydrogen 70% 

2. Compression of hydrogen 90% 

3. Transportation of compressed gaseous hydrogen 90% 

4. Fuel-cell conversion of hydrogen back into electric energy 50% 

5. Parasitic losses for the fuel-cell system are about 10%, so efficiency is 90% 

Multiplying these efficiency factors gives an overall cascaded value of 
.  Thus 25.5% of the electric energy out of an electric power plant ends 

up being available on-board the fuel-cell vehicle to supply energy for the electric drive 
train. 



 

97 

A.3.2 Efficiency of process component in a Plug-in Hybrid Electric Vehicle (PHEV): 
1. Electric grid transmission system  power plant to home wall plug 96% 

2. Battery charger (rectifier, ac to dc) 90% 

3. Turn-around efficiency of the battery (electric energy out / electric energy in) 
85% 

Again multiplying these efficiency factors gives an overall value of 
.  Thus, the transfer of electric energy from an electric power plant to the point 

where this energy is available at the electric motor controller onboard a vehicle is more 
efficient by a factor of  for a PHEV compared to a fuel-cell 
vehicle.  If hydrogen is produced by a process that uses electric energy, then it is much 
more efficient simply to transmit the electric energy over the grid into a vehicle battery 
storage system, and not to use hydrogen as an energy transport medium. 
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Appendix B: Battery-Electric Powertrains as an Alternative to PHEV 
Powertrains 

B.1 Introduction 
Recently there is renewed interest in battery-electric powertrains that are known as ZEVs 
(Zero Emission Vehicles).  This reconsideration of ZEVs is due mainly to the increased 
energy storage capability of batteries, particularly Lithium-Ion (Li-Ion) batteries.  In the 
1990s, there was substantial interest in ZEVs driven mainly by a mandate in California 
that was passed in 1990 by the California Air Resources Board (CARB).  This mandate 
essentially required that by 1998, 2% of all vehicles sold in California by the seven major 
auto manufacturers must be ZEVs.  The origin of this mandate came originally from GMs 
demonstration of a prototype ZEV known as the Impact.  Under the direction of Roger 
Smith, GMs President at the time, GM mounted a significant R&D program to convert 
the Impact into a production vehicle that became the EV-1.  Starting in 1997, EV-1s were 
being leased in California and Arizona using Delco/Delphi Lead-Acid (Pb-Acid) 
batteries.  Approximately 700 such vehicles were manufactured and leased.  These early 
EV-1s were very efficient vehicles in terms of their low rolling and aerodynamic 
resistances.  However, the batteries were quite erratic often limiting the driving range to 
35 miles before recharging was required.  Approximately 500 second generation EV-1s 
were produced, using Nickel-Metal Hydride (Ni-MH) batteries that increased the range to 
approximately 100 miles.  Also, some of these second generation EV-1s used more 
reliable Panasonic Pb-Acid batteries.  Other manufacturers in this same time frame 
produced ZEVs, including Honda (EV+, 1997), Toyota (RAV4), Nissan (Altra EV), Ford 
(Ranger-EV), and Daimler-Chrysler (EPIC).  So clearly there was substantial effort by 
many auto manufacturers to produce ZEVs to meet the California mandate.  The auto 
industry requested more time for development, so the mandate was modified such that the 
1998 deadline for 2% ZEVs was extended to 2003 with the percentage of ZEV sales 
raised to 10%.  

Under intense pressure by elected officials and the oil and auto industries, CARB 
eventually eliminated the mandate in exchange for a "good faith effort" by the big 7 to 
market real-world ZEVs.  A “Memorandum of Agreement” was signed that committed 
the auto manufacturers to: 

• Produce ZEVs in quantities consistent with public demand. 

• Have public demonstration programs to increase this demand. 

• Continue research into battery powered ZEVs. 

• Support infrastructure development and rebates for purchasing ZEVs. 

• Support fleet usage of ZEVs. 

The net result has been that efforts to produce ZEVs by the major auto manufacturers 
declined (essentially ended) in favor of hybrid electric vehicles (HEVs), particularly by 
Toyota, and hydrogen fueled vehicles with substantial funding by the Bush 
administration.  In summary, the use of electric energy to displace petroleum-based fuels 
has not been advanced until the recent spike in oil prices. 
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B.2 Specific Energy and Power Ratings for Batteries and Gasoline. 
The sole energy source in a ZEV is the battery, and since the time of Thomas 

Edison the battery has limited the utility of ZEVs.  Table B.1 shows the maximum 
specific energy and power ratings of the three most common battery chemistries, and also 
the specific heat energy for gasoline. 

Table B.1: Specific energy and power for common battery chemistries and gasoline 
[B.1]. 

Energy Source Specific Energy (Wh/kg) Specific Power (W/kg) 
Advanced Lead-Acid 42 412 
Nickel-Metal Hydrid 80 250 

Lithium-Ion 150 300 
Gasoline 11,543 N/A 

 
The improvement in battery specific energy in recent years has been significant with Li-
Ion having nearly four times the specific energy of Advanced Pb-Acid batteries.  
However, note that the specific power of Advanced Pb-Acid batteries is highest of the 
three batteries.  This means that a Pb-Acid battery pack can provide for the best 
acceleration performance, but with a serious weight penalty due to its low specific 
energy.  Li-Ion batteries are the current preferred choice for ZEVs, giving the highest 
range per unit weight with adequate power for performance.  Also note that, the specific 
energy of gasoline dwarfs all of the batteries in energy storage by almost two-orders of 
magnitude. 

B.3 Energy Requirements of ZEVs and PHEVs 
From Figure 3.6 the required energy per mile from the grid for ZEVs and PHEVs is 
tabulated in Table B.2 for the US06 driving schedule.  A value of , is 
assumed for the PHEV control algorithm design.  The value of  is the fraction of 
the total input energy that comes from the battery.  Thus, using  in Error! 
Reference source not found. we have an estimate of the grid supplied recharging energy 
for ZEVs.  The last column in Table B.2 is taken from Table 3.4 for a conventional 
powertrain in each vehicle class over the US06 driving schedule. 

Table B.2: Recharging energy for ZEVs and PHEVs on the US06 driving schedule with 
the mpg for a conventional powertrain in each vehicle class. 

Vehicle Class ZEV  
(kWh/mi) 

PHEV  
(kWh/mi) 

Conv. Veh. 
(mi/gal) 

Class-1  Compact 0.45 0.38 25.82 
Class-2  Full-size 0.48 0.44 21.26 

Class-3  Medium SUVs & Pickup Trucks 0.78 0.72 14.21 
Class-4  Large SUVs & Pickup Trucks 0.96 0.89 11.16 
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B.4 Estimate of ZEV and PHEV Driving Range 
A key aspect of vehicle operation involves the range that can be driven before requiring 
refueling.  For a ZEV, this refueling involves recharging of its battery pack from grid 
supplied electric energy.  For PHEVs, there exists an option based on the fact that vehicle 
operation can be maintained even if the battery state of charge (SOC) is at its lower limit 
as long as there is gasoline in the fuel tank.  Thus for a PHEV, the range is similar to a 
conventional vehicle.  The PHEV range calculation involves the range achieved during 
charge-depleting operation until reaching the lower SOC limit and then adding the range 
achieved during charge-sustaining operation using the remaining fuel in the gas tank.  In 
order to arrive at some estimate of vehicle range driving repeated US06 cycles, we 
assume the Li-Ion battery masses shown in Figure B.1.  The ZEV battery mass of 430 kg 
(950 lbs.) for the Class-1 vehicle corresponds to the Li-Ion battery pack being used in the 
Tesla Motors Roadster, consisting of 6,831 Li-Ion 18650 type individual cells wired in 
series and parallel [B.2].  Each of these cylindrical cells is 18.3 mm (0.72 in.) in diameter 
and 64.9 mm (2.56 in.) long.  Larger battery packs are assumed for the larger vehicle 
classes 2, 3, and 4.  For the PHEVs, all battery packs are assumed to be half the size of 
the corresponding size in the ZEVs.  For the PHEVs, the sizes of the gas tanks for each 
vehicle class are shown in Figure B.1.  The calculations in Figure B.1 assume that 80% of 
the battery stored energy can be used  and that the PHEV mpg is 
increased by a factor of 1.25 over a conventional powertrain when driven charge 
sustaining .  Table B.3summarizes the key range determining 
parameters and the range results obtained from the calculations in Figure B.1. 

Table B.3: Summary of battery sizes and range for ZEVs and PHEVs. 
Class ZEV Bat. 

(kg) 
ZEV Range 

(miles) 
PHEV Bat. 

(kg) 
PHEV Fuel 

(gal) 
PHEV Range 

(miles) 
1 430 150 215 12 443 
2 450 147 225 15 449 
3 700 141 350 23 456 
4 850 139 425 29 451 

 
Large battery packs were selected for the ZEVs in order to give a reasonable driving 
range.  The range of the PHEVs is on the order of conventional non-hybrid powertrains. 

B.5 Recharging / Refueling Times 
The above section shows that a reasonable driving range, on the order of 150 miles, can 
be realized for ZEVs using large (i.e. heavy) Li-Ion battery packs.  However, the most 
serious negative aspect of ZEVs is their required recharging times.  This calculation is 
shown in Figure B.2, wherein a grid supply of 30 A at 240 V is assumed to be used.  
These times are summarized as follows: 

• Class-1: 7.5 hrs. 

• Class-2: 7.8 hrs. 

• Class-3: 12.2 hrs. 

• Class-4: 14.8 hrs. 
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In order to realize a reasonable driving range large batteries need to be used, that in turn 
require significant recharging times even with a 240 V, 30 A supply.  Clearly a ZEV is 
only a practical vehicle when used for daily driving not exceeding a range of 150 miles.  
Continued driving then requires substantial time for recharging.  This long recharging 
time is due to the commonly available grid supply power capability not the battery 
chemistry.  With a PHEV there is no such recharging limitation as the vehicle can be 
driven charge sustaining in the same manner as HEVs now on the market.  Refueling on a 
long trip simply involves refilling the gas tank. 

B.6 Summary 
The case for ZEVs reduces down to the following advantages and disadvantages: 

B.6.1 ZEV Advantages: 

• Simpler less expensive powertrain than PHEVs. 

• Minimal maintenance with only an electric drive. 

• Zero vehicle tailpipe emissions. 

• Fueled only with electric energy that could be produced with renewable non-
carbon sources. 

B.6.2 ZEV Disadvantages: 

• Requires large battery packs to get a reasonable driving range. 

• Recharging these large battery packs requires a long time interval making their 
use for longer trips not practical.  These recharging times are long due to the 
limited electric power that can be supplied in a non-industrial grid connection.  

The case for PHEVs reduces down to the following advantages and disadvantages: 

B.6.3 PHEV Advantages: 

• Appreciable amounts of the energy driving the vehicle comes from an electrical 
source that could be produced with renewable non-carbon sources. 

• Longer trips are still practical as the powertrain is fully operational in a charge-
sustaining hybrid mode. 

• Vehicle tailpipe emissions are greatly reduced. 
• The battery pack can be much smaller than a ZEV battery pack, and also the IC 

engine can be smaller than a conventional engine-only vehicle in the same class. 

B.6.4 PHEV Disadvantages: 

• The powertrain has both an IC engine and an electric drive, thus increasing cost 
and control complexity. 

• Some petroleum based fuel will still be used (at least in the near term). 

• Vehicle tailpipe emissions are not zero. 
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The case for ZEVs is now being made on the basis that most daily driving

Table B.3

 is well within 
the range of present battery technology.  However, from a consumer’s viewpoint, ZEVs 
represent a vehicle that does not have the full utility of engine-only conventional 
vehicles, charge-sustaining HEVs, or charge-depleting PHEVs.  The main negative 
aspect of ZEVs is the issue of refueling (i.e. recharging) time that is limited by the power 
available on the electric distribution system.  This is not a battery limit, but rather a 
power system limit.  One recent suggestion for ZEVs by Better Place is to swap a 
discharged battery for a charged battery [B.3].  We can do this for battery operated hand 
tools, so why not for ZEVs?  One can only wonder if Better Place has any concept of the 
weight of ZEV batteries as listed in . 

This means that a ZEV would generally be purchased as a second vehicle used only 
where the intended planned range is well within its capability.  No one wants to 
constantly be concerned that he/she will be stranded, so a consideration of the length of 
each trip needs to be made.  A ZEV, compared to a conventional vehicle, would be like 
driving with the gas gauge never higher than 25%, a point where most people head for a 
gas station. 
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Figure B.1: Calculation of ZEV and PHEV driving range. 
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Figure B.2: Battery-Electric ZEV recharging times from a 240 V, 30 A receptacle. 



 

105 

Appendix C: Power System Data Utilized in the Primary Energy Source 
Utilization Experiments 

In the primary energy source utilization (Chapter 7) two power systems are utilized.  
Both systems are described next.  The first system, described first, is the 1979 reliability 
test system (RTS), a standard hypothetical power system developed by the Reliability 
Test System Task Force of the Application of Probability Methods Subcommittee [D1].  
The second system, described second, is based on the generating mix [D2], energy 
production [D3], and environmental air pollution [D4] for the entire US.  All simulations 
were performed using the load data, described last, defined in [D1] with corresponding 
peak power levels. 

C.1 RTS System Data 
The RTS system modeled utilized five types of fuel: #6 oil, #2 oil, coal, nuclear, and 
hydro.  The cost and heat content of each fuel, Table C.1, is based on data in [C.1].  The 
cost data has been updated to typical current prices.  The hydro energy generation is 
treated a bit differently.  The hydro energy generation is utilized based on 100% 
availability.  As such it is treated as negative load when calculating the load demand 
curve for the system.  The relative cost of each fuel is of significant importance because 
the generating unit dispatching is ordered based on economic ranking. 

Table C.1: Fuel data [C.1]. 
Fuel Type Fuel Costs [$/kg] Fuel Energy Density [kcal/kg] 

#6 Oil 0.6 11,200 
#2 Oil 0.65 12,000 
Coal 0.05 6,000 

Nuclear 60,000 200·1019 
Hydro -- -- 

 
The RTS system modeled utilized 32 different generators.  These 32 generators are 
comprised of nine different generator types.  Generator unit reliability data, Table C.2, 
includes mean time to failure (MTTF) and mean time to repair (MTTR) and resulting 
forced outage rate (FOR) 
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Table C.2: Generating unit reliability data [C.1]. 
Size of Unit [MW] FOR MTTF [h] MTTR [h] 

12 0.02 2,940 60 
20 0.1 450 50 
50 -- -- -- 
76 0.02 1,960 40 

100 0.04 1,200 50 
155 0.04 960 40 
197 0.05 950 50 
350 0.08 1,150 100 
400 0.12 1,100 150 

 
Unit reliability for the hydro units is considered in the calculations of the hyrdo 
availability data. 

Generator generating capacity data, Table C.3, includes generator fuel type, maximum 
generating capacity, and minimum generating capacity. 

Table C.3: Generating unit generation capacity data [C.1]. 
Fuel Capacity [MW] 

Maximum Minimum 
#6 Oil 12 2.4 
#2 Oil 20 16 
Hydro 50 -- 
Coal 76 15.2 

#6 Oil 100 25 
Coal 155 54.25 

#6 Oil 197 68.95 
Coal 350 140 

Nuclear 400 100 

 
Again, the hydro capacity is treated as negative load and as such no minimum capacity is 
required. 

The generator heat rate function 

 

is used as a cost function modeling the amount of fuel needed to meet a specific power 
demand for each generator.  Where  is the required heat rate (kcal/h),  represents 
the generated power, and the coefficients , , and  are the heat rate coefficients 
computed for each generator type in the system.  Each generator type heat rate 
coefficients are shown in Table C.4. 
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Table C.4: Generating unit heat rate coefficients [C.1]. 
Size [MW] 

   

12 3,330,369 2,550,425 15,047.24 
20 10,080,000 3,150,000 0 
50 -- -- -- 
76 21,092,334 2,550,425 2,375.881 
100 31,362,044 1,963,834 2,413.314 
155 43,407,948 1,946,828 1,401.447 
197 33,003,505 2,193,793 328.5092 
350 81,532,894 1,873,123 822.2852 
400 90,962,133 2,244,962 116.0031 

 
In Table C.4 the zero  coefficient for the 20 MW units is because only two heat rate 
data points are published.  The resulting heat rate curve is linear.  Again, the hydro units 
were treated as negative load and as such required no heat rate equation. 

The generator emission rate function 

 
is used as a cost function modeling the amount of environmental air pollution (EAP) 
generated at a specific power level.  Where  is the emission rate [kg/h],  represents 
the generated power, and the coefficients  and  are the emission rate coefficients 
computed for each generator type in the system. 

Due to the lack of published emission data for the RTS generators.  Published EAP 
statistics [C.5] were utilized to compute general generator pollution cost functions in this 
study.  The published data is reproduced in Table C.5 and the resulting emission rate 
coefficients are shown in Table C.6.  The method utilized to compute both the heat rate 
coefficients and the EAP rate coefficients can be found in Volume II of this report. 

Table C.5: TVA generator statistics [C.5]. 
Plant Energy Produced 

[billions of kWh] 
NOx [thousands 

of tones/year] 
CO2 [millions 
of tones/year] 

Allen 4.9 17.4 5.7 
Bull Run 6 28 4.6 

Cumberland 18.97 18.4 19 
Gallatin 4.7 23.4 7.7 

John Saviers 5.25 30.1 5.1 
Johnsonville 5.68 86.8 9 

Kingston 10 55.5 35.8 
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Table C.6: Generating unit emission rate coefficients. 
Size [MW] NOx CO2 

      

12 19.7155 0.4832 6,458.5234 158.2971 
20 7.6205 3.8102 1,251.936 625.968 
50 -- -- -- -- 
76 179.8726 0.6961 37,417.1151 144.8031 

100 45.8303 0.1467 47,324.7232 151.4391 
155 374.4125 0.9381 123,204.126 308.6856 
197 547.9919 1.0803 92,849.1186 183.0351 
350 2,604.0367 3.2348 270,003.8028 335.4085 
400 -- -- -- -- 

 
In Table C.6 the hydro (50 MW) and nuclear (400 MW) generators produced no EAP, 
thus the emission rate coefficients are both zero. 

