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these systems having six key 
features: (a) it will span space 
and time to include the North 
American energy system 
infrastructures over the next 40 
years; (b) it will find Pareto-
optimal solutions that will 
satisfy conflicting objectives, 
such as social welfare defined 
as the difference of the end-
use benefits and costs 
(operational and investment), 
sustainability (supply longevity 
and environmental impacts), 
and resiliency (ability to 
provide function at stable end-
use prices); (c) it will initialize 
with existing and future 
infrastructures, with each 
infrastructure having (variable) 
capacity limits, and known or 
estimated investment cost, 
operational cost, efficiency, environmental impact, and external resource consumption; (d) it will include 
as decision variables capacities associated with all infrastructure; (e) it will execute in a rolling fashion 
over time to take advantage of information that would improve estimated data; and (f) it will include 
expansion function that will enable drill-down analysis for a local area, illustrated using at least one such 
local area as part of our work. Our solution methods will be based on our prior research in [10–26]. 
 
2.0 Expected outcomes and impacts 

The main outcome of our research is a model that 
captures interdependencies between energy and 
transportation systems. This research will also result 
in optimal infrastructure designs, and development of 
solution methods using parallel computation and 
evolution-based optimization techniques. We will 
solve the problem via a multiobjective evolutionary 
algorithm (MEA) that identifies a Pareto front in 
terms of three objectives: sustainability, cost, and 
resiliency. A unique feature of our model is that 
decision variables are operational (flows), structural 
(capacity increases), and technological (efficiencies). This, together with time dependency, provides the 
model with a biological quality reflecting that interdependent subsystems grow and contract together 
through time. Fig. 2 depicts features of this attribute for energy and vehicle transportation subsystems, as 
they co-evolve over time, accommodating increasing percentages of green resources, growing into and 
with each other, eliminating some interdependencies while creating others as technologies mature, 
resource and environmental constraints change, and infrastructures are retired or added. The national 
energy system and the national transportation system targeted in this research are uniquely large, 
geographically expansive, and capital intensive, consisting of multiple, diverse technologies interfaced 
with complex human organizations that manage them. The intellectual effort to model and characterize 
these systems and understand their interdependencies will join power system engineering, thermal 
design, power electronics, transportation engineering, communications and computing, environmental 
science, sociology, operations research, and macroeconomics. The underlying need is systems-based. 
The proposed work will have long-term impact on national economy and security, while revolutionizing 

Fig. 1: Energy, freight, and passenger transportation systems 
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Fig. 2: Co-evolution of infrastructures 
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Travel pattern

Why do we study the travel pattern?

GM-Volt: 8 kWh usable energy in the battery
40 miles all-electric range

For n GM-Volt on a random day, what is the electric energy
consumption per vehicle from grid in average?

- If all vehicles don’t travel: 0 kWh
- If all vehicles travel more than 40 miles: 8 kWh
- If all vehicles travel 20 miles: 4 kWh
- · · ·

What’s the electric power consumption from the grid?

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 4 / 22
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Travel pattern

National Household Travel Survey (NHTS)
The 2009 NHTS collects information on the travel behavior of a national
representative sample of U.S. households, such as mode of transportation, trip
origin and purpose, and trip distance. The survey consists of 150,147 households
and 294,408 Light-Duty Vehicles (LDVs).

Data Example from the 2009 NHTS

Vehicle Type Origin/purpose Start time Destination/purpose End time Trip miles
Home 07:30 Work 07:40 2

Veh1 Car Work 16:30 Home 16:40 2
Home 07:30 Work 07:45 3
Work 17:30 Home 17:45 3
Home 19:20 Shopping 19:35 4Veh2 SUV

Shopping 21:10 Home 21:25 4
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Travel pattern

Daily vehicle miles traveled (VMT)

Cumulative distribution function of daily vehicle miles traveled (VMT)
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PEV operation

PEV operation

Source: M. Duoba, 2005
Argonne National Lab

The tractive energy per mile that is provided by the battery in charge-depleting
mode (he) is a fraction (ξ) of total tractive energy per mile (htr): he = ξhtr.

ξ = 1

ξ < 1

ξ = 0

ξ = 0
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Analytical method to estimate energy consumption

Previous work

Source: M. Kintner-Meyer, K. Schneider, and R. Pratt, “Impacts assessment of plug-in hybrid vehicles on electric
utilities and regional U.S. power grids. Part 1: Technical analysis,”J. EUEC, vol. 1, no. 4, 2007.

