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Examples of Electric Vehicles (among many)

By September 2011:

— Worldwide cumulative sales of more than 15,000 units each, the top selling
highway-capable electric cars.

— Can EVs (cars and buses) succeed significantly?
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Electric Vehicles — Pros, Cons, and Issues

* Price
EVs are generally more expensive than gasoline cars. The primary reason is the high cost of

car batteries.
The Nissan LEAF is a five door family electric car in the U.S. at a price of $25K-S33K. There is

a federal tax rebate of US$7,500, and some state tax rebates, bringing down the cost further.

* Running costs and maintenance
Most of the running cost can be attributed to the maintenance and replacement of the

battery pack.
Concerns remain about durability and longevity of the battery.

* Air quality and carbon emissions
— Contribute to cleaner air

* Energy efficiency
— Typically, conventional gasoline engines effectively use only 15% of the fuel energy content

to move the vehicle or to power accessories, and diesel engines can reach on-board
efficiencies of 20%, while electric drive vehicles have on-board efficiency of around 80%.
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EV Batteries and range issue

e EV batteries

— Electric cars often have less maximum range on one charge than cars powered by gasoline,
and they can take considerable time to recharge. — “OK for daily commuters”

— Range anxiety: people can be concerned that they would run out of energy from their
battery before reaching their destination.

* Solutions to range anxiety
— Plug-in Recharge: The Tesla Roadster (a EV sports car produced by the Tesla Motors in
California) can travel 245 miles (394 km) per charge, can be fully recharged in about 3.5
hours from a 220-volt, 70-amp outlet which can be installed in a home.

— Battery switch technology: Car goes to a battery exchange station and switchs a depleted
battery with a fully charged one in minutes. There are two companies (Better Place and
Tesla Motors) with plans to integrate battery switching technology to their electric vehicles.

— Fast charging stations with high-speed charging capability: consumers could recharge the
100 mile battery of their EVs to 80 percent in about 30 minutes. A nationwide fast charging
infrastructure is being deployed in the US. (supposedly, by 2013 will cover the entire nation).
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Battery Recharging and Battery Exchange

* EVs and Battery Recharge/Exchange Stations

— EVs require an EV architecture (Battery switch technology & Fast Charging stations).

— U.S. government research shows that 73% of its domestic light vehicles could be replaced by
EVs without requiring any additional capacity when the EV system is complemented with a
“smart grid” that optimally manages the flow of available electricity.
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Now to some new problems that arise —
to help get increased market potential
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Research Issues and Problems

1. Develop g performarnce and cost mocdel for a single station,

2. Develop a verformarice and cost rocdel for a given rnetworl of statlons,

3. Develop a location model on where to locate the recharge/exchange stations. *

4. Given a specified range for fully charged vehicle, and given station locations,
what is the optimal route from origin to destination without running out of
charge. *

5. Studytne inventory oroolers of now large @ stoclt of cnarged oatteries to
rmaintain and now rmany crarging oods to nave,
6.  Stucytne Integratzd suooly cnaln oroolarm of capac r\/ olanning and operations
g of now rnuch chnarging capacity to rnaintain and now to schedule

rranagerrmnent o
rechzrging of excnanged patteries,

7. Infrastructure design for Service vehide fleet.*
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Constrained Shortest Route Problem: The EV Walk

* Problem Description
Given a network, find a walk from an origin s and a destination t such that available
recharge/exchange stations in this walk can support the EV to complete the journey.

* Notation
G(V,A) a network with node set V and arc set A
C maximum distance one fully charged battery can provide
d; length of arc (j, j)
R set of stations
S set including origin and destination points, and all stations.

* Output

A walk w along G from s to t and set of refueling stations stops r contained in w and
|r| < p;i.e. how to go from s to t with only refueling at most p times
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Constrained Shortest Route Problem: The EV Walk - example
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Constrained Shortest Route Problem: The EV Walk - example
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Constrained Shortest Route Problem: The EV Walk - example

\3 14 s Reachable nodes
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Constrained Shortest Route Problem: The EV Walk - example
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Constrained Shortest Route Problem: The EV Walk - example

\3 14 Reachable nodes
3 8 from all stations
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Constrained Shortest Route Problem: The EV Walk - example

First segment

6 5 / 10 +18

+20

13 9
11 .
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Constrained Shortest Route Problem: The EV Walk - example

Second segment

6 5 Z 10 +18

13 9
11 .
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Constrained Shortest Route Problem: The EV Walk - example

Third segment
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Analysis of EV Walk: IP Formulation

fon P -
X aee ‘AN ¥4
o

Minimize: Z dij Xij =) To find a walk with shortest distance

(i,])eE
Subject to:
(1 i=0
inj _iji —J{_1 i=D , forVieV ™ Network conservation, generate a walk.
AN |0 otherwise

d;X; + Z d, X +dgx, <C

0 ====) Guarantee any interval between

s . two exchange stations along the
for vie S’VJ’ keV-S,vleS walk is within the distance limit C.

x; €{0,1}
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Analysis of EV Walk: Complexity

e Suppose complexity of SPT is C(SPT).