The environmental air pollutants NOx and CO2 were selected based on the availability of 
both power plant emission data and PSAT result data.  Both were necessary so that a 
comparison could be made in terms of total system EAP.  The total system EAP is the 
EAP produced by both the power system and vehicle fleets for scenarios with and 
without PHEV charging. 

Further, the peak electric load demand utilized was 2,850 [MW] [C.1].  The number of 
vehicles in the power system test area was set to 1.539 million (computed via average 
power system utilization and vehicle ownership assumptions outlined in Volume II of this 
report). 

C.2 US System Data 
Based on publicly available total U.S. generating capacity, Table C.7, total U.S. 
generated energy production per fuel source, Table C.8, and total U.S. power system EAP 
generated, Table C.9, Probabilistic Production Costing (PPC) input data was generated so 
that the base case results closely matched the results in Tables C.8 and C.9. 

Table C.7: Total U.S. generating capacity by energy source [C.2]. 
Fuel Source Generator Nameplate Capacity [MW] 

Coal 336,040 
Liquid and Coke Petroleum 62,394 

Natural and Other Gas 452,052 
Nuclear 105,764 

Renewable/Other 131,541 
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Table C.8: Net U.S. energy generating by source [C.3]. 
Fuel Source Net Generation By Fuel Source [GWh] 

Coal 1,994,385 
Liquid and Coke Petroleum 45,354 

Natural and Other Gas 888,521 
Nuclear 808,972 

Renewable/Other 377,648 

 

Table C.9: Estimated EAP by each fuel source in 2007 for the entire U.S. [C.4]. 
Fuel CO2 [kg] NOx [kg] 
Coal 16,018,807,896,000 22,956,252,000 

Liquid and Coke Petroleum 536,895,358,000 1,258,970,000 
Natural and Other Gas 3,458,905,616,000 3,402,814,000 

Renewable/Other 118,031,404,000 1,582,196,000 

 
Further, the peak electric load demand utilized was 764,476 [MW] [C.6].  The number of 
vehicles in the power system test area was set to 135,669,897 [C.7]. 

C.3 Load Data 
The base case load demand data was generated taking the product of the weekly peak 
(Table C.10), daily peak (Table C.11), and hourly peak (Table C.12) data to create hourly 
load demand data for one year (8760 hours). 
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Table C.10: Weekly peak load in percent of annual peak [C.1]. 
Week Peak Load [%] Week Peak Load [%] Week Peak Load [%] 

1 86.2 19 87 37 78 
2 90 20 88 38 69.5 
3 87.8 21 85.6 39 72.4 
4 83.4 22 81.1 40 72.4 
5 88 23 90 41 74.3 
6 84.1 24 88.7 42 74.4 
7 83.2 25 89.6 43 80 
8 80.6 26 86.1 44 88.1 
9 74 27 75.5 45 88.5 

10 73.7 28 81.6 46 90.9 
11 71.5 29 80.1 47 94 
12 72.7 30 88 48 89 
13 70.4 31 72.2 49 94.2 
14 75 32 77.6 50 97 
15 72.1 33 80 51 100 
16 80 34 72.9 52 95.2 
17 75.4 35 72.6   
18 83.7 36 70.5 

 

Table C.11: Daily peak load in percent of weekly peak [C.1]. 
Day Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

Peak Load [%] 93 100 98 96 94 77 75 
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Table C.12: Hourly peak load in percent of daily peak [C.1]. 
Hour Winter Weeks [%] Summer Weeks [%] Spring/Fall Weeks [%] 

1-8 and 44-52 18-30 9-17 and 31-43 
Weekday Weekend Weekday Weekend Weekday Weekend 

12(midnight)-1a 67 78 64 74 63 75 
1a-2a 63 72 60 70 62 73 
2a-3a 60 68 58 66 60 69 
3a-4a 59 66 56 65 58 66 
4a-5a 59 64 56 64 59 65 
5a-6a 60 65 58 62 65 65 
6a-7a 74 66 64 62 72 68 
7a-8a 86 70 76 66 85 74 
8a-9a 95 80 87 81 95 83 

9a-10a 96 88 95 86 99 89 
10a-11a 96 90 99 91 100 92 

11a-12noon 95 91 100 93 99 94 
12noon-1p 95 90 99 93 93 91 

1p-2p 95 88 100 92 92 90 
2p-3p 93 87 100 91 90 90 
3p-4p 94 87 97 91 88 86 
4p-5p 99 91 96 92 90 85 
5p-6p 100 100 96 94 92 88 
6p-7p 100 99 93 95 96 92 
7p-8p 96 97 92 95 98 100 
8p-9p 91 94 92 100 96 97 
9p-10p 83 92 93 93 90 95 

10p-11p 73 87 87 88 80 90 
11p-12midnight 63 81 72 80 70 85 

 
The RTS system also includes six 50 MW hydro electric generating units.  The hydro 
units are utilized 100% based on availability.  The power available from the hydro units 

 

is treated in effect as negative load.  Thus, each hourly load in calendar quarter-  is 
decreased by the hydro power available  in quarter- , where  and  are 
defined in Table C.13 and represent the energy and maximum capacity available in 
quarter-  respectively, and  is 100% of the available energy from the hydro units (200 
GWh). 
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Table C.13: Hydro energy per calendar quarter [C.1]. 
Quarter Energy Availability [%] Capacity Availability [%] 

1 35 100 
2 35 100 
3 10 90 
4 20 90 
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 x 

ST Steam Turbine 
 Trapezoidal integration method current time [sec] 
 Electro-thermal transformer model temperature vector [˚C] 
 Transformer hot-spot temperature [˚C] 
 Total distance driven in the simulation period for vehicle-  [mi.] 

TFC Total Fuel Cost 
TVA Tennessee Valley Authority 

 Trapezoidal integration method time step length [sec] 
 Uniformly distributed (0,1] IID pseudo random number 
 Uniformly distributed (0,1] IID pseudo random number 

UDDS Urban Dynamometer Driving Schedule 
UE Unserviced Energy 
US06 Updated federal test driving cycle 

 Vehicle- , a  pa rticular ve hicle s ampled f rom t he t otal ve hicle 
population 

 Average 120 V load 1 voltage [V] 
 Average 120 V load 2 voltage [V] 
 Center-tapped single phase transformer model source voltage [V] 

 RV representing the recharge voltage for vehicle-  in class-  [V] 
 Linear least square unknown vector 
 Transformer series reactance [p.u.] 

 Vector of generated random vehicle design parameters 
 Linear least square known data vector 

 PHEV sample population average EAP generated per vehicle in class-
 [kg/veh.] 

 PHEV s ample popu lation a verage gasoline c onsumed pe r ve hicle i n 
class-  [gal./veh.] 

 Yearly EAP generated by PHEV-  in class-  [kg] 
 Yearly gasoline usage consumed by PHEV-  in class-  [gal.] 

 Center-tapped s ingle pha se t ransformer hi gh vol tage w inding 
impedance [Ω] 

 Center-tapped s ingle phase t ransformer l ow vol tage winding 1 
impedance [Ω] 

 Center-tapped s ingle phase t ransformer l ow vol tage winding 2 
impedance [Ω] 

 High voltage per-unit base impedance value [Ω] 
 Low voltage per-unit base impedance value [Ω] 

 Center-tapped s ingle pha se t ransformer hi gh vol tage w inding 
impedance [p.u.] 

 Center-tapped si ngle phase t ransformer l ow vol tage winding 1 
impedance [p.u.] 

 Center-tapped s ingle phase t ransformer l ow vol tage winding 2 
impedance [p.u.] 
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1. Introduction 

Presently, the U.S. is importing crude oil at the rate of 10.0 Mb/day [1.1].  Additionally, 
approximately 5.1 Mb/day of crude oil are produced domestically [1.1].  Two-thirds 
(62.9%) of this oil is refined into gasoline and diesel fuel to power U.S. passenger 
vehicles and trucks [1.2].  Thus, the majority of U.S. passenger vehicles and trucks are 
fueled by imported oil.  A number of options have been proposed to reduce the use of 
imported oil including: finding more oil, increasing vehicle fuel economy, using ethanol 
as a vehicle fuel, using conventional hybrid electric vehicles (HEVs), and using plug-in 
HEVs (PHEVs). 

Aftermarket conversion of a currently available HEV into a PHEV is possible today 
[1.3], suggesting that PHEV technology is feasible for significant levels of market 
penetration in the near future.  PHEVs represent a potentially lucrative new semi-
dispatchable load for the electric utility industry. 

The key potential benefit to the electric utility industry is the possible addition of a large 
controllable load.  Just under 400 million gallons of gasoline a day are used in the U.S. 
[1.4].  If PHEV drivers were to charge off peak this additional load would be added with 
minimal increased need for added generation. 

Displacing petroleum usage with electric energy would diversify the transportation sector 
energy usage.  The energy mix used in transportation (Figure 1.1) is 96% petroleum [1.5].  
Displacing a small portion of this energy distribution with the energy mixture used in the 
electric power system (Figure 1.2) has the potential to add three new fuel types to the 
transportation sector energy mix. 

 

 
Figure 1.1.  Energy mix used in transportation [1.5]. 
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The remainder of this thesis is organized as follows: 

• Related published literature is examined and the context which this thesis fits into 
the broader research is evaluative (Chapter 2). 

• Research into the impact of diversifying the transportation energy mix is 
described in terms of primary energy source utilization, environmental air 
pollution (EAP), and gasoline consumption (Chapter 3). 

• Research into the potential impact of increased loading on an aging infrastructure 
is described utilizing a loss-of-life indication on distribution transformers 
(Chapter 4). 

• A summary of the results are included in the conclusion (Chapter 5). 

 
Figure 1.2.  Energy mix used in the electric utility industry [1.5]. 
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2. Literature Review 

Two foci of this research are (1) which power system fuel types will be utilized to meet 
the added electric energy demand used to charge plug-in hybrid electric vehicles 
(PHEVs) and (2) what will be the impact of the increased electricity demand on pole top 
distribution transformers.  The first focus includes two related considerations of (1) how 
many vehicles an existing power system can accommodate and (2) the total system 
environmental air pollution (EAP) which includes EAP from both the vehicle fleet and 
from the power system. 

2.1 First Focus 
The first focus of this research has received much attention in currently available 
literature.  The second focus has received only minimal attention in currently available 
literature.  First, a subset of the currently available literature related to focus number one 
is introduced.  Second, a single document is introduced related to focus number two.  
Finally, the contribution provided by the present work is summarized. 

What impact will charging PHEVs have on the electric power system?  This question has 
been investigated by many research groups, in many different ways, focusing on a 
number of implications.  The questions answered by others include: 

• How many vehicles can a power system accommodate? 

• Which fuel types will the added load utilize? 

• What added EAP will be generated by this new load? 

• Can the electric utility infrastructure withstand the potential additional load? 

Two investigations which computed the number of vehicles that existing power systems 
could support found that the percentage of the U.S. light duty vehicle fleet that could be 
supported was 34% (charging the vehicle between 22:00 and 08:00) [2.1], 43% (charging 
between 18:00 and 06:00) and 73% (charging all day) [2.2].  The calculations in both 
reports are quite similar. 

Key PHEV assumptions made in both investigations, including vehicle energy required 
per mile and total miles driven per year, shown in Table 2.1. 

 

Table 2.1.  Vehicle assumptions made in penetration level papers. 

Report Total Miles Driven [mi.] Grid energy required per mile [kWh/mi.] 

[2.1] 14,300 0.41 
[2.2] 12,000 0.26 – Compact sedan 

0.30 – Mid-size sedan 
0.38 – Mid-size SUV 
0.46 – Full-size SUV 
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Clear reasons for the discrepancy between these results include more conservative 
charging time limits in [2.1] then [2.2], more miles driven per year in [2.1] then [2.2], and 
higher grid energy requirements in [2.1] over every vehicle size in [2.2] except the full 
size SUV.  Each of these factors leads to a lower percentage penetration result in [2.1] 
then [2.2]. 

In [2.3] an optimal dispatch charging procedure is outlined and results conclude that 50% 
penetration of the light duty vehicle fleet, where vehicles derived 40% of their miles from 
electricity, could be met by existing generation capacity.  In this report the vehicle 
assumptions include an average grid electric energy demand of 0.34 kWh per mile and 
different average daily driving distances depending on different U.S. regions, from 29.8 
miles per day in the southwestern study region to 42.2 miles per day in the central study 
region.  This level of penetration is clearly within the ranges indicated in the first two 
reports discussed ([2.1], and [2.2]). 

Additional research has focused on the impact that charging PHEVs will have on primary 
energy source utilization, where primary energy source utilization refers to which power 
system fuel type/s will be utilized to meet the added demand due to PHEV charging.  
Specifically, investigations have been performed using the Xcel power system [2.4] and 
the 13 regions specified by the North American Electric Reliability Corporation (NERC) 
[2.5]. 

In [2.4], three vehicle types were modeled: conventional vehicles (CVs), HEVs, and 
PHEV-20s, where PHEV-X indicates a PHEV which is capable of driving X miles using 
the battery alone.  Each vehicles equivalent miles per gallon (MPG) is shown in Table 
2.2.  The PHEV fuel efficiency was computed using Advanced Vehicle Simulator 
(ADVISOR) [2.6]. 

 

In [2.4] vehicle assumptions include an annual driving distance of 13,900 miles per year, 
a PHEV grid electric energy demand of 0.36 kWh per mile, and a PHEV battery capacity 
of 7.2 kWh.  Further, in [2.4] four vehicle charging cases were defined: 

Case 1. Uncontrolled charging, which meant each vehicle charged at a rate of 1.4 
kW where charging started whenever the vehicle arrived home and 
charged only at home. 

Case 2. Delayed charging, which meant all vehicles from case 1 are delayed until 
10 pm to start charging. 

Case 3. Off-peak charging, which meant utility control of vehicle charging times 
at a rate of 3.2 kW (providing a least cost scenario). 

Table 2.2.  Vehicle MPG [2.4]. 

 CV HEV PHEV-20 

MPG [mi./gal.] 26 36 37 
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Case 4. Continuous charging, which meant each vehicle charged at a rate of 1.4 
kW where mid-day charging is capable (providing a maximum amount of 
electric drive mileage and minimum gasoline case). 

Finally, vehicle fleet daily driving performance was based on global positioning satellite 
(GPS) recorded vehicle data of 227 vehicles in St. Louis, Missouri [2.4].  Results of 
electricity usage, gasoline consumed, and total fuel costs are shown in Table 2.3.  In these 
results fuel cost is the cost of only gasoline purchasing for CVs and HEVs where as this 
cost includes both gasoline and electric energy purchasing for the PHEV cases. 

 

The annual fuel cost was computed using $2.57 per gallon of gasoline and 8.6 cents per 
kWh electricity rates [2.4].  From the results in Table 2.3, it is clear that total gasoline 
consumption and annual fuel cost are reduced in all PHEV cases over the CV and HEV 
operation.  Regardless of charging method the annual reduction in gasoline utilization, 
driving PHEVs versus CV, would be at least 298 gallons of gasoline per vehicle and at 
least $597 saved in fuel costs per vehicle. 

The primary energy source utilization results in [2.4] include the impact of PHEV 
charging on the total system load, the EAP emissions (vehicle and power system), and the 
marginal cost of electricity.  This study considered a penetration level of 500,000 
vehicles, or equivalently 30% of the light-duty vehicle fleet in the Xcel Energy, Inc. 
service territory.  The power system simulations were computed using Proprietary Hourly 
Power System Evaluation Model (PROSYM).  The PROSYM software computed 
generator dispatching, on an hourly basis, and generated EAP for each of the four 
charging cases [2.4]. 

The 2005 power system generating mix and energy generated for all of Colorado based 
on fuel type is shown in Figures 2.1 and 2.2.  Xcel Energy, Inc. serves approximately 
55% of the total Colorado population and supports 55% of the total Colorado annual 
electricity demand. 

Table 2.3.  Vehicle performance results [2.4]. 

 CV HEV PHEV Cases 1-3 
(Charging once 

per day) 

PHEV Case 4 
(Continuous 

charging) 
Electricity Required [kWh] (Daily / Annual) 0 0 5.3 / 1,944 9.4 / 3,530 

Annual Gasoline Use [gal.] 535 386 237 145 
Annual Fuel Cost [$] 1,375 993 778 614 
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In [2.4] results showed the percent of energy from each generator type for the four 
charging cases.  The three generator types considered were simple cycle and other gas 
(reciprocating and steam units); combined cycle gas; and coal.  The percentage of energy 
produced from each generator type for each charging scenario is shown in Figure 2.3. 

 
Figure 2.2.  2005 electric power system energy generation by fuel type for Colorado 

[2.4]. 
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Figure 2.1.  2005 electric power system generation capacity by fuel type for Colorado 

[2.4]. 
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This analysis showed that natural gas is utilized to meet the majority of the PHEV 
charging load.  Also, as the PHEV charging load is shifted later in the evening and off 
peak the coal utilization increased.  Further results drawn in this work include a small 
decrease in total NOx generated and a significant reduction in total CO2.  Next, the 
investigation of the 13 regions specified by the NERC in terms of PHEV primary energy 
source utilization [2.5] is described. 