Source: S. W. Hadley and A. Tsvetkova, “Potential impacts of plug-in hybrid
electric vehicles on regional power generation,” Oak Ridge National Labora-
tory, Oak Ridge, TN, Tech. Rep. ORNL/TM-2007/150, Jan. 2008.

simplified travel pattern

entire htr from battery

unique CDR
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Analytical method to estimate energy consumption

Proposed methodology
For a random PEV in an urban (or rural) area, on a random weekday (or
weekend), the daily electric energy consumption from the outlet:

ε = 1
η

hemcd

= 1
η

ξhtrmcd

Assuming that the all the random variables are independent to each other, the
expected value:

E(ε) = 1
η

E(ξ)E(htr)E(mcd)

σ(ε) =
√

E(ε2)− E2(ε)

=
√

E(ξ2)E(h2
tr)E(m2

cd)/η2 − E2(ε)

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 9 / 22
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Analytical method to estimate energy consumption

Assumptions
1 Tractive energy per mile at the wheel (htr) is a normal distribution and

standard deviation equal to 10% of its mean.
Vehicle Class Car Van SUV Pickup truck

E(htr) (kWh/mile) 0.21 0.33 0.37 0.40

2 The outlet-to-wheel efficiency (η) is assumed to be constant and equal to
67%.

3 Fraction of tractive energy derived from electricity (ξ) in CD mode:

fξ(x) =
{

1 for 0.2 ≤ x < 1 ,
0.2δ(x − 1) for x = 1 .

4 Charge-depleting range or CDR (d): log-normal distribution function with
expected value and standard deviation equal to (40,10).

5 Probability density function of daily VMT (m) is extracted from 2009
NHTS.

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 10 / 22
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Analytical method to estimate energy consumption

Miles in CD mode
Assuming that PEVs start the daily trips with fully charged battery and
can be only charged after finishing all the trips, daily miles in
charge-depleting (CD) mode:

mcd =
{

m for m ≤ d ,
d for m > d .

After derivation,

fmcd(x) = fm(x)
∫ ∞

x
fd(v) dv + fd(x)

∫ ∞
x

fm(u) du .

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 11 / 22
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Analytical method to estimate energy consumption

Results
Individual PEV:

kWh E(ε) σ(ε)
Urban weekday 4.16 5.36
Urban weekend 3.23 4.98
Rural weekday 4.88 6.43
Rural weekend 3.70 5.87

PEV fleet:
Wn =

∑n
i=1 εi ⇒ E(Wn) = nE(ε)

If the εi ’s are assumed independent, then σ(Wn) =
√

nσ(ε).

Therefore, σ(Wn)/E(Wn) = is proportional to 1/
√

n.
For a fleet size of one million “urban-weekday” PEVs, the standard
deviation over expected value is equal to 0.13%.

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 12 / 22
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Analytical method to estimate energy consumption

Sensitivity analysis
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Simulation method to estimate power consumption

Previous work

Source: S. W. Hadley and A.
Tsvetkova, “Potential impacts of plug-
in hybrid electric vehicles on regional
power generation,” Oak Ridge Na-
tional Laboratory, Oak Ridge, TN,
Tech. Rep. ORNL/TM-2007/150,
Jan. 2008.

“For evening charge half of the vehicles were plugged in
at 5:00 p.m. and half at 6:00 p.m. For the night charge
half were plugged in at 10:00 p.m. and half at 11:p.m.”

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 14 / 22
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Simulation method to estimate power consumption

Factors that affect the power consumption

Configuration and operation of PEVs
vehicles’ tractive energy, battery size, how the electric energy in the battery
is consumed as vehicle is driving.

Charging scenarios
where the PEVs can be charged—only at home or anywhere, the charger
size.

Travel pattern
the time and distance of each trip for all the PEVs, etc.

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 15 / 22
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Simulation method to estimate power consumption

Charging scenarios
Two uncontrolled charging scenarios are simulated:

(A) charging any time the vehicle is parked at home

(B) “opportunistic” charging at any location (home, shopping mall, work, etc.)
Typical Charging Circuits

Charging circuit Charger size (kW) Ratio
120 V, 15 A (Level 1) 1.4 1/3
120 V, 20 A (Level 1) 2 1/3
240 V, 30 A (Level 2) 6 1/3

In the mixed-charger case, home chargers are evenly distributed among three
charger types. For scenario (B), it is assumed that the public charging
infrastructure involves only 6-kW chargers (i.e., the most expensive option).

Di Wu (ISU ECpE) PEV study 2010 TRB, Raleigh, NC 16 / 22
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Simulation method to estimate power consumption

Proposed methodology
Data Example from the 2009 NHTS

Vehicle Type Origin/purpose Start time Destination/purpose End time Trip miles
Home 07:30 Work 07:40 2

Veh1 Car Work 16:30 Home 16:40 2
Home 07:30 Work 07:45 3
Work 17:30 Home 17:45 3
Home 19:20 Shopping 19:35 4Veh2 SUV

Shopping 21:10 Home 21:25 4
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Simulation method to estimate power consumption

Power consumption vs. AER in Scenario (A)
AER = 40
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Simulation method to estimate power consumption
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Expected power consumption per PEV
Scenario (A)
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PEV load superimposed on Midwest ISO load curve
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Simple-delayed charging
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