* |R] is number of “refueling” stations, then the
complexity is |R|C(SPT).

* Best SPT algorithm gives complexity
O(|R]| (n log n+ |A])) (i.e., polynomial)

e But this allowed as many stops as possible. What
about the problem of at most p stops

(where |V|=n)
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Constrained Shortest Route Problem: With max stops 2.
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Constrained Shortest Route Problem: With max stops 2.

S
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What if at most p stops is allowed?

* Transform network by adding p layers

e Each stop takes you to next layer

* The problem becomes constrained SPT where at
most p vertical arcs are allowed.

 Can show complexity is
O(|R?| (n log n+ |Al)) (i.e., still polynomial)
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Now to Locating Exchange Stations on a Network

Are these the optimal locations for C=20?
Now the problem is much harder.
The tree problem is a little simpler -- we will address this first.
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Now to Locating Exchange Stations on a Tree

=== Bold line indicates

@—‘ @ possible location area

—©

x=0 x=28-2C x=C x=8-C x=2C o)

that x,& [€-2C, C] and x,¢ [8-C, 2C] and x,-x, < C

/

— > X2
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Locating Exchange Stations on a Tree

Consider single OD route

B ®

x=0 x=2
The feasible space Q for x =(xy,x,, ..., X,) is given by

x;€ [8-pC, C]
x,€ [8-(p-1)C, 2C]

Xp€ [2-C, pC]
Xis1=X1 S C | = 1,2,..., p'l

THM: When z(x) is linear or concave, then at least one extreme point x solves the
problem
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Locating Exchange Stations on a Tree

|3 e od 44

Consider a small tree @

O
D? , ’

@ ::_-: ! D

The breakpoints Al, A2, Bi, B2, D!, and D? are such the distances AAl, AA?, BB, BB?,
DD?Y, and DD? are all equal to C.

Can show that when the objective is linear in terms of distances from the origins,
then the optimal location is at an extreme point of the small intersection tree or at
the nodes (junction point). (In the illustration these are D%, D?, B?, J)
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Locating Exchange Stations on a Tree

Consider a slightly bigger tree (with two ODs: {A,D} and {B,E})

E® 25

A2
D> D2 B°
A : ' ——t | ———t | ——
Q E4 Bl'_Dw_‘BZ Al E3 D3 B3 A3 E2 Dl—\v B4 A4 E! @

Bold lines give localization points for 3 facilities. 2 facilities cannot satisfy this case.

But two facilities can satisfy OD pair BE. Three would be needed for OD pair AD.
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Locating Exchange Stations on a Tree

Black bold lines give localization points for 3 facilities to satisfy OD pair AD.
Red bold lines give localization points for 3 facilities to satisfy OD pair BE.

But minimum four facilities needed to satisfy OD pairs {BE, AD}. For example, J, BL,H, A3

"ARIZONA STATE
8/6/2012 27 UNIVERSITY




Locating Exchange Stations on a Tree

e Can come up with breakpoints for each origins in polynomial time

Eliminating dominated breakpoints and dominated regions (investigating now)
Can show this is still a NP Hard problem.

Developing a heuristic with guaranteed bounds (investigating now)
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Now to Electrlc Bus Schedulmg

* Given
— aset of n bus trips(already scheduled), each with specific starting times,

— adepot location, and

— how long it takes to travel between trips (and how much is the travelling
costs),

how would you assign buses to serve all the routes (VSP)?

* Vehicle Scheduling Problem With Fuel —add the constraint that the
buses must refuel (recharge) after travelling a given distance, at a
set of possible refueling points

* VSP is polynomial time solvable, But VSP-EV is NP-hard
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EIectrlc Bus Schedulmg

an®
at
““““
.t
annt®

Trip 3 Solution:
Bus1—-Trip2 &3
Bus2—Trip 1

3:30am Total of $230

10:00am
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EIectrlc Bus