In [2.5] an analysis is provided of primary energy source utilization due to PHEV 
charging for each of the 13 NERC regions of the U.S.  This analysis utilized the Oak 
Ridge Competitive Electricity Dispatch (ORCED) model to compute primary energy 
source utilization and power system EAP generated.  This analysis included two different 
charging time considerations and three different charging rates.  The first charging time 
was called “evening” and was defined by PHEV charging starting at 5 pm and the second 
charging time scenario was called “night” and was defined by PHEV charging starting at 
10 pm.  The three charging rates were 120V/15A (1.4kW), 120V/20A (2kW), and 
220V/30A (6kW).  All PHEV charging included nine hours of charging.  Two future time 
frames were simulated.  The first time frame was in the year 2020 and the second in the 
year 2030.  The projected level of PHEV penetration in 2020 was estimated to be 19.58% 
and in 2030 was estimated to be 50.39%. 

This report [2.5] documented results for all 13 NERC regions.  The results summarized 
here are the sum of the results for all 13 regions.  The power generating capacity for the 
13 regions projected to 2020 is shown in Figure 2.4.  The base case energy generated for 
the 13 regions in 2020 is shown in Figure 2.5.  Comparable figures for 2030 are Figures 
2.6 and 2.7.  In each of these figures ST, CT, and CC represent steam turbines, 
combustion turbines and combined cycle generation plants respectively. 

 
Figure 2.3.  Generator type used to charge PHEV in the Xcel service area [2.4]. 
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Figure 2.5.  Computed base case energy generated in 2020 [2.5]. 
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Figure 2.4.  Projected power generating capacity in 2020 [2.5]. 
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This investigation [2.5] compared the projected primary energy source utilization and 
EAP generated with and without PHEV penetration in the years 2020 and 2030 for each 
charging scenario.  Vehicle assumptions included daily driving distance of 20 miles per 
day, PHEVs operated in an all electric driving mode, and a HEV fuel efficiency of 40 
MPG.  The primary energy source utilization results from this investigation for each 
charging scenario are summarized in Figures 2.8 and 2.9 for the 2020 and 2030 results 

 
Figure 2.7.  Computed base case energy generated in 2030 [2.5]. 
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Figure 2.6.  Projected power generating capacity in 2030 [2.5]. 

 

Renewables
1%

Hydro
7%

Gas CT
18%

Gas CC
15%

Gas ST
8%

Oil
5%

Coal
34%

Nuclear
12%



 

 10 

respectively.  In each of these figures the projected increase in energy generated for each 
fuel type is shown. 
 

 

 

In both time frames 2020 and 2030 and all charging scenarios, the three most utilized fuel 
types were gas CC, gas CT and coal.  Emission results showed CO2 emissions slightly 
higher in most NERC regions, contradicting the CO2 results in [2.4].  The generation of 
the other two pollutants considered, NOx and SO2, were limited by regulation caps.  This 

 
Figure 2.9.  Computed increase in energy per fuel type for 2030 [2.5]. 
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Figure 2.8.  Computed increase in energy per fuel type for 2020 [2.5]. 
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limitation invalidates any comparison of emission results between studies for NOx and 
SO2.  Next, an additional study of EAP effects of PHEV use is summarized. 

In [2.7] nine scenarios of annual CO2 emission scenarios were simulated.  The nine 
scenarios were all possible combinations of three levels of power system CO2 emission 
intensity and three levels of PHEV penetration levels.  From the nine scenarios the follow 
conclusions were drawn: 

• CO2 emissions decreased significantly in each of the nine scenarios. 

• The maximum of CO2 reduction was achieved with the combination of high 
PHEV penetration and the low power system CO2 intensity. 

• Cumulative CO2 emission reductions were simulated in the range of 3.4 to 10.3 
billion tons.  The simulation operated in the time span of 2010 through 2050. 

• Regionally each area of the country will have CO2 reductions. 

• The common reduction in CO2 for each regional area was contradicted in [2.5] 
where emission levels did not follow any consistent pattern. 

The modeling in [2.7] simulated the evolution of the power system and transportation 
utilization over the 2010 to 2050 time span.  The power system model was a combination 
of the Energy Information Agency’s (EIA) National Energy Modeling System (NEMS) 
[2.8] and the Electric Power Research Institute (EPRI) National Electric System 
Simulation Integrated Evaluator (NESSIE).  The transportation utilization modeled both 
vehicle emissions and market adoption of PHEVs. 

Additional research literature which investigated the impact that PHEV operation will 
have on EAP production includes [2.9], [2.10], and [2.11].  These investigations lack an 
analysis of EAP produced from the electric power system, thus missing half of the picture 
when comparing the operation of PHEVs with the use of CVs.  Next, literature 
documenting the impact of PHEV charging on the electric infrastructure is introduced. 

2.2 Second Focus 
Thus far, the mentioned research has focused on (1) the number of vehicles an existing 
power system idle generation capacity can accommodate, (2) the primary energy source 
utilization of PHEV charging, and (3) the EAP produced by PHEV utilization.  The 
question remains what, if any, impact will PHEV charging have on the electric power 
infrastructure itself?  The potential impact was quantified in [2.12]. 

An advantage of a higher utilization factor of the electric power utility, achievable with 
the use of PHEVs [2.1], [2.2], and [2.3], is “an efficiency gain, distributing average costs 
over a greater number of kilowatt-hours” [2.12].  However, oil-cooled transformers rely 
on common utilization patterns to avoid the detrimental effects of overheating.  In [2.12] 
the transformers temperature and life expectancy were modeled using a Montsinger 
equation.  Further, a sensitivity analysis of the modeled transformer temperature 
indicated that, “the current transformer designs may represent a significant constraint 
with respect to integration PHEVs into central-station power systems” [2.12]. 
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In summary, a review of the literature shows that existing reserve capacity is capable of 
supporting a sizable portion of the light duty vehicle fleet replaced by PHEVs, the added 
electric energy will be met by primary energy sources depending on the generating mix, 
mixed EAP results, and oil-cooled transformers may represent a constraint on integrating 
PHEVs into the existing infrastructure. 

This thesis adds to the existing body of research by (1) developing a probabilistic analysis 
of the well documented topic of PHEV primary energy source utilization, (2) quantifying 
the loss-of-life of pole top transformers using probabilistic simulations. 

The impact of PHEV charging on primary energy source utilization is described next. 
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3. Impact of PHEV charging on Primary Energy Source Utilization 

To quantify where the electric energy used to charge plug-in hybrid electric vehicles 
(PHEVs) is generated, a probabilistic simulation program was developed.  Two key steps 
of this simulation program include vehicle fleet simulations and power system 
simulations.  The vehicle fleet simulations compute the amount of added electric load 
demand to charge the PHEV fleet, the amount of gasoline used by both internal 
combustion (IC) vehicles and PHEVs, and the amount of environmental air pollution 
(EAP) generated by both IC vehicles and PHEVs.  The power system simulations 
simulate how much fuel usage and subsequent EAP are generated by a specific power 
system.  The specific power system simulation is based on the Probabilistic Production 
Costing (PPC) [3.1] power system simulation procedure. 

3.1 Probabilistic Simulation of an Integrated Power System with Distributed 
PHEVs Methodology 

A top level block diagram of the probabilistic simulation program is shown in Figure 3.1. 

 

In Figure 3.1 step 1 is initiated when an input file is opened, step 2 is an optional step 
where the program user may or may not edit the input data, step 3 is broken into four sub-
steps shown in Figure 3.2, and step 4 is an optional step where the program user may or 
may not view or save the simulation results. 

 
Figure3.1.  Simulation overview block diagram. 
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Each sub-step in Figure 3.2 is used to perform the probabilistic simulation.  Specifically, 
sub-step 1 initializes the vehicle fleet performance metrics, generates the vehicle 
operation distributions, and computes the gasoline usage statistics.  Sub-step 2, computes 
the chronological load demand curves and the normalized inverted load duration curves 
(NILDCs).  Sub-step 3, performs the PPC power system simulation procedure.  Sub-step 
4, computes the IC vehicle EAP and PHEV EAP statistics. 

In the reminder of this section: 

• The vehicle fleet simulations are fully described. 

• The power system load curve calculation method is fully described. 

• The power system simulations are fully described. 

3.1.1 Vehicle Simulation 
In the first sub step of Figure 3.2 the vehicle fleet parameters are computed based on 
vehicle simulations performed using Powertrain System Analysis Toolkit (PSAT) version 
6.2, developed by DOEs Argonne National Labs [3.2].  In PSAT the simulation of IC and 
hybrid powertrains generate vehicle operational data from which IC vehicle and PHEV 
models are developed.  Full PSAT results are shown in Appendix 1, and this data is 
utilized to compute the results below. 

Four vehicle classes were arbitrarily selected to provide a diverse vehicle fleet 
representative of what a real vehicle fleet could look like in the future.  The following 
vehicles were used as inspiration for each class: 

Class 1: Honda Civic and Ford Focus. 

Class 2: Honda Accord and Ford Taurus. 

Class 3: Ford Explorer and Ford F-150. 

Class 4: Chevrolet Suburban and Chevrolet Silverado. 

 
Figure 3.2.  Simulation sub-steps block diagram. 
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Once the complete vehicle models had been selected, PSAT simulated the operation of 
the modeled vehicles over specified driving schedules. Three drive schedules Highway 
Fuel Economy Test (HWFET), Urban Dynamometer Driving Schedule (UDDS), and the 
updated federal test driving cycle (US06) were selected to generate varied results 
representative of an entire vehicle fleet.  First the PSAT IC vehicle results are described 
followed by the PSAT PHEV results. 

3.1.1.1 Vehicle Fleet Performance Metrics 
The PSAT IC vehicle simulations resulted in fuel efficiency, NOx generated per mile 
driven, and CO2 generated per mile driven for each vehicle class over each of the three 
drive cycles (Table A.5).  To compute a single estimate, for each of the performance 
metrics (fuel efficiency, NOx generated per mile driven, and CO2 generated per mile 
driven), for each vehicle class (classes 1-4) a weighted average of the results for each 
drive cycle is computed.  The US06 drive cycle represents more modern driving and as 
such is weighted 50%.  The remaining 50% is split 55% UDDS and 45% HWFET 
analogous to the comprehensive EPA fuel efficiency.  The resulting weighted average 
performance metric for each class is shown in Table 3.1. 

 

Next, the PHEV PSAT results are described.  No mass production PHEVs are currently 
available thus the performance metrics including energy required per mile, gasoline 
efficiency, and EAP generated per mile are approximated based on PSAT simulation 
results. 

PSAT simulations were performed for each vehicle class over each drive cycle and 
varying the amount of drive energy supplied from the vehicles battery.  The variable 
amount of driving energy supplied from the vehicles battery was defined as 

.  This parameter is defined such that,  represented a 
charge sustaining hybrid i.e. on average all of the drive energy came from gasoline and 

 represented a pure battery electric vehicle (BEV) i.e. all of the drive energy 
came from electricity. 

The vehicle simulation methodology utilizes randomly generated vehicle design 
parameters including .  To facilitate simulating PHEV operation without a priori 
knowledge of the exact value of  performance metric functions (3.1 - 3.4) are 
approximated based on the discrete PSAT results (Tables A.1 - A.4).  The method to 
compute the functional relations is described next. 

 (3.1) 

Table 3.1.  PSAT IC results for each vehicle class. 

Class 1 2 3 4 

MPG [mi./gal.],  27.58 23.52 15.17 11.89 

NOx generated per mile [kg/mi.],  1.643E-04 1.904E-04 2.778E-04 3.253E-04 

CO2 generated per mile [kg/mi.],  0.3300 0.3884 0.6016 0.7656 
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 (3.2) 

 (3.3) 

 (3.4) 

Each performance metric function is a function of the vehicle design parameter  
and the vehicle class- .  In (3.1),  is the required energy per mile driven 
[kWh/mi.] and values of the function parameters  [kWh/mi.] and  are given in 
Table 3.2.  In (3.2),  is the fuel efficiency [mi./gal.] and values of the 
function parameters  [gal./mi.] and  are given in Table 3.3.  In (3.3), 

 is the generated NOx per mile driven [kg/mi.] and values of the function 
parameters  [kg/mi.] and  are given in Table 3.4.  In (3.4),  is the 
generated CO2 per mile driven [kg/mi.] and values of the function parameters  
[kg/mi.] and  are given in Table 3.5. 

 

 

 

Table 3.4.  PHEV NOx generated per mile function parameters for each vehicle class. 

Class  
[kg/mi.] 

 

1 1.341E-04 1.752 
2 1.642E-04 2.113 
3 2.209E-04 1.751 
4 2.500E-04 1.501 

 

Table 3.3.  PHEV fuel efficiency (1/MPG) function parameters for each vehicle class. 

Class  
[gal./mi.] 

 

1 0.0268 1.901 
2 0.0329 1.892 
3 0.0505 1.884 
4 0.0547 1.844 

 

Table 3.2.  PHEV grid energy per mile function parameters for each vehicle class. 

Class  [kWh/mi.]  

1 0.3790 0.4541 
2 0.4288 0.4179 
3 0.6720 0.4040 
4 0.8180 0.4802 
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The function parameters (Tables 3.2 - 3.5) are estimated from the discrete PSAT results 
(Tables A.1 - A.4) using a weighted nonlinear least squares approximation method.  
Specifically, MATLABs function lsqnonlin [3.3] is used to compute the approximation 
function parameters. 

Each drive cycle PSAT data and resulting weighted average performance metric function 
for the Class 2 data is shown in Figure 3.3 for the grid electric energy, in Figure 3.4 for 
the fuel efficiency, in Figure 3.5 for the NOx generated per mile, and in Figure 3.6 for the 
CO2 generated per mile.  In Figures 3.3 - 3.6 the discrete drive cycle data is shown with 
data markers and dashed lines, the weighted continuous approximations are shown with a 
solid line. 

 

 

 
Figure 3.3.  Class 2 PSAT discrete data and weighted average for the required grid 

energy performance metric. 
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Table 3.5.  PHEV CO2 generated per mile function parameters for each vehicle class. 

Class  
[kg/mi.] 

 

1 0.2423 1.916 
2 0.2954 1.895 
3 0.4555 1.875 
4 0.4907 1.839 
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Figure 3.5.  Class 2 PSAT discrete data and weighted average for the NOx rate 

performance metric. 
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Figure 3.4.  Class 2 PSAT discrete data and weighted average for the fuel efficiency 

performance metric. 
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The weighted average performance metric functions (3.1 - 3.4) are computed with the 
same weighting as the IC data results (50% US06, 27.5% UDDS, and 22.5% HWFET).  
The most accurate approximation of the PHEV energy per mile (3.1) for each class is a 
power trend line.  In Figure 3.3 the approximated power function (3.1) closely matches 
the PSAT discrete data over the entire range of  and when evaluated at  
evaluates to zero electrical energy required per mile driven as expected for a charge 
sustaining HEV.  All other performance metrics are approximated with shifted power 
functions.  In figures 3.4 through 3.6 the shifted approximation functions closely match 
the PSAT discrete data over the entire range of .  These approximation functions 
(3.2 - 3.4) are shifted so that at , and these functions then evaluate to zero.  
Thus, a BEV  requires no gasoline per mile driven (3.2) and produces no 
NOx (3.3) nor CO2 (3.4) per mile driven. 

The weighted average performance metric function (3.1 - 3.4) for each vehicle class are 
shown in Figure 3.7 for the grid energy per mile approximations (3.1), in Figure 3.8 for 
the fuel efficiency approximations (3.2), in Figure 3.9 for the NOx rate approximations 
(3.3), and in Figure 3.10 for the CO2 rate approximations (3.4). 

 
Figure 3.6.  Class 2 PSAT discrete data and weighted average for the CO2 rate 

performance metric. 
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Figure 3.8.  Average PHEV fuel efficiency approximations for each PHEV class. 
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Figure 3.7.  Average PHEV grid energy per mile approximation for each PHEV class. 
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In figures 3.7 through 3.10 all of the weighted approximations follow a strict ranking by 
class, except the NOx rate approximation functions (Figure 3.9) for PHEV classes 1 and 
2.  There is a crossover between these two classes of NOx rate approximation functions at 
approximately 50% .  This result is realistic because the two vehicle classes are 
similar in size and performance. 

The two-mode PHEV control strategy is optimized to maximize the benefits of PHEVs 
for an optimal trip length of  miles.  The two modes are a charge depleting mode and a 

 
Figure 3.10.  Average PHEV CO2 rate approximation and for each PHEV class. 
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Figure 3.9.  Average PHEV NOx rate approximation and for each PHEV class. 
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charge sustaining mode .  The charge depleting mode is used initially when 
the vehicles battery is relatively fully charged.  On trips (times between charging) longer 
then , after the battery is depleted (to a specified lower level) the charge sustaining 
mode is utilized.  The charge sustaining mode relies on gasoline to maintain a constant 
average state-of-charge where on average all the energy used to drive the PHEV comes 
from gasoline.  The driving distance in the charge depleting mode is called the charge 
depleting distance  (miles).  The charge depleting distance for each vehicle class-  

, , is calculated, in (3.5), as a function of the useable battery capacity, 
 [kWh], assumed to be a random variable (RV) within the battery capacity ranges 

defined in Table 3.6 for each vehicle class, and the vehicles required grid energy per 
mile, . 

 (3.5) 

 

From  (Table 3.6) and  a formula for the vehicle design parameter  can be 
derived.  Substituting (3.1) into (3.5) results in 

 (3.6) 

which can be rearranged to solve for  as 

 (3.7) 

The ranges of  for each vehicle class can be computed from (3.7), an  value of 
40 miles, and the battery capacity ranges in Table 3.6.  An  value of 40 is selected to 
provide typical results for approximately 75% of average U.S. driver’s daily commutes 
[3.4].  The computed ranges of  are shown in Table 3.7.  The parameter  
represents the percentage of energy per mile on average which comes from a PHEV in 
class-  battery in the assumed vehicle control strategy during the charge depleting mode. 

Table 3.6.  Battery capacity range for each vehicle class [kWh]. 

Class  [kWh]  
[kWh] 

1 12 8 
2 14 10 
3 21 17 
4 23 19 
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The values in Tables 3.6 and 3.7 form the basis of one of the three random vehicle fleet 
parameters described next. 

3.1.1.2 Vehicle Operation Distributions 
The following three vehicle parameters are based on random distributions. 

1. PHEV vehicle class populations. 

2. PHEV design parameters  and battery capacity. 

3. Daily driving distance, departure time, and arrival time. 

This section of the thesis introduces the RV distributions for each of the vehicle 
parameters, motivates why the particular distribution type and parameters are selected, 
and describes the method used to generate the RVs in the simulation program. 

The vehicle fleet is distributed into the four vehicle classes based on the assumed vehicle 
class distribution .  The number of vehicles in each vehicle class is the total number 
of vehicles in the power system area, , times the percentage of vehicles in each class, 

, shown in Table 3.8. 

 

The first RV distribution is the number of PHEVs in each vehicle class.  The level of 
PHEV penetration is defined as .  The total number of PHEVs with  
penetration is .  The number of PHEVs in each vehicle class is normally 
distributed with mean  and variance .  Where  is  and 

 is  (by default  is 1%).  The normal distribution is selected because 
normal distributions often occur naturally.  Thus, this distribution realistically models 
random consumer behavior.  The specific values for mean and variance are arbitrarily 
selected. 

The Box-Műller method, in (3.8) is used to compute normally distributed RVs [3.5] 

 (3.8) 

Table 3.8.  IC vehicle class distribution [3.3]. 

Class 1 Class 2 Class 3 Class 4 

0.20 0.30 0.30 0.20 
 

Table 3.7.  Computed kPHEV range for each vehicle class. 

Class   

1 0.5976 0.2447 
2 0.6151 0.2750 
3 0.5428 0.3217 
4 0.4800 0.3224 
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where,  is a standard normal value (a normal RV with a mean of zero and a variance of 
one),  and  are independent and identically distributed (IID) pseudo random 
numbers distributed uniformly over the range (0,1].   and  are generated using the C 
function rand().  The vehicle class population is then computed 

 (3.9) 

where the result  is normally distributed with mean  and standard deviation 
. 

The next set of RV distributions is the vehicle design parameters  and usable 
battery capacity  [kWh].  The random vehicle design parameters are assumed to be 
distributed according to a bivariate normal distribution with mean vector  and 
covariance matrix .  The bivariate normal distribution is selected because of the ability 
to include parameter correlation.  Using the specified ranges of  and , given 
in Tables 3.6 and 3.7,  and  are calculated.  The correlation between  and  

 is arbitrarily set to 0.8.  This correlation represents the intuitive relationship between 
the design parameters  and .  The correlation coefficient is arbitrarily selected 
with added consideration that  be positive definite so that a Cholesky decomposition 
[3.6] of  can be computed. 

As an example of how the bivariate normal values are generated, the calculations for the 
Class 2 vehicle design parameters are shown below in detail.  First, the bivariate 
distribution parameters  and  are calculated 

 (3.10) 

 

 (3.11) 

 

 (3.12) 

 

 (3.13) 

 

 

Next, the Cholesky decomposition is used to decompose the covariance matrix into a 
lower triangular matrix , where 
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 (3.14) 

and specifically, for Class 2 

 

Then, a vector of two standard normal values  is generated using (3.8).  Finally, the 
desired multivariate normal distribution is calculated 

 (3.15) 

Similar calculations are performed for each vehicle class. 

The last set of RVs is those associated with the daily vehicle performance: miles driven 
per day  [mi], vehicle departure time  [h], and vehicle arrival time  [h].  
The miles driven per day are distributed log-normal RVs with mean  of 3.37 and 
standard deviation  of 0.5 [3.7], the vehicle timing distributions are normally 
distributed RVs with parameters shown in Table 3.9.  The parameter  in the distribution 

parameters mean  [h] and variance  [h] indicates one of the four possible 
daily timing distributions: weekday departure, weekend departure, weekday arrival, or 
weekend arrival. 

 

The log normal distribution is selected because of the correlation between the shape of a 
log normal histogram and the author’s intuition.  This intuition has been verified 
comparing sample generated results with known driving pattern statistics.  The known 
driving statistics are average yearly total miles driven of 12,000 miles, 50% of drivers 
drive 25 miles per day or less, and 75% of drivers drive 45 miles or less [3.4].  Sample 
results computed by MATLAB using 328,500 log normal RVs (  = 3.37 and  = 0.5) 
show that the total yearly driving distance average is 12,018 miles, 48% of the vehicles 
drive 25 miles or less each day, and 83% of the vehicles drive 45 miles or less each day, 
which closely approximate the driving performance results from [3.4]. 

In the probabilistic simulation program the log normal RVs are generated using a 
standard normal RV, , generated using (3.8).  Then, the value  is computed from 

 (3.16) 

where  is a RV representing the total miles vehicle-  on day-  drove and is 
distributed log normal with mean  and standard deviation .  Vehicle-  is a 

Table 3.9.  Vehicle departure and arrival time distribution parameters. 

 Departure Arrival 

Parameter Weekday Weekend Weekday Weekend 

 [h] 7 9 18 15 

 [h] 3 6 3 6 
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particular vehicle sampled randomly from the total vehicle fleet .  The total number of 
vehicles in the sample population is , where  is much less then , because generating 
data for  vehicles for the entire simulation period is computationally prohibitive.  Day-

 is a particular day of the simulation.  The total number of days simulated is . 

For the time performance parameters, departure time and arrival time Gaussian 
distributions are selected as a best estimate of random consumer behavior.  Different 
timing distributions are used to model the potential different consumer behaviors on 
weekdays versus weekends. 

As before a standard normal value, , is computed using (3.8).  Then, the value  is 
computed 

 (3.17) 

where the result  is a normally distributed integer with mean  and standard 
deviation .  The value  represents either the arrival time  or the departure 
time  depending on the values used for the mean and standard deviation. 

The arrival time  for vehicle-  on day-  must occur after the departure time  
for vehicle-  on day- .  To achieve this specification, an acceptance-rejection method is 
used.  Let  be a particular generated arrival time and  be a particular generated 
departure time.  Each generated pair  is checked, and if  then a new pair 
is generated.  The process is repeated until  and the generated pair is accepted. 

3.1.1.3 Gasoline Usage Statistics 
Three steps are required to compute of the amount of gasoline for a vehicle fleet with a 
specified level of PHEV penetration: 

1. Compute the amount of gasoline which a  f leet of  IC vehicles will consume, 
 [gal.]. 

2. Compute t he a mount of ga soline w hich a  f leet of   PHEVs wi ll 
consume,  [gal.]. 

3. Compute the total gasoline usage,  [gal.]. 

The total gasoline  used by a fleet of  IC vehicles is computed assuming the 
average gasoline used by the vehicle sample population,  [gal./veh.], is equal to the 
average gasoline used by the population average, so that 

 (3.18) 

where  is the total number of miles driven by vehicle-  over the simulation period 
and  is the fuel efficiency of an IC vehicle in class- .  Thus,  is the sum of the 
product of the total number of vehicles in class-  times the average gasoline used per 
vehicle in class-  for each vehicle class.  Hence 

 (3.19) 
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To calculate the amount of gasoline a fleet of PHEVs uses is more complicated because 
the rate at which PHEVs use fuel, in the assumed control strategy, depends on the daily 
driving distance.  If  is greater than or equal to , then the entire daily driving 
distance is performed in charge depleting mode.  Under this condition the daily required 
gasoline,  [gal.], is 

 (3.20) 

Where  is the fuel efficiency of a PHEV with design variable  in 
class-  in the charge depleting mode.  However, if  is strictly less than  then 
the distance  must be completed in charge sustaining mode, and  
is 

 (3.21) 

where the first term in the sum represents gasoline used in charge depleting mode and the 
second term represents gasoline used in charge sustaining mode (where  is the 
fuel efficiency of a PHEV in class-  in the charge sustaining mode). 

From  the yearly gasoline usage,  [gal.], is computed by summing over each 
day in the simulation 

 (3.22) 

Next, the sample vehicle population average gasoline usage,  [gal./veh.], is computed 

 (3.23) 

Then, the total gasoline  used by a fleet of  PHEVs is the sum of the 
product of the number of vehicles in each class times the average gasoline usage per 
vehicle for each vehicle class 

 (3.24) 

assuming, again, that the sampled PHEV population average gasoline usage is equal to 
the total PHEV population gasoline usage. 

Finally, the total gasoline usage, , is the sum of the gasoline used by the IC vehicles and 
the gasoline used by the PHEVs, .  The gasoline used by the IC vehicles is the 
percentage of IC vehicles in the total vehicle fleet times .  The percentage of IC 
vehicles in the population is .  Thus, 

 (3.25) 

Thus far, the described methodology computes the performance of a fleet of  vehicles 
with a penetration percentage of .  The next step in the probabilistic simulation 
program is to compute the load curves used in the power system simulation algorithm. 
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3.1.2 Calculate Load Curves 
Two forms of load curves are used, namely the chronological load curve and the NILDC 
[3.1].  The chronological form depicts the load as a function of time.  The second form, 
computed from the first, depicts a probabilistic description of the electric load.  First the 
chronological load curve is computed using the base case electric load and the additional 
electric load due to PHEV charging.  Second the chronological load curve is converted 
into the NILDC. 

In each simulated experiment the base case electric load demand is based on data in [3.8] 
and the peak electric load of the power system in the experiment.  The data in [3.8] 
describes the electric load demand as a percentage of the peak for each hour of a year.  
The electric load representing PHEV charging is added to the base case electric load.  
Next, the method to calculate the added electric load demand due to PHEV charging is 
described. 

To compute the additional energy required to charge the PHEV fleet requires five 
calculations: 

1. Compute the daily recharge energy required by the PHEV from the grid,  
[kWh]. 

2. Compute the daily recharge length,  [h]. 

3. Generate the recharge voltage,  [V]. 

4. Compute the recharge current,  [A]. 

5. Compute the total recharge power,  [MW], per hour. 

First,  is computed.  This value depends on  and .  If  is greater 
than or equal to  then the required grid energy is .  Otherwise  is the 
product of  and . 

 (3.26) 

Second,  is computed.  This value is the number of hours between arriving home on 
day-  and leaving on day-  (note that on day- , the last day of the simulation, the 
arrival time on day-  and the departure time on day-1 is used). 

 (3.27) 

Third,  is generated.  This value is a discrete RV, and is set at 120 volts for 70% of 
the vehicles and is set at 240 volts for 30% of the vehicles. 

Fourth,  is computed.  This value is limited by the maximum current available,  
[A], from the charging circuit, where  is 15 A from a 120 V service and 30 A from a 
240 V service. 

 (3.28) 
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where  is the energy [Wh] required by the PHEV-  on day-  in class- , 
and  is the charging voltage [V] for the PHEV-  in class-  times the number 
of hours the PHEV-  on day-  will be charged.  The charging voltage is held constant for 
each vehicle in the simulation period assuming that PHEV owners will not change their 
charging circuit over the simulation period.  The charging time is held constant for each 
class for simplicity.  Thus, the quotient 

 

is the current demanded for the required energy at the charging voltage level for the 
number of hours the PHEV will be charging.  Additionally, using the  function 
results in  not exceeding the service capacity. 

Finally, the required recharge power is the energy required every hour of the charging 
period and is stored in an array, , where  is the simulation hour.  The array is 
initialized to all zeros and computed by looping through each vehicle in the sampled 
population and each vehicle class adding the product of the number of vehicles in the 
present class times the required grid power in MW for each charging hour for each day of 
the simulation. 

 (3.29) 

This procedure is outlined in Figure 3.11. 
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The chronological electric load model is converted into a probability distribution function 
(inverted) of the load for the purposes of the probabilistic simulation method.  In general, 
a NILDC describes the length of time for which the load is greater than a specified value, 
which ranges from the system minimum load to the maximum load [3.1]. 

To convert from the chronological load demand curve to the NILDC requires that the 
range of possible load levels from the system minimum to the system maximum load be 
broken up into a specified number of increments.  For each increment the number of 
hours during which the load is greater than or equal to that level is counted.  Then, the 
resulting count for each increment is normalized by the total length of the simulation in 
hours.  The resulting curve has horizontal axis units of power and vertical axis units of 
probability.  The vertical axis probability is the probability that the load is greater than or 
equal to the horizontal axis power level. 

 
Figure 3.11.  PHEV required grid energy calculation block diagram. 
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3.1.3 Power System Simulation Using the Probabilistic Production Costing (PPC) 
Power System Simulation Procedure 

PPC power system simulation procedure provides the following functionality, “Given the 
forecasted electric load demand for the time period under consideration and a list of 
available generating units of the system, simulate the operation of the system in order to 
forecast energy generated by units, cost, and required fuel, taking into account the effects 
of scheduling functions within the time period considered and the random forced outages 
of the units” [3.1], where units indicates generators in power plants. 

The forecasted electric load demand is the NILDC introduced in the last section.  The list 
of available generating units is described below.  The forced outage rate (FOR) of the 
available generating units is defined as a function of the mean time to failure (MTTF) and 
mean time to repair (MTTR) 

 (3.30) 

Given a forecasted electric load demand and list of available generators, the expected 
value of each of the following quantities can be computed for each available generating 
unit: 

1. Total energy produced. 

2. Total fuel cost. 

3. Total amount of fuel utilized. 

4. Total EAP generated. 

The calculation of the above power system quantities is based on a probabilistic 
methodology fully developed in [3.1].  In [3.1] the “arbitrary dispatch criterion“ utilized 
is an economic dispatch criterion.  Thus, when additional load needs to be met the 
generator selected to meet the demand is chosen by the least expensive option available. 

The PPC power system simulation procedure is utilized to compute both the base case 
power system results and the PHEV scenario results.  Because the electric load due to 
PHEV charging is based on RVs repeated simulations of the PHEV scenarios is used to 
compute average system production results. 

3.1.4 Calculate EAP Statistics 
Next, the method used to compute the total system EAP results is described.  The results 
from the vehicle and power system simulations are combined to compute the total system 
EAP. 

The vehicle EAP is computed in a similar fashion to that of the gasoline consumption, 
replacing the fuel efficiency with EAP rates, denoted by , as a general term 
for either,  or , the NOx and CO2 emission rates of a PHEV 
utilizing design variable  in class-  respectively.  First, the total EAP generated by 
the fleet of IC vehicles is described, followed by a description of the EAP generated by 
the fleet of PHEVs. 
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The total EAP generated by a fleet of  IC vehicles is computed, assuming the sample 
vehicle population average EAP generated,  [kg/veh.], is equal to the average 
EAP generated by the entire vehicle population 

 (3.31) 

where  is the total number of miles driven by vehicle-  over the simulation period 
and  is the fuel efficiency of an IC vehicle in class- .  Thus, the total vehicle fleet 
EAP generated,  [kg], is the sum of the product of the total number of vehicles in 
class-  times the average EAP generated per vehicle in class-  for each vehicle class.  
Hence 

 (3.32) 

The method used to compute the total EAP generated by a fleet of PHEVs is described 
next.  First, the daily amount of EAP generated,  [kg], is computed.  If  is 
greater than or equal to  then 

  (3.33) 

however, if  is strictly less than  then 

  (3.34) 

where the first term in the sum represents the EAP produced in charge depleting mode 
and the second term is the EAP produced in charge sustaining mode. 

Second, the yearly EAP generated,  [kg], is computed by summing over each day in 
the simulation 

 (3.35) 

Third, the sample vehicle population average yearly EAP generated,  [kg/veh.], is 
computed 

 (3.36) 

Next, the total EAP generated by a fleet of PHEVs,  [kg], is calculated.  This 
value is the sum of the product of the number of vehicles in each class times the average 
EAP generated per vehicle class over each vehicle class, and is given by 

 (3.37) 

Finally, the total EAP generated,  [kg], is the sum of the EAP produced by both the 
IC vehicles and the PHEVs 

 (3.38) 

The simulation methodology thus far described is facilitated with the use of a graphical 
user interface (GUI) with access to all the required input data and simulations results. 
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3.2 Primary Energy Source Utilization Experiments 
This section describes how the three experiments are performed.  The experiments are 
conducted using the probabilistic simulation of an integrated power system with 
distributed PHEVs methodology to quantify the impact which charging PHEVs will have 
on primary energy source utilization.  In the first two experiments the level of PHEV 
penetration is increased from 0% (Base Case), to 5%, 10%, 20% and 40%.  Here  
percent penetration is defined as 

 (3.39) 

where  is the total number of PHEVs in the simulation.  In the first experiment the 
power system used to charge the vehicles is the 1979 Reliability Test System (RTS) [3.8].  
In the second experiment the power system is the average generating mix used in the 
United States.  The third experiment keeps the number of PHEVs constant and varies the 
RTS generating mix.  The RTS generating mix is changed such that the total generating 
capacity is constant but the ratio of clean generating capacity (nuclear and hydro) is 
increased. 

In each experiment the results include primary energy source utilization shifts and 
pollution shifts.  The total cost for consumers is computed for the first experiment only. 

3.2.1 Reliability Test System (RTS) Experiment 
The RTS model was developed in [3.8] “to provide a basis for reporting on analysis 
methods”.  It contains nearly all the power system data for the probabilistic simulation of 
an integrated power system with distributed PHEVs methodology; the only data not 
included in [3.8] is generator emission data.  The remainder of this subsection describes 
the power system data used in the RTS experiment in this investigation and the results of 
the experiment. 

3.2.1.1 RTS Experiment Data 
The RTS system utilizes five fuel types (#6 oil, #2 oil, coal, nuclear, and hydro) and 32 
different generators.  These 32 generators consist of nine different generator types. 
The cost and heat content of each fuel type (Table 3.10) is based on data in [3.8].  The 
cost data has been updated to typical current prices. 

 

The hydro energy generation is treated as negative load when calculating the load 
demand curve.  Thus, in Table 3.10 the hydro fuel cost and fuel energy density are not 

Table 3.10.  Fuel type data [3.8]. 

Fuel Type Fuel Costs [$/kg] Fuel Energy Density [kcal/kg] 

#6 Oil 0.6 11,200 
#2 Oil 0.65 12,000 
Coal 0.05 6,000 

Nuclear 60,000 200·1019 
Hydro -- -- 
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included because hydro fuel is not included in the economic dispatch calculation.  The 
relative cost of each fuel type is of significant importance because the generating unit 
dispatching is ordered based on economic ranking. 

Generator unit reliability data (Table 3.11) includes MTTF, MTTR and resulting FOR. 

 

In Table 3.11 unit reliability for the hydro units is considered in the calculations of the 
hyrdo availability data. 

Generator capacity data (Table 3.12) includes generator fuel type, maximum generating 
capacity, and minimum generating capacity. 

 

In Table 3.12, the hydro capacity is treated as negative load and as such no minimum 
capacity is required. 

Table 3.12.  Generating unit generation capacity data [3.8]. 

Fuel Capacity [MW] 

Maximum Minimum 

#6 Oil 12 2.4 
#2 Oil 20 16 
Hydro 50 -- 
Coal 76 15.2 

#6 Oil 100 25 
Coal 155 54.25 

#6 Oil 197 68.95 
Coal 350 140 

Nuclear 400 100 
 

Table 3.11.  Generating unit reliability data [3.8]. 

Size of Unit [MW] FOR MTTF [h] MTTR [h] 

12 0.02 2,940 60 
20 0.1 450 50 
50 -- -- -- 
76 0.02 1,960 40 

100 0.04 1,200 50 
155 0.04 960 40 
197 0.05 950 50 
350 0.08 1,150 100 
400 0.12 1,100 150 
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Additional data utilized in the PPC power system simulation procedure is heat and 
emission rate functions for all of the available generating units in the system.  This data is 
described next. 

The generator heat rate function (3.40), is used as a cost function modeling the amount of 
fuel needed to meet a specific power demand for each generator.  A linear least square 
method is used to calculate the heat rate coefficients , , and  for each generator.  In 
the heat rate function 

 (3.40) 

P [MW] represents the generated power and  [kcal/h] is the required heat rate. 
The data used to compute each heat rate functions is found in [3.8].  The least square 
approximation solves the general matrix equation 

 (3.41) 

with solution 

 (3.42) 

where  is a vector of known data (heat rate) [kcal/h],  is a known observation matrix 
(power levels) [MW], and  is a vector of unknown data (generator coefficients). 

An example of how the heat rate coefficients are calculated is provided for the 12 MW 
generating units.  For the 12 MW generators the heat rate input at four levels of output 
power levels (2.4 MW, 6.0 MW, 9.6 MW, 12.0 MW) are known [3.8] 

 (3.43) 

 (3.44) 

 (3.45) 

and the solution is computed 
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Figure 3.12 shows the 12 MW generator discrete heat rate data and the continuous 
function computed using the results of linear least square method outlined above. 

 

 

Figure 3.12 shows a good agreement between the discrete data and the computed heat 
rate function.  Similar linear least square calculations are performed for each generator 
using the discrete data outlined in [3.8] with results shown in Table 3.13.for all nine 
generator types. 

 

Table 3.13.  Generating unit heat rate coefficients [3.8]. 

Size [MW] 
   

12 3,330,000 2,550,000 15,050 
20 10,080,000 3,150,000 0 
50 -- -- -- 
76 21,090,000 2,550,000 2,376 
100 31,360,000 1,963,000 2,413 
155 43,410,000 1,947,000 1,401 
197 33,000,000 2,194,000 328.5 
350 81,530,000 1,873,000 822.3 
400 90,960,000 2,245,000 116.0 

 

 
Figure 3.12.  12 MW unit heat rate data [3.8] and approximation. 
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In Table 3.13, the  coefficient for the 20 MW units is zero because only two heat rate 
data points are published in [3.8].  The resulting heat rate curve is linear.  Again, the 
hydro units are treated as negative load and as such require no heat rate equation in Table 
3.13. 

Next, the calculation of emission rate functions is described.  The generator emission rate 
function (3.46) is used as a cost function modeling the amount of EAP generated at a 
specific power level.  Again, a linear least square method is used to calculate the 
emission rate coefficients  and  for each generator. 

 (3.46) 

In this equation,  [MW] represents the generated power and  [kg/h] is the emission 
rate. 

Due to the lack of published emission data for the RTS generators in [3.8] the generator 
pollution statistics in [3.9], are utilized to approximate linear emission rate functions for 
each generator type in the RTS system (Table 3.14).  From this data [3.9] the following 
procedure is utilized to compute the emission rate functions.  First, the pollution statistics 
[3.9] are converted and normalized from thousands of tons per year (NOx) and millions of 
tons per year (CO2) to kg per MWh per year.  Second, the average pollution,  
[kg/MWh], rate is scaled by the average power capacity,  [MW], for each of the seven 
pollution generating plants utilized in the RTS power system (hydro and nuclear produce 
neither NOx nor CO2).  Finally, assuming each plants pollution production would increase 
20% from the minimum capacity,  [MW], to the maximum capacity  [MW], a 
linear emission rate function is approximated. 

 

The environmental air pollutants NOx and CO2 are analyzed based on the availability of 
both power plant emission data and vehicle emission data.  Both are necessary so that a 
comparison can be made in terms of total system EAP.  The total system EAP is the EAP 
produced by both the power system and vehicle fleets for scenarios with and without 
PHEV charging. 

An example of how the emission rate coefficients are calculated is provided for the 12 
MW generating units below, where the linear least square variables , , and  are 

Table 3.14.  TVA generator statistics [3.9]. 

Plant Energy Produced 
[billions of kWh] 

NOx [thousands 
of tones/year] 

CO2 [millions of 
tones/year] 

Allen 4.9 17.4 5.7 
Bull Run 6 28 4.6 

Cumberland 18.97 18.4 19 
Gallatin 4.7 23.4 7.7 

John Saviers 5.25 30.1 5.1 
Johnsonville 5.68 86.8 9 

Kingston 10 55.5 35.8 
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Thus, 

 

and the 12 MW units NOx rate coefficients are 

 

 

Similar calculations are performed for each RTS generator, for both NOx and CO2 rate 
function coefficients, with results shown in Table 3.15. 

 

In Table 3.15, the hydro (50 MW) and nuclear (400 MW) generators produced no EAP, 
thus the rate function coefficients are set to zero. 

The accuracy of the emission rate functions is subject to question, having been obtained 
from emission statistics for seven different Tennessee Valley Authority (TVA) generators 
[3.9].  Pollution results from the RTS using the described power system simulation 
procedure, are plotted in Figure 3.13 and compared with the TVA plant data. 

Table 3.15.  Generating unit emission rate coefficients. 

Size [MW] NOx CO2 

    

12 19.72 0.4832 6,459 158.31 
20 7.621 3.810 1,252 626.0 
50 -- -- -- -- 
76 179.9 0.6961 37,420 144.8 

100 45.83 0.1467 47,320 151.4 
155 374.4 0.9381 123,200 308.7 
197 548.0 1.080 92,850 183.0 
350 2,604 3.235 270,000 335.4 
400 -- -- -- -- 
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Figure 3.13 shows the TVA generator statistics [3.9] and sample power system 
simulation procedure results.  The sample power system simulation procedure results are 
shown for two scenarios the “Base Case” and “10% PHEV”.  The “Base Case” scenario 
is RTS power system simulation procedure results with no additional electric load due to 
PHEV charging.  Whereas, the “10% PHEV” scenario is RTS power system simulation 
procedure results with the added electric load from replacing 10% of the light duty 
vehicles in the RTS area with PHEVs.  These results show that for comparable annual 
energy production, between the TVA generator energy production statistics and the “Base 
Case” and “10% PHEV” scenarios, the annual NOx and CO2 production, between these 
two sets of data, are on the same order of magnitude; suggesting that the approximated 
linear emission rate functions (Table 3.15) are realistic. 

The base case load demand data is generated taking the product of the weekly peak 
(Table 3.16), daily peak (Table 3.17), and hourly peak (Table 3.18) data to create hourly 
load demand data for one year.  The RTS system also includes six 50 MW hydro electric 
generating units.  The hydro units are utilized 100% based on the availability (Table 
3.19), thereby in effect treating the hydro generated energy as negative load.  Thus, each 
hourly load is decreased by the hydro power available  [MW] given by (3.47). 

 
Figure 3.13.  Pollution normalization justification. 
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Table 3.17.  Daily peak load in percent of weekly peak [3.8]. 

Day Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

Peak Load [%] 93 100 98 96 94 77 75 
 

Table 3.16.  Weekly peak load in percent of annual peak [3.8]. 

Week Peak Load [%] Week Peak Load [%] Week Peak Load [%] 

1 86.2 19 87 37 78 
2 90 20 88 38 69.5 
3 87.8 21 85.6 39 72.4 
4 83.4 22 81.1 40 72.4 
5 88 23 90 41 74.3 
6 84.1 24 88.7 42 74.4 
7 83.2 25 89.6 43 80 
8 80.6 26 86.1 44 88.1 
9 74 27 75.5 45 88.5 

10 73.7 28 81.6 46 90.9 
11 71.5 29 80.1 47 94 
12 72.7 30 88 48 89 
13 70.4 31 72.2 49 94.2 
14 75 32 77.6 50 97 
15 72.1 33 80 51 100 
16 80 34 72.9 52 95.2 
17 75.4 35 72.6  
18 83.7 36 70.5 
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 (3.47) 

Table 3.19.  Hydro energy per calendar quarter [3.8]. 

Quarter Energy Availability [%] Capacity Availability [%] 

1 35 100 
2 35 100 
3 10 90 
4 20 90 

 

Table 3.18.  Hourly peak load in percent of daily peak [3.8]. 

Hour Winter Weeks [%] Summer Weeks [%] Spring/Fall Weeks [%] 

1-8 and 44-52 18-30 9-17 and 31-43 

Weekday Weekend Weekday Weekend Weekday Weekend 

12(midnight)-1a 67 78 64 74 63 75 
1a-2a 63 72 60 70 62 73 
2a-3a 60 68 58 66 60 69 
3a-4a 59 66 56 65 58 66 
4a-5a 59 64 56 64 59 65 
5a-6a 60 65 58 62 65 65 
6a-7a 74 66 64 62 72 68 
7a-8a 86 70 76 66 85 74 
8a-9a 95 80 87 81 95 83 

9a-10a 96 88 95 86 99 89 
10a-11a 96 90 99 91 100 92 

11a-12noon 95 91 100 93 99 94 
12noon-1p 95 90 99 93 93 91 

1p-2p 95 88 100 92 92 90 
2p-3p 93 87 100 91 90 90 
3p-4p 94 87 97 91 88 86 
4p-5p 99 91 96 92 90 85 
5p-6p 100 100 96 94 92 88 
6p-7p 100 99 93 95 96 92 
7p-8p 96 97 92 95 98 100 
8p-9p 91 94 92 100 96 97 
9p-10p 83 92 93 93 90 95 

10p-11p 73 87 87 88 80 90 
11p-12midnight 63 81 72 80 70 85 
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In (3.47)  is the power available from the hydro generators in quarter- ,  [MWh] 
is the energy available in quarter- ,  [MW] is the maximum capacity available in 
quarter- , and  is 100% of the available energy from the hydro units (200 GWh [3.8]). 

As described in [3.8] the peak load demand of the RTS system is 2850 MW.  From the 
peak load demand and a number of average statistical assumptions the total number of 
vehicles in the RTS area is derived below. 

The number of customers is calculated from an average electric monthly demand of 1,500 
kWh.  Based on an average month of 30 days, the average power demand per customer is 
calculated to be .  The peak system electric load demand 
is 2,850 MW [3.8] assuming 75% of this load is comprised of residential demand the 
number of customers in the power system area is calculated to be 

.  Finally, the number of vehicles per electric 
customer is assumed to be 1.5, which results in a total number of vehicles  of 1.539 
million. 

3.2.1.2 RTS Experiment Results 
Four simulations are considered for varying the percentage of PHEV penetration.  The 
levels simulated are 5%, 10%, 20% and 40%.  For each RTS experiment scenario the 
number of IC vehicles  and PHEVs  are shown in Table 3.20. 

 

In Table 3.20 notice that for each simulation the total number of vehicles remains 1.539 
million. 

For each PHEV penetration level the simulation is performed 30 times each, with a 
sample population of 100 vehicles.  Thirty repeated simulations are performed so that a 
distribution of the expected results can be analyzed.  Similarly, 100 vehicles are used as a 
sample vehicle population so that the impact of the vehicle assumption distribution can 
be observed; whereas simulating all of the vehicles in the power system areas is 
computationally prohibitive. 

Vehicle assumptions including vehicle design parameters  and , are generated 
based on the probabilistic models described above.  A scatter plot of 30 generated values 
is shown in Figure 3.14. 

Table 3.20.  Number of vehicles for each RTS simulation. 

Simulation BC 5% 10% 20% 40% 

 0 76,950 153,900 307,800 615,600 
 1,539,000 1,462,000 1,385,000 1,231,000 923,400 
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In Figure 3.14 two characteristics are apparent, namely the range of the vehicle design 
parameters and the correlation  between the design parameters. 

The base case electric load model [3.8] varies over the simulated year which is 
representative of typical electric load demand in a typical electric power system.  Thus, 
the maximum power demand differs from the minimum power demand.  The additional 
load due to PHEV charging is calculated with random charging times and random daily 
driving distances.  One result of the probabilistic model of the added electric load due to 
PHEV charging is an increase in system maximum and minimum power demand.  The 
increase in the maximum and minimum power demand is shown in Figure 3.15 for each 
of the simulated PHEV penetration levels.  The maximum and minimum power demand 
for the PHEV scenarios are the average maximum and minimum power demand for the 
30 PHEV penetration simulations. 

 
Figure 3.14.  Typical vehicle design parameter scatter plot. 
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In Figure 3.15, the horizontal axis shows the percent of penetration of PHEVs and the 
vertical axis shows the increase in both maximum and minimum power demand for each 
percent PHEV penetration scenario simulated.  Further, the base case result for maximum 
power demand is 2,834 MW and minimum power demand is 841 MW.  Thus, the 5% 
PHEV penetration scenario maximum power demand is approximately 2834 + 10 = 2844 
MW.  Where 2834 MW represents the base case maximum power demand and 10 MW 
(from Figure 3.15) represents the increase in maximum power demand for the 5% PHEV 
penetration scenario.  Similarly, for the 5% PHEV penetration scenario minimum power 
demand is approximately 841 + 50 = 891 MW.  Where 841 MW represents the base case 
minimum power demand and 50 MW (from Figure 3.15) represents the increase in 
minimum power demand for the 5% PHEV penetration scenario. 

The curves in Figure 3.15 show that the increase in system maximum load is smaller than 
the increase in system minimum load for each PHEV penetration scenario.  This result 
indicates that the addition of PHEVs into a typical power system, with no control over 
when the vehicles are charged, will act to flatten the electric load demand curve. 

The PPC power system simulation procedure computes the expected amount of energy 
generated by each fuel type to meet a projected electric load demand.  Based on the 
developed projected electric load the energy generated by each fuel type is shown in 
Figure 3.16.  For the “Base Case” scenario (no additional electric load due to PHEVs) the 
energy generated per fuel type is deterministic because the “Base Case” electric load 
demand is deterministic.  Whereas, for the PHEV penetration scenarios the energy 
generated per fuel type is the average energy generated by each fuel type over the 30 
repeated simulations for each penetration level. 

 
Figure 3.15.  Increase in max and min power demand for each RTS scenario. 
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In Figure 3.16, as expected the total generated energy increases as the penetration level of 
PHEVs increases.  In Figure 3.16 the #2 oil, hydro, and unserviced energy energy 
productions are negligible (i.e. very small contribution to the total energy production) and 
are removed from the list of fuel types.  The specific increase in each fuel types energy 
production for each PHEV penetration level is shown in Figure 3.17. 

 

In Figure 3.17, the increase in energy produced by each fuel type is computed by 
subtracting the base case fuel type energy production from the average PHEV scenario 

 
Figure 3.17.  Increase in primary energy for each RTS PHEV penetration scenario. 
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Figure 3.16.  Primary energy generated for each RTS scenario. 
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fuel type energy production .  The expected amount of 
nuclear and hydro energy production is constant, thus no increase in either is observed 
and both energy sources are removed from the list of power system fuel types in Figure 
3.17.  The significant increase in both #6 oil and coal indicates that these two fuel types 
are utilized to charge PHEVs for the particular power system generating mix studied. 

The PPC power system simulation procedure computes expected energy statistics 
including loss of load probability (LOLP), total generated energy (GE), unserviced 
energy (UE), total fuel cost (TFC), and average electricity cost (AEC) amount of energy 
generated by each fuel type to meet a project electric demand.  For each PHEV scenario 
the energy statistic results are the average energy statistic over the 30 simulations, as 
shown in Table 3.21. 

 

In Table 3.21, each statistic increases proportionally with the number of PHEVs.  From 
Tables 3.20 and 3.21 the added utility revenues can be calculated for each PHEV 
penetration level as shown in Table 3.22. 

 

The results shown in Table 3.22 are computed assuming that the retail electricity rate of 8 
cents per kWh is constant all year long.  In Table 3.22, the average power system revenue 
is $326 per PHEV per year. 

The impact of displacing gasoline usage with increased utilization of electric energy, for 
the RTS, causes a slight increase in NOx and significant decrease in CO2 for all PHEV 
penetration scenarios.  The percent change in EAP is shown in Figure 3.18. 

Table 3.22.  Added RTS power system revenue. 

Scenario 5% 10% 20% 40% 

Increased Energy [MWh] 315,000 628,500 1,255,000 2,498,000 
NPHEV 76,950 153,900 307,800 615,600 

Revenue [k$] 25,210 50,280 100,400 199,900 
Revenue [$] per Vehicle per Year 327.60 326.70 326.20 324.70 

 

Table 3.21.  Energy statistics for each simulated RTS scenario. 

 Base Case 5% 10% 20% 40% 

LOLP 0.0070 0.0083 0.0099 0.0142 0.0296 
GE [MWh] 15,080,000 15,400,000 15,710,000 16,340,000 17,580,000 
UE [MWh] 9,029 10,82 13,200 20,000 47,020 
TFC [k$] 202,700 215,100 228,1 256,500 323,000 

AEC [¢/kWh] 1.34 1.40 1.45 1.57 1.84 
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The percent change at 5% PHEV penetration is 0.92% of NOx and -0.93% of CO2, which 
corresponds to an annual increase of 0.4986 million kg of NOx and an annual decrease of 
160.6 million kg of CO2. 

The gasoline utilization results reveal that the gasoline utilization decreases 
approximately linearly as PHEV penetration increases as shown in Figure 3.19. 

 

 

 
Figure 3.19.  RTS gasoline utilization as a function of PHEV penetration. 
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Figure 3.18.  RTS percent change of EAP as a function of PHEV penetration. 
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Specifically, with a fleet of 1.539 million IC vehicles the average yearly gasoline 
utilization is 1,047 million gallons whereas with 40% of the vehicle fleet replaced with 
PHEV this utilization reduces to 774 million gallons, a reduction of 26.1%. 

Based on the gasoline utilization (Figure 3.19) and the total generated energy (Table 
3.21) the total fuel cost can be calculated for an average driver in each PHEV penetration 
level.  The “Base Case” scenario yearly fuel cost consists of entirely gasoline purchases 
because no PHEVs are utilized, and the PHEV penetration scenarios total fuel cost 
includes electricity and gasoline purchases.  It is assumed that gasoline costs $3.00 per 
gallon and electricity rate is 8 cents per kWh all year long.  Finally, the average gasoline 
utilization for the base case scenario is used to compute the amount of gasoline used per 
IC vehicle in the PHEV scenarios, the results are shown in Table 3.23. 

 

In Table 3.23, a 65% reduction in fuel cost is achieved utilizing PHEVs over IC vehicles.  
This reduction in annual fuel cost is significantly influence by the cost effectiveness of 
electricity over gasoline. 

3.2.2 United States System Experiment 
Next, the second experiment, the U.S. experiment, is described.  As with the RTS 
experiment the U.S. experiment varies the level of PHEV penetration.  This experiment 
uses a generation mix representative of the entire U.S.  Similarly, the peak electric load 
and number of vehicles in the power system area are set to values representing the entire 
U.S. 

3.2.2.1 U.S. Experiment Data 
Specifically, the data to generate PPC power system simulation procedure input data is 
the total U.S. generating capacity [3.10] (Table 3.24), the total U.S. generated energy 
production per fuel type [3.11] (Table 3.25), and the total U.S. power system EAP 
generated [3.12] (Table 3.26).  PPC power system simulation procedure input data is 
composed so that the base case energy and EAP results match the statistics in Tables 3.25 
and 3.26. 

Table 3.23.  RTS annual fuel cost. 

Scenario Base Case 5% 10% 20% 40% 

Annual Fuel Cost [$]  2,042.00   1,089.00   1,041.00   1,037.00   1,035.00  
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Further, the RTS electric load demand distribution [3.8] is used, but changing the peak 
electric load demand to 764,476 [MW] [3.13].  The number of vehicles in the power 
system test area is set to 135.7 million [3.14]. 

3.2.2.2 U.S. Experiment Results 
Four simulations are considered for varying the percentage of PHEV penetration.  The 
penetration levels simulated are 5%, 10%, 20% and 40%.  For each scenario the number 
of IC vehicles  and PHEVs  is shown in Table 3.27. 

Table 3.26.  Estimated EAP by each fuel type in 2007 for the entire U.S. [3.12]. 

Fuel Type CO2 [kg] NOx [kg] 

Coal 16,018,807,896,000 22,956,252,000 
Liquid and Coke Petroleum 536,895,358,000 1,258,970,000 

Natural and Other Gas 3,458,905,616,000 3,402,814,000 
Renewable/Other 118,031,404,000 1,582,196,000 

 

Table 3.25.  Net U.S. energy generating by fuel type [3.11]. 

Fuel Type Net Generation By Fuel Source [GWh] 

Coal 1,994,385 
Liquid and Coke Petroleum 45,354 

Natural and Other Gas 888,521 
Nuclear 808,972 

Renewable/Other 377,648 
 

Table 3.24.  Total U.S. generating capacity by fuel type [3.10]. 

Fuel Type Generator Nameplate Capacity [MW] 

Coal 336,040 
Liquid and Coke Petroleum 62,394 

Natural and Other Gas 452,052 
Nuclear 105,764 

Renewable/Other 131,541 
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In Table 3.27, for each PHEV penetration level the total number of vehicles remains 
135.7 million. 

Each PHEV penetration scenario is repeated 30 times each, with a sample population of 
100 vehicles using the same vehicle assumptions as for the RTS experiment. 

One result of the probabilistic model of the added electric load due to PHEV charging is 
an increase in system maximum and minimum power demand.  The increase in the 
maximum and minimum power demand is shown in Figure 3.20 for each of the simulated 
PHEV penetration levels.  The maximum and minimum power demand for the PHEV 
scenarios is the average maximum and minimum power demand for the 30 PHEV 
penetration simulations. 

 

As is the case for the RTS experiment the change in maximum and minimum power 
demand, the curves in Figure 3.20 show that the increase in system maximum load is 
smaller than the increase in system minimum load for each PHEV penetration scenario.  
This result indicates that the addition of PHEVs into a typical power system, with no 
control over when the vehicles are charged, will act to flatten the electric load demand 
curve.  Specifically, for the U.S. experiment the base case result for maximum power 
demand is 764,810 MW and the minimum power demand is 229,200 MW. 

 
Figure 3.20.  Increase in max and min power demand for each U.S. scenario. 
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Table 3.27.  Number of vehicles for each U.S. simulation. 

Scenario BC 5% 10% 20% 40% 

 0 6,783,495 13,566,990 27,133,979 54,267,959 
 135,669,897 128,886,402 122,102,907 108,535,918 81,401,938 
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Based on the projected electric load, the energy generated by each fuel type is shown in 
Figure 3.21.  For the PHEV penetration scenarios the energy generated per fuel type is 
the average energy generated by each fuel type over the 30 simulations. 

 

In Figure 3.21, as expected, the total generated energy increases as the level of PHEV 
penetration increases.  In Figure 3.21, liquid and coke petroleum energy production is 
negligible (i.e. very small contribution to the total energy production) and is removed 
from the list of fuel types.  The increase in fuel types energy production is shown in 
Figure 3.22 for each level of PHEV penetration. 

 

 
Figure 3.22.  Increase in primary energy for each U.S. PHEV penetration scenario. 
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Figure 3.21.  Primary energy generated for each U.S. scenario. 
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In Figure 3.22, the increase in energy produced by each fuel type is computed by 
subtracting the base case fuel type energy production from the average PHEV scenario 
fuel type energy production .  The significant increase 
in coal and natural gas energy production indicates that these two fuel types are utilized 
to charge PHEVs for the particular power system generating mix studied. 

Due to a lack of generating unit reliability and fuel cost data the power system simulation 
procedure energy statistic results for the U.S. experiment simulations are not applicable. 

The impact of displacing gasoline usage with increased utilization of electric energy, 
using the average U.S. power system, results in the percent change in NOx and CO2 
shown is shown in Figure 3.23. 

 

The percent change at 40% PHEV penetration is -0.33% of NOx and -1.10% of CO2, 
which corresponded to annual decrease of 98 million kg of NOx and an annual decrease 
of 230,133 million kg of CO2.  This represents a significant reductions in both pollutants 
considered. 

The gasoline utilization results reveal that the gasoline utilization decreases 
approximately linearly as PHEV penetration increases as shown in Figure 3.24. 

 
Figure 3.23.  U.S. percent change of EAP as a function of PHEV penetration. 
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Specifically, with a fleet of 135.7 million IC vehicles the average yearly gasoline 
utilization is 92,340 million gallons whereas with 40% of the vehicle fleet replaced with 
PHEV this utilization reduces to 67,300 million gallons a reduction of 37.2%. 

3.2.3 Modified Reliability Test System 
Next, the third experiment, the modified RTS experiment, is described.  In the third 
experiment the penetration level of PHEVs is constant and the RTS electric power 
generation capacity mix varies.  The generating mix varies such that the total generating 
capacity is constant but the ratio of clean generating capacity increases.  All other PPC 
power system simulation procedure input data is identical to the first experiment. 

3.2.3.1 Modified RTS Experiment Data 
Five simulation scenarios are considered (called RTS, C1, C2, C3, and C4) each with 5% 
penetration of PHEV in the RTS power system area, representing 76,950 PHEVs 
(1,462,050 IC vehicles, thus 1.539 million vehicles in total).  The total generating 
capacity of each set of generators, where a set is comprised of all available generator 
using the same fuel type, is shown in Figure 3.25. 

 
Figure 3.24.  U.S. gasoline utilization as a function of PHEV penetration. 
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In Figure 3.25, the first column is the original RTS power generating capacity mix, and 
each subsequent column indicates the modified power generating mix capacity for each 
fuel type.  In Figure 3.25, the #2 oil generating capacity is negligible and is removed 
from the list of fuel types.  The generating capacity available from all nuclear and hydro 
(non-EAP producing) generators increases and the capacity available from #2 oil, #6 oil, 
and coal (all others fuel types) generators decreases; thus, the total generating capacity 
for each scenario is constant 3,405 MW. 

3.2.3.2 Modified RTS Experiment Data 
The percentage of non-EAP producing capacity and energy production is shown in Table 
3.28 for each modified RTS scenario. 

 

Clearly, as the level of non-EAP producing capacity increases the energy generated by 
the non-EAP producing energy sources also increases.  The amount of energy generated 
by each power system fuel type is shown in Figure 3.26. 

Table 3.28.  Clean energy capacity and generated energy summary. 

Percentage of Non-EAP Producing RTS C1 C2 C3 C4 

Capacity 32.31% 44.00% 56.00% 68.00% 80.00% 
Energy Generated 40.79% 55.40% 69.42% 80.71% 89.41% 

 

 
Figure 3.25.  Clean energy experiment scenario generation capacities. 
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In Figure 3.26, #2 oil and hydro energy production are negligible (i.e. very small 
contribution to the total energy production) and are removed from the list of fuel types.  
In Figure 3.26, as the level of nuclear energy reaches significant levels, scenarios C3 and 
C4 (78% and 85% respectively), the amount of unserviced energy becomes noticeable 
(2% and 4% respectively).  This result is due to the relatively high forced outage rate 
(FOR) for the nuclear generators (Table 3.11).  The specific percentage increase for each 
fuel type is shown in Figure 3.27. 

 

 
Figure 3.27.  Clean energy experiment scenario increase in primary energy. 
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Figure 3.26.  Clean energy experiment scenario generated energy. 
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In Figure 3.27, the percentage increase for #2 oil, #6 oil, hydro, and unserviced energy 
are an order of magnitude smaller than that of the percent increase of coal and nuclear 
energy, for this reason the percentage in #2 oil, #6 oil, hydro and unserviced energy are 
plotted on a secondary (right-hand side) vertical axis, with a different scale then the 
primary (left-hand side) vertical axis.. 

This experiment indicates that nuclear energy is used to replace the energy originally 
derived by coal energy.  The other three fuel types, #2 oil, #6 oil and hydro energy 
combined only produce less that 8% of the total generated energy for each scenario.  The 
resulting change in EAP is shown in Figure 3.28. 

 

Not surprisingly as the amount of energy produced from non-EAP producing sources 
increases, the total amount of EAP decreases significantly. 

3.3 Conclusion 
The use of PHEVs represents a feasible near term solution to the correlated global crisis 
of increased use of petroleum and increased generation of EAP.  The impact of PHEV 
use in the context of these two issues is addressed in this chapter. 

The change in primary energy source utilization due to PHEV charging is evaluated using 
the PPC power system simulation procedure [3.1].  For this research the PPC power 
system simulation procedure is augmented with a PHEV model.  The PHEV model 
allows the amount of added electric energy demand to charge a fleet of PHEVs to be 
calculated.  The results of this methodology include expected energy generated with and 
without the added electric load demand required to charge PHEVs, the expected EAP 
produced by the vehicle fleet and power system with and without PHEV charging, and 
fuel costs for IC vehicles and PHEVs. 

 
Figure 3.28.  Clean energy experiment change in EAP for each simulated scenario. 
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Three experiments are presented.  The first uses the 1979 RTS [3.8] to charge varying 
levels of PHEV penetration.  The second uses the U.S. average generation mix to charge 
varying levels of PHEV penetration.  The third varies the relative capacity of EAP 
producing and non-EAP producing generation in the RTS power system and simulated 
the primary energy utilized to charge 5% penetration of PHEVs. 

The probabilistic simulation of an integrated power system with distributed PHEVs 
results depend on the integrated power system generation mix.  The percent of the total 
generating capacity for each fuel type utilized in the original RTS system [3.8] is shown 
in Figure 3.29, the U.S. average generation [3.10] mix is shown in Figure 3.30, and the 
generating capacity of each fuel type for the five clean energy scenarios are shown in 
Figure 3.25. 

 

 
Figure 3.29.  RTS generating capacity [3.8]. 
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The expected energy production from each fuel type for the base case, no PHEVs 
included in the light duty vehicle fleet, and a scenario where 5% of the light duty vehicle 
fleet in the power system area is replaced with PHEVs, are shown in Table 3.29.  In 
Table 3.29 the percentage change is given by 

 (3.48) 

where the base case total amount of generated energy is used to normalize the change in 
energy production so that the relative size of each fuel types contribution to the total 
energy generated is accounted for.  Without this normalization the RTS simulation results 
percent increase in #2 oil energy production would be 17.71% and the percent increase in 
#6 oil energy production would be 9.67%, thereby incorrectly indicating a higher increase 
in #2 oil over #6 oil because the contribution of #2 oil is so small compared to all other 
fuel types.  The modified RTS simulation results in Table 3.29 are the C1 scenario 
results.  In the C1 scenario results the non-EAP producing capacity (nuclear and hydro) is 
increased to provide 44% of the total system capacity up from 32.31% in the original 
RTS generating capacity [3.8].  This scenario represents the smallest increase in clean 
production capacity simulated in the modified RTS experiment. 

 
Figure 3.30.  U.S. total generating capacity [3.10]. 
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In the RTS simulations the #6 oil and coal are utilized to meet the additional load created 
by PHEV charging, and the nuclear and hydro energy are fully utilized thus no increase 
in energy utilization of these fuel types is possible.  In the U.S. power system simulations 
coal is utilized to meet the additional load created by PHEV charging.  The modified RTS 
simulations introduce additional nuclear and hydro generation capacity compared to the 
RTS simulations.  The modified RTS simulations result in a significant increase in 
nuclear energy generation and a slight increase in hydro energy generation. 

In addition to the expected energy production, expected NOx and CO2 EAP production 
are also calculated.  The total system EAP is the EAP produced by both the electric 
power system and the light duty vehicle fleet in the power system area.  Table 3.30 shows 
EAP results for each experiments base case and 5% PHEV penetration simulations and 
the modified RTS experiment C1 scenario.  Here the percent decrease is normalized by 
the base case results, as is the standard percent reduction calculation. 

Table 3.29.  Change in primary energy source utilization. 

 Base Case 
[GWh] 

5% PHEV 
Penetration 

[GWh] 

Percent 
Change 

RTS Simulations #6 Oil 924 1,014 0.59% 
#2 Oil 5 6 0.01% 
Coal 7,988 8,212 1.47% 

Nuclear 6,167 6,167 0% 
Hydro 194 194 0% 

U.S. Power 
System 

Simulations 

Coal 2,000,000 2,014,000 0.33% 
Liquid and Coke 

Petroleum 
45,530 45,880 0.01% 

Natural and Other 
Gas 

882,800 889,200 0.16% 

Nuclear 808,600 812,500 0.09% 
Renewables/Others 377,900 380,700 0.07% 

Modified RTS 
Simulations 

#6 Oil 1,014 862 -0.97% 
#2 Oil 6 11 0.03% 
Coal 8,212 6,052 -13.85% 

Nuclear 6,167 8,384 14.22% 
Hydro 194 217 0.15% 
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In the RTS simulations, an increase of 0.92% of NOx represents an annual increase of 
0.4986 million kg of NOx; whereas, a decrease of 0.93% of CO2 represents a decrease of 
160.6 million kg of CO2.  Similarly in the U.S. simulations, a decrease of 0.04% of NOx 
represents an annual decrease of 12.40 million kg of NOx; further, a decrease of 0.14% of 
CO2 represents a decrease of 28,900 million kg of CO2.  In the modified RTS simulations 
significant EAP reduction are simulated, a decrease of 6.13% of NOx represents an 
annual decrease of 2.742 million kg of NOx; further, a decrease of 4.34% of CO2 
represents a decrease of 745.9 million kg of CO2.   

The fuel cost of a PHEV includes gasoline and electricity purchasing.  The average 
annual fuel cost is compared for PHEV versus IC vehicles in the RTS experiment.  
Assuming a constant gasoline price of $3.00 per gallon and electricity rate of 8 cents per 
kWh all year long, it is found that PHEV fuel costs are 65% less expensive then IC 
vehicle fuel costs. 

The results from Chapter 3 indicate that PHEVs offer cleaner transportation (depending 
on the generation mix used to charge the vehicles) with decreased gasoline utilization at a 
lower cost to consumers.  The cost to pay for these three advantages in terms of impact 
on distribution transformers is discussed in Chapter 4. 

Table 3.30.  Total system EAP. 

  Base Case [kg] 5% PHEV 
Penetration [kg] 

Percent 
Decrease 

RTS Simulations NOx 4.432E+07 4.472E+07 -0.92% 
CO2 1.736E+10 1.720E+10 0.93% 

U.S. Power System 
Simulations 

NOx 2.959E+10 2.958E+10 0.04% 
CO2 2.097E+13 2.095E+13 0.14% 

Modified RTS 
Simulations 

NOx 4.472E+07 4.198E+07 6.13% 
CO2 1.720E+10 1.645E+10 4.34% 
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4. Impact of PHEV charging on Distribution Transformers 

This chapter examines the impact that charging plug-in hybrid electric vehicles (PHEVs) 
will have on distribution transformers.  Distribution systems, and specifically the 
distribution transformer, are designed for specific load carrying capability based on 
typical load consumption patterns.  When PHEVs are deployed the pattern of electric 
power demand will change.  The power system may or may not be capable of handling 
the new pattern and level of demand. 

To examine the impact that PHEV charging will have on distribution transformers, 
simulations of daily load flows are performed using random electric loads.  Two 
scenarios are examined, the first provides a baseline comparison of the transformer 
percent loss of life (LOL) with no electric load due to PHEV, the second scenario 
provides the transformer LOL including PHEV charging in addition to the normal 
household electrical demand. 

A center-tapped single phase transformer model is used to compute the expected 
transformer currents and an electro-thermal transformer model of the distribution 
transformer is used to compute the expected distribution transformer hourly hot-spot 
temperature. 

Random distributions for both the normal house hold electric load demand and additional 
electric load demand for PHEV charging are utilized.  Repeated simulations in both 
scenarios provide a distribution of the expected LOL results. 

The remainder of this chapter is organized as follows: 

1. The random transformer electrical load distribution is described. 

2. The PHEV electrical load distribution is described. 

3. The center-tapped single phase transformer model is described. 

4. The electro-thermal transformer model is described. 

5. The method of computing the transformer LOL is described. 

6. The simulation methodology is described. 

7. The transformer LOL results are compared. 

4.1 Random Feeder Electrical Load 
Two assumptions used to compute the random electric load representing the average 
electric demand for a three house distribution circuit are (1) the hourly peak real power 
demand,  [W], is a normally distributed random variable (RV) with mean and 
variance as a function of the daily hour and (2) the hourly power factor  for each 
hour is a discrete RV with probability mass function 

 (4.1) 

The assumed time distribution for the average hourly peak load is shown in Figure 4.1. 
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In Figure 4.1, this curve represents the mean value for the hourly real power demand at 
the distribution transformer over a typical day.  The real power generated using this mean 
value is the real power electric load demand for three houses.  The validity of this curve 
is checked by computing the average total daily electric energy demand represented by 
this curve.  The resulting average daily electric energy computed is 151.2 kWh which is 
consistent with an assumed average household monthly electric load demand of 1,500 
kWh. 

From the hourly mean peak real power,  [W] the real power variance is computed as 

 (4.2) 

From the generated real power quantity  and power factor  the reactive 
power demand,  [VAR] is computed as 

 (4.3) 

4.2 PHEV Electrical Load 
The added electric load due to PHEV charging is assumed to 90% of the estimated 
PHEV-40 battery capacity, where PHEV-X indicates a PHEV which is capable of driving 
X miles using the battery alone.  This electric load represents the useful capacity of the 
total PHEV battery capacity.  This scenario models the situation where a PHEV returns 
home with a completely discharged battery.  A fully discharged battery represents the 
largest possible demand from the PHEV, representing a worst case scenario in terms of 
added electric load demand to the distribution transformer.  Further, it is assumed that the 
vehicle begins charging as soon as it is plugged in. 

 
Figure 4.1.  Hourly mean peak real power. 
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The method to compute the required power and time when the vehicle is connected to the 
power system is computed by the following three steps: 

1. The vehicles arrival,  [h], and departure times,  [h], are randomly generated.  

2. The vehicles added electric energy load,  [Wh], is randomly generated. 

3. The additional real,  [W], and reactive,  [VAR], power demand power demand 
is computed. 

The arrival  and departure  times are assumed to be normally distributed RVs.  
The distribution parameters (Table 4.1) are the weekday distribution parameter values 
previously defined (Table 3.9).  In Table 4.1, the parameter  in the distribution 

parameters mean,  [h], and variance,  [h], indicates one of the two possible 
daily timing distributions: weekday departure or weekday arrival. 

 

The vehicles added electric energy load  is assumed to be a normally distributed RV 
with a mean  of 16,000 Wh and a standard deviation  of 4,000 Wh.  These 
parameters are selected to include all four vehicle classes previously defined.  Finally, the 
vehicle charger is assumed to have a power factor of 0.99.  All RVs are assumed to be 
independent. 

From these distributions the added charging power (4.4) and reactive power, (4.5) can be 
computed. 

 (4.4) 

 (4.5) 

In (4.4)  is the total time, in hours, that the vehicle will be charging. 

4.3 Center-Taped Single-Phase Distribution Transformer Model 
The typical residential distribution system distribution transformer model is used to 
compute the expected transformer currents for a specified electric load demand.  The 
model, shown in Figure 4.2, is fully described in [4.1].  The specific scenario modeled 
here is a single phase distribution transformer feeding three typical houses.  The 
transformer is a 7.960 kV to 120/240 V transformer rated at 15 kVA.  The transformer 
has a series resistance  and reactance  of 0.007 p.u. and 0.035 p.u. respectively. 

Table 4.1.  PHEV timing distribution parameters. 

Parameter Departure Arrival 

 7 18 

 3 3 
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To compute the winding impedances , , and  the interlaced transformer design 
equations are used [4.1] 

 (4.6) 

 (4.7) 

The per-unit impedance values are converted to actual units by multiplying them by the 
per-unit base impedances 

 (4.8) 

 

 (4.9) 

Thus, 

 (4.10) 

 

 

 (4.11) 

 

 

The turns ratio  is the ratio of the primary and secondary voltages 

 (4.12) 

Finally, the total complex power is distributed between the two 120 V circuits (  and 
 [VA]) and the 240 V circuit (  [VA]) assuming that 60% of the power demand in a 

 
Figure 4.2.  Center-tapped single phase transformer model [4.1]. 
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typical household is 120 V (split evenly between the two 120 V lines) and the remaining 
40% is 240 V.  Thus, 

 (4.13) 

 (4.14) 

To compute the winding currents , , and  in Figure 4.2 an iterative process from 
[4.1] is utilized.  These currents form the input to the electro-thermal transformer model, 
which is in turn used to compute the expected distribution transformer temperature, and 
thus the distribution transformer LOL.  The method outlined in [4.1] to compute the 
transformer currents is an iterative process consisting of a forward sweep and a backward 
sweep.  As an example of this method the transformer currents are computed in detail 
below for the average assumed electric load including average real power  [W], average 
power factor , and average reactive power  [VAR] 

 (4.15) 

 (4.16) 

 (4.17) 

Thus, the average electric load demand at the transformer, representing the total demand 
for three average houses, is  (120 V load number 1),  (120 V load number 2), and 

 (240 V load) 

 

 

The first step to compute the transformer currents is to assume no average low voltage 
line currents 

 (4.18) 

Next, the average load voltages are computed 

 (4.19) 

 

 

Then, the average load currents are computed 
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 (4.20) 

Next, the average line currents are computed 

 (4.21) 

Finally, the average load voltages are computed.  Now using the average load currents 
computed in the preceding step 

 (4.22) 

This process is repeated until the error  falls below a specified tolerance  
[4.1] 

 

 

 

Once the iterative process converges the average high voltage winding current can be 
computed 

 (4.23) 

 

 

The electro-thermal transformer model, described next, computes the expected 
transformer winding temperature based on real valued currents, and thus the following 
magnitudes of the complex current values are used 
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4.4 Electro-Thermal Transformer Model 
Different electro-thermal transformer models of transformers have been experimentally 
developed in [4.2] and [4.3], and a similar model is used here to calculate the hot-spot 
temperature of a distribution transformer for random daily load patterns.  Variations of 
the model used in this thesis, shown in Figure 4.3, have also been used by others in [4.4] 
and [4.5] and is a simplified electro-thermal transformer model of a center-tapped single 
phase convection cooled distribution transformer. 

 

The nodes in Figure 4.3 represent: 

• The high voltage winding (node h). 

• The low voltage winding center tap 1 (node 1). 

• The low voltage winding center tap 2 (node 2). 

Each circuit element represents a thermal phenomenon: the conductance components 
represent heat transfer within and between the transformer windings (estimated from 
temperature gradients between transformer windings [4.6]); the capacitive components 
represent transformer winding thermal inertia (computed from the winding mass and 
winding specific heat constant [4.6]); and the current sources represent heat sources in the 
form of ohmic losses in each of the transformer windings. 

The dynamics of the transformer winding temperatures [4.6] are described by the 
following differential equation 

 
Figure 4.3.  Electro-thermal transformer model. 
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 (4.24) 

where  [joules/˚C] is the thermal capacitance matrix 

 (4.25) 

 [˚C] is the components temperature vector 

 (4.26) 

 [W] is the heat input vector 

 (4.27) 

which represent ohmic losses in the transformer windings and as such can be modeled as 
the following function of the winding currents and resistances 

 (4.28) 

and  [W/˚C] is the thermal conductance matrix, which represents the thermal 
conductance among the three windings 

 (4.29) 

The numeric values of the circuit parameters chosen were analytical computed and 
experimentally verified [4.7] 

 

 

A trapezoidal integration method is used to calculate the solution of (4.24).  In particular, 
the integration within the time interval  is 

 

 (4.30) 

where  is the time step of the integration. 

The input to the above model is the transformer currents , , and  over a specific time 
period, typically one day.  The result from the trapezoidal integration is the estimated 
transformer temperature with respect to ambient temperature over the simulated time 
span.  An assumed flat daily temperature profile is used for simplicity . 



 

 69 

4.5 Transformer Loss-of-Life (LOL) Calculation 
The process of insulation degradation, for oil filled transformer, is a function of three 
phenomenon (1) temperature, (2) moisture, and (3) oxygen content [4.8].  The second 
two consist of water and oxygen contamination of the transformer oil and can be 
controlled through “oil preservation systems” [4.8] and thus are not considered in this 
analysis.  The following method outlined in [4.8] is used to compute the LOL. 

The LOL,  [%], is a function of the equivalent life,  [h], and the normal insulation 
life,  [h], [4.8] 

 (4.31) 

where  is computed as a function of the aging acceleration factor, , 

 (4.32) 

and  is computed as a function of the aging rate constant,  [K], and the transformer 
hot-spot temperature,  [˚C], at time  

 (4.33) 

The LOL calculations are computed for a typical day based on hourly increments, thus  
[h] is 24 and  is 1 hour.  The LOL calculation variables  and  are computed for 
each hour of the simulated day based on the simulated hot-spot temperature  in that 
hour (the maximum simulated transformer winding temperature for a given hour). 

The LOL constants  and  are selected based on historically accepted values.  The 
historical perspective on the insulation life values and LOL calculations is quite 
interesting, and the values in Table 4.2 for normal insulation life and in Table 4.3 for 
aging rate constant are surrounded in ambiguity; however, in [4.8] a conclusion is drawn 
that the “chemical test measurement of degree of polymerization is a much better 
indication of cellulosic insulation mechanical characteristics than loss of tensile 
strength,” therefore the normal insulation life used is 150,000 hours (17.1 years) and the 
aging rate constant used is 14,580 K. 

 

Table 4.2.  Normal insulation life times [4.8]. 

Basis Normal Insulation Life [h] 

50% retained tensile strength of insulation (former IEEE 
Std. C57.92-1981) 

65,000 

25% retained tensile strength of insulation 135,000 
200 retained degree of polymerization in insulation 150,000 

Interpretation of distribution transformer functional life 
test (former IEEE std. C57.91-1981 criterion) 

180,000 
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Normal LOL, using the normal insulation life and aging rate constant selected, for 
operation of a constant 110 ˚C for 24 hours is 0.016%.  Intuitively, this indicates that a 
transformer which withstood a 24 hour period with hot-spot temperature of 110 ˚C aged 
the equivalent of 0.016% of its useful life.  Note that 24 hours is 0.016% of 150,000 
hours.  

4.6 Transformer Impact Simulation Procedure 
A block diagram of the simulation procedure is shown in Figure 4.4. 

 

The first step in Figure 4.4 is to generate all RVs used in the simulation procedure.  The 
first RV generated is the hourly household power factor, this is a discrete value, and to 
generate this RV an inverse transform method is used [3.5].  The cumulative distribution 

 
Figure 4.4.  Transformer impact simulation block diagram. 

 

Table 4.3.  Aging rate constant [4.8]. 

Basis Aging 
rate 

constant 
[K] 

50% retained tensile strength of insulation (former IEEE Std. C57.92-1948) 14,830 
50% retained tensile strength of insulation (former IEEE Std. C57.92-1981) 16,054 

DT life tests (former IEEE Std. C57.92-1981) 14,594 
250 retained degree of polymerization in insulation 14,580 
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function of the RV is inverted and evaluated using uniform (0, 1) values to generate the 
random power factor values. 

 (4.34) 

where  is a RV distributed uniform (0, 1) and is generated using the C function rand(). 
The second and third RVs are generated using the Box-Műller method, (3.8).  The second 
RV, the hourly real power demand is computed by 

 (4.35) 

The third RV, the PHEV power demand is computed using (4.4).  This value represents 
the added grid electric energy required for one PHEV. 

The second step in Figure 4.4 is to compute the transformer current based on the assumed 
distribution transformer electric load demand.  The methodology assumes that the 
distribution transformer electric load demand is constant for each hour of the simulated 
day.  The iterative process, to compute the transformer currents for the simulated day, is 
repeated twice for every hour of the simulated day, once for the base case scenario and 
again for the PHEV scenario.  The final result of the iterative process is the transformer 
currents for the specified load. 

The third step in Figure 4.4 is to compute the transformer hot-spot temperature for every 
hour of the simulated day.  Here hot-spot temperature is defined as the maximum 
winding temperature in a given hour.  A step length of 10 seconds is used in the 
trapezoidal integration method described above.  Thus, the transformer currents, from the 
center-tapped single phase distribution transformer, are sampled every 10 seconds as 
input to the electro-thermal transformer model simulation.  The final result of this 
simulation is the hot-spot temperature of the distribution transformer, which is the 
maximum temperature observed from each hour of the simulated day. 

The fourth step in Figure 4.4 computes the transformer LOL.  Using the described 
method the LOL is computed for each simulated day for both scenarios, without PHEV 
charging (base case) and with PHEV charging (PHEV scenario). 

Sample results are described below to clarify the procedure.  The sample results consist 
of one day with the base case feeder demand (feeder demand with no electric load due to 
PHEV charging), and one day with the added electric load demand of charging three 
PHEVs.  The input to the sample results are the average hourly peak load shown in 
Figure 4.1, and the average PHEV required grid electric energy of three PHEVs charged 
over the average arrival and departure times.  Figure 4.5 shows the base case feeder load 
(called “BC Feeder Demand”), required PHEV grid electric energy due to three PHEVs 
(called “PHEV Feeder Demand”), and total feeder load with added PHEV electric load 
(called “Total Load with PHEVs”). 
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In Figure 4.5 the total load with PHEVs is the hour by hour sum of the PHEV feeder 
demand and the base case feeder demand.  The total load with PHEVs has a maximum 
real power demand of 14,792 W which is an increase of 33% over the base case feeder 
demand; moreover the total load with PHEVs has a minimum real power demand of 
5,200 W, which is an increase of 93% over the base case feeder demand. 

The next step in the transformer impact simulation is to compute the expected 
distribution transformer winding currents.  This calculation includes two scenarios: one 
with no additional load due to PHEV charging (called “BC”) and a second with the added 
electric load due to PHEVs (called “PHEV”).  Both scenarios winding current results 
include two low voltage winding currents and one high voltage winding current.  Because 
the load on both the low voltage windings is balanced, the low voltage winding current 
results are the same; for this reason and for simplicity, only one low voltage winding 
current result (called “Low V”) and the high voltage winding current result (called “High 
V”) are shown for both scenarios in Figure 4.6. 

 
Figure 4.5.  Sample scenario feeder load data. 
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In both scenarios the high voltage winding currents are significantly smaller in amplitude 
then the low voltage winding currents; thus, in Figure 4.6 the high voltage winding 
currents are plotted for the secondary (right-hand side) vertical axis using a different 
scale than the primary (left-hand side) vertical axis. 

The next step in the transformer impact simulation is to compute the expected 
distribution transformer winding temperature for both scenarios (“BC” and “PHEV”).  
The electro-thermal transformer model is utilized to compute these expected 
temperatures.  The results of the electro-thermal transformer model using the winding 
currents in Figure 4.6 are shown in Figure 4.7.  Again, because the load on the low 
voltage windings is balanced, the currents in the low voltage windings are the same and 
thus the low voltage winding temperatures are the same.  For this reason and for 
simplicity only one low voltage winding temperature (called “Low V”) and the high 
voltage winding temperature (called “High V”) are shown in Figure 4.7. 

 
Figure 4.6.  Sample scenario winding currents. 
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Notice that, the significantly smaller high voltage winding current then the low voltage 
winding currents in Figure 4.6 result in similar amplitude temperature results for both 
high and low voltage winding temperatures.  This change is due to the significantly larger 
high voltage winding resistance of 14.78 Ω, see (4.10) than the low voltage winding 
resistance of 0.0269 Ω, see (4.11). 

The next step in the transformer impact simulation is to compute the hot-spot winding 
temperature for both scenarios (“BC” and “PHEV”).  The hot spot temperature is the 
maximum winding temperature in a given hour.  Based on the winding temperatures in 
Figure 4.7, the windings hot-spot temperatures is computed and shown in Figure 4.8. 

 
Figure 4.7.  Sample scenarios winding temperatures. 
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The last step in the transformer impact simulation is to compute the distribution 
transformer LOL for both scenarios.  Finally, from the hot-spot temperatures the aging 
acceleration values are computed shown in Table 4.4 and the resulting LOL are, 5.8891E-
07% and 9.0037E-07%, for the base case and PHEV feeder demand respectively shown 
in Figure 4.5. 

 
Figure 4.8.  Sample scenarios hot-spot temperature. 

20

22

24

26

28

30

32

34

36

38

40

1 3 5 7 9 11 13 15 17 19 21 23

H
ot

-S
po

t T
em

pe
ra

tu
re

 [˚
C]

Hour

BC

PHEV



 

 76 

 

The hot-spot temperatures estimated by the sample results indicate average results.  The 
developed probabilistic model varies the electric load above and below the average with 
variance as a function of the average peak real power, see (4.2), thus the sample results 
provide validation of the developed probabilistic simulation. 

The LOL values computed indicate that in the simulated 24 hour period the transformer 
aged only 8.837E-4, and 1.350E-3 years for the base case and PHEV feeder demand 
respectively.  This amount of aging is 5.889E-07% and 9.004E-07% (base case and 
PHEV feeder demand respectively) of the total expected life of 150,000 hours.  There are 
two reasons for the smallness of these results.  First, the transformer is oversized for the 
modeled electric load.  Second, the ambient temperature used is very conservative.  The 
nameplate rating of the modeled transformer is 15 kVA.  The peak average electric load 
is 11.1 kW.  This indicates that there is spare transformer 
capacity for the peak average load.  The ambient temperature assumed is 20 ˚C (≈ 68 ˚F) 
and is very conservative for warm temperate climate summer temperatures. 

Table 4.4.  Hot-spot temperature results and LOL calculation. 

Hour BC  BC  PHEV  PHEV  

1 23.33 1.460E-05 27.44 2.863E-05 
2 23.87 1.596E-05 27.98 3.126E-05 
3 25.22 1.994E-05 29.29 3.853E-05 
4 26.47 2.445E-05 30.50 4.670E-05 
5 27.51 2.895E-05 31.51 5.476E-05 
6 27.52 2.898E-05 31.51 5.481E-05 
7 27.52 2.898E-05 31.51 5.481E-05 
8 27.52 2.898E-05 31.38 5.370E-05 
9 27.52 2.898E-05 27.32 2.807E-05 

10 27.48 2.884E-05 27.26 2.782E-05 
11 26.48 2.451E-05 26.29 2.375E-05 
12 26.47 2.448E-05 26.28 2.373E-05 
13 27.51 2.895E-05 27.29 2.793E-05 
14 28.55 3.424E-05 28.30 3.287E-05 
15 29.59 4.044E-05 29.31 3.865E-05 
16 30.63 4.771E-05 30.32 4.539E-05 
17 31.68 5.622E-05 31.33 5.324E-05 
18 33.24 7.173E-05 37.03 1.285E-04 
19 33.76 7.785E-05 37.57 1.394E-04 
20 33.75 7.766E-05 37.55 1.390E-04 
21 33.14 7.066E-05 36.96 1.271E-04 
22 29.53 4.002E-05 33.46 7.428E-05 
23 26.41 2.425E-05 30.45 4.631E-05 
24 23.87 1.597E-05 27.99 3.127E-05 
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The amplitude of the LOL is not the focus of this study.  Rather the relative increase in 
LOL which is the increase in transformer degradation caused by the additional electrical 
load caused by PHEV charging.  The percent increase for the sample results is 52.89%.  
This shows that the sample results indicate that the life time of an average transformer 
will be decreased by 53% because of the added stress of charging three PHEVs.  Next, 
results are presented which show the LOL results using the developed probabilistic 
models.  It is expected that the probabilistic model results will on average approximate 
the sample results. 

4.7 Transformer Impact Results 
Each simulated day results in slightly different LOL values and therefore the LOL results 
are presented in histograms. Two LOL histograms are provided as visual evidence that 
the LOL results are normally distributed.  The expectation is that the LOL results should 
follow a normal distribution due to the law of large numbers.  The base case LOL results 
from 100 simulated days are shown in Figure 4.9.  The PHEV scenario with the added 
electric load due to one PHEV in the distribution system is shown in Figure 4.10.  The 
results for the added electric load due to two and three PHEVs are quite similar and are 
not shown. 

 

 
Figure 4.9.  Base case LOL histogram. 
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The simulation results are further characterized using a normal distribution maximum 
likelihood estimator (MLE) 

 (4.36) 

where  is the number of repeated simulations (100) and  represent the LOL result 
from iteration- .  This equation is valid assuming that the LOL results will follow a 
normal distribution.  From the mean MLE results for each of the four scenarios 
simulated, the percent change in average LOL is computed, indicating the impact PHEV 
charging will have on distribution transformers. 

Table 4.5 compares all four scenarios mean MLE results.  The calculated values for  
show a percent change of 11.99% (from 6.212E-07% to 6.957E-7%) when adding one 
PHEV, 28.84% (from 6.212E-07% to 8.004E-7%) when adding two PHEVs, and 43.75% 
(from 6.212E-07% to 8.930E-7%) when adding three PHEVs. 

 

Also, the change in LOL comparing the probabilistic results versus the deterministic 
sample results from Section 4.6 show a 5.49% change in base  case results (computed as 

- -  where 6.212E-07 is the base case  in Table 4.5 

Table 4.5.  LOL MLE results. 

  

Base Case 6.212E-07 
One PHEV 6.957E-07 

Two PHEVs 8.004E-07 
Three PHEVs 8.930E-07 

 

 
Figure 4.10.  Single PHEV charging LOL histogram. 
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and the 5.8891E-07 is the deterministic sample base case LOL result), and a 0.82% 
change in the three PHEV scenario (computed as - -  
where 8.930E-07 is the three PHEV scenario  in Table 4.5 and the 9.004E-07 is the 
deterministic sample three PHEV scenario. 

4.8 Conclusion 
To examine the impact that PHEV charging will have on distribution transformers, 
simulations of daily load flows are performed using random electric loads.  Two 
scenarios are examined, the first provides a baseline comparison of the transformer LOL 
with no PHEV electric load, and the second scenario provides the transformer LOL 
including PHEV charging in addition to the normal household electrical demand. 

A center-tapped single phase transformer model is used to compute the expected 
transformer currents and an electro-thermal transformer model of the distribution 
transformer is used to compute the expected distribution transformer hourly hot-spot 
temperature. 

On average it is assumed that the average daily electric demand experienced by a 
distribution transformer for three typical houses is 150 kWh.  The average added electric 
load due to PHEVs is on average 16 kWh.  The percent increase in feeder load and 
percent increase in average LOL are shown in Table 4.6. 

 

The results in Table 4.6 show that adding the additional electric load demand to 
distribution transformers will have a measurable effect on the expected life of the 
distribution transformer.  Specifically, if it is assumed that an average distribution 
transformer would operate for 150,000 hours (17.1 years), then the added impact of one 
PHEV decreases this expected lifetime to 132,015 hours (15.1 years).  Similarly, the 
added impact of two PHEVs decreases it to 106,740 hours (12.2 years) and the added 
impact of three PHEVs decreases this expected lifetime to 84,390 hours (9.6 years). 

Table 4.6.  Increase in average electric load and resulting average transformer LOL. 

 Percent Increase 

 Average Electric Load Transformer LOL 

One PHEV 10.67% 11.99% 
Two PHEVs 21.33% 28.84% 
Three PHEVs 32.00% 43.74% 
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5. Conclusion 

Plug-in hybrid electric vehicles (PHEVs) are a vehicle designed similar to a traditional 
hybrid electric vehicle (HEV) with more dependence on the electric drive system.  
PHEVs have the added ability, over HEVs, to recharge from the electric power system.  
The wide spread adoption of PHEVs has the potential benefit to (1) generate a lucrative 
new semi-dispatchable load for the electric utility industry and (2) diversify the 
transportation sector energy usage by displacing petroleum usage with electric energy. 

Two power system level impacts of PHEV charging are investigated in this thesis.  The 
first investigation quantifies the primary energy source utilization due to PHEV charging 
and the second quantifies the impact of PHEV charging on distribution transformers.  In 
Chapter 3 the primary energy source utilization describes which power system fuel types 
are utilized to meet the added electric load demand created by PHEV charging.  
Additionally, the tradeoff between vehicle tailpipe environmental air pollution (EAP) and 
power system EAP is compared when PHEVs are used to replace varying levels of the 
light duty vehicle fleet in a given power system area.  Finally, the annual fuel cost is 
computed for conventional internal combustion (IC) vehicles, which includes only 
gasoline purchasing, and that of PHEVs, which includes gasoline and electricity 
purchasing.  The results from Chapter 3 indicate that PHEVs offer cleaner transportation 
(depending on the generation mix used to charge the vehicles) with decreased gasoline 
utilization at a lower cost (in terms of annual fuel costs) to consumers. 

In Chapter 4 the impact of PHEV charging on distribution transformers is quantified 
using a transformer insulation percent loss-of-life (LOL) calculation.  Two models are 
utilized to compute the data required for the LOL calculation, namely a center-tapped 
model and a simplified electro-thermal transformer model.  The center-tapped single 
phase transformer model simulates the transformer winding currents for random daily 
load demand values.  The electro-thermal model simulates the winding temperature as a 
function of the winding currents.  The LOL calculation is based on the hourly transformer 
hot-spot temperature which is defined as the maximum winding temperature for each 
hour of the simulation period.  The transformer LOL results indicate that adding the 
additional electric load demand to distribution transformers has a measurable effect on 
the expected life of the distribution transformer. 

Future work which could follow this thesis includes: 

• Model verification of the probabilistic consumer behavior including miles driven 
per day, arrival time and departure time random variables. 

• Additional simulations of the effect that real time electric price signals could have 
on PHEV charging and primary energy source utilization. 

• Power system data of existing power system could provide experimental results 
for existing power systems. 

• Additional development of the transformer impact chapter could include 
investigations into the impact of ambient temperature profiles, the impact of 
vehicle charging time, and the impact of transformer sizing. 
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Appendix A: PSAT Simulation Results 

The PSAT simulation results in this appendix are used to compute performance metrics 
for both internal combustion (IC) and plug-in hybrid electric (PHEV) vehicles.  The IC 
vehicle performance metrics include fuel efficiency, NOx generated per mile driven, and 
CO2 generated per mile driven.  The PHEV performance metrics include energy required 
per mile, gasoline efficiency, NOx generated per mile driven, and CO2 generated per mile 
driven.  The methodology used to compute the performance metrics is described in 
Chapter 3. 

PHEV simulations were performed using the Powertrain System Analysis Toolkit 
(PSAT).  PSATs Matlab/Simulink/State-Flow models, of conventional vehicle and hybrid 
powertrain components, of various architectures, were assembled and simulated to 
generate operational data for PHEVs. 

Once the complete vehicle models had been selected, PSAT allowed for the simulated 
operation of the developed vehicles over specified driving schedules with a variable 
amount of driving energy supplied from the vehicles battery. 

PHEV PSAT results for each vehicle class are shown in Tables A.1 - A.4.  IC PSAT 
results are shown in Table A.5. 

 

Table A.1.  Vehicle class 1 PHEV PSAT results. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi.] 

GPM 
[gal./mi.] 

NOx Per Mile 
[kg/mi.] 

CO2 Per Mile 
[kg/mi.] 

HWFET 0.1156 0.0807 0.0146 7.720E-05 0.1316 
0.2183 0.1471 0.0125 5.100E-05 0.1123 
0.7196 0.2508 0.0023 6.700E-06 0.0208 
1.000 0.2626 0.0001 0.00 0.00 

UDDS 0.1461 0.1167 0.0162 7.080E-05 0.1457 
0.2757 0.1973 0.0123 4.790E-05 0.1109 
0.5193 0.2666 0.0059 2.040E-05 0.0528 
1.000 0.2235 0.0001 0.00 0.00 

US06 0.1141 0.1281 0.0235 1.273E-04 0.2115 
0.1803 0.1820 0.0196 1.016E-04 0.1760 
0.4114 0.3162 0.0107 4.920E-05 0.0963 
0.9463 0.4341 0.0006 2.300E-06 0.0052 
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Table A.3.  Vehicle class 3 PHEV PSAT results. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi.] 

GPM 
[gal./mi.] 

NOx Per Mile 
[kg/mi.] 

CO2 Per Mile 
[kg/mi.] 

HWFET 0.0482 0.0780 0.0364 1.307E-04 0.3287 
0.2976 0.2950 0.0165 5.250E-05 0.1484 
0.4217 0.3790 0.0123 3.800E-05 0.1108 
0.7746 0.4143 0.0029 9.400E-06 0.0257 
1.000 0.4247 0.0001 0.00 0.00 

UDDS 0.0596 0.1145 0.0427 1.612E-04 0.3850 
0.3006 0.3927 0.0216 7.370E-05 0.1949 
0.6990 0.3889 0.0039 1.240E-05 0.0357 
1.000 0.3872 0.0001 0.00 0.00 

US06 0.0530 0.1165 0.0492 2.436E-04 0.4436 
0.1872 0.3362 0.0344 1.549E-04 0.3108 
0.3516 0.5259 0.0228 8.750E-05 0.2064 
0.4718 0.6694 0.0176 6.400E-05 0.1595 
0.7168 0.7204 0.0066 2.260E-05 0.0605 

 

Table A.2.  Vehicle class 2 PHEV PSAT results. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi.] 

GPM 
[gal./mi.] 

NOx Per Mile 
[kg/mi.] 

CO2 Per Mile 
[kg/mi.] 

HWFET 0.1131 0.0987 0.0183 1.025E-04 0.1651 
0.1210 0.1070 0.0184 1.022E-04 0.1659 
0.1340 0.1117 0.0171 9.500E-05 0.1538 
0.4617 0.2698 0.0074 3.250E-05 0.0671 
0.6035 0.2808 0.0044 2.230E-05 0.0393 
0.7829 0.2952 0.0022 9.300E-06 0.0197 

UDDS 0.1898 0.1818 0.0186 8.860E-05 0.1680 
0.4534 0.3168 0.0091 3.100E-05 0.0820 
0.7613 0.3016 0.0023 7.800E-06 0.0203 
0.9664 0.2950 0.0002 1.000E-06 0.0022 
1.0000 0.2866 0.0001 0.00 0.00 

US06 0.0992 0.1374 0.0300 1.370E-04 0.2692 
0.1215 0.1609 0.0278 1.367E-04 0.2492 
0.3608 0.3539 0.0149 6.960E-05 0.1336 
0.5108 0.4232 0.0097 3.990E-05 0.0864 
0.9199 0.4672 0.0010 3.600E-06 0.0087 
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Table A.5.  IC PSAT results. 

Class Drive Schedule MPG [mi./gal.] NOx Per Mile[kg/mi.] CO2 Per Mile [kg/mi.] 

1 HWFET 33.21 9.190E-05 0.2715 
UDDS 26.17 1.508E-04 0.3446 
US06 25.82 2.042E-04 0.3483 

2 HWFET 18.54 1.593E-04 0.4866 
UDDS 14.17 2.530E-04 0.6366 
US06 14.21 3.448E-04 0.6341 

3 HWFET 19.31 1.453E-04 0.4674 
UDDS 12.17 2.651E-04 0.7411 
US06 14.20 3.090E-04 0.6351 

4 HWFET 14.07 1.946E-04 0.6411 
UDDS 11.42 2.904E-04 0.7902 
US06 11.16 4.032E-04 0.8081 

 

Table A.4.  Vehicle class 4 PHEV PSAT results. 

Driving 
Schedule 

kPHEV Electric Energy Per Mile 
[kWh/mi.] 

GPM 
[gal./mi.] 

NOx Per Mile 
[kg/mi.] 

CO2 Per Mile 
[kg/mi.] 

HWFET 0.0630 0.1024 0.0361 1.746E-04 0.3254 
0.2503 0.2985 0.0212 9.000E-05 0.1909 
0.5925 0.4820 0.0078 3.240E-05 0.0706 
0.9096 0.5155 0.0012 4.600E-06 0.0109 

UDDS 0.0719 0.1494 0.0461 1.892E-04 0.4158 
0.3406 0.4816 0.0221 7.720E-05 0.1987 
0.7526 0.4819 0.0037 1.320E-05 0.0338 
1.000 0.5189 0.0001 0.00 0.00 

US06 0.0577 0.1360 0.0532 2.642E-04 0.4770 
0.3484 0.5736 0.0253 1.342E-04 0.2280 
0.4982 0.6986 0.0165 8.500E-05 0.1497 
0.6900 0.7606 0.0080 3.860E-05 0.0726 
0.8776 0.8530 0.0028 1.270E-05 0.0253 
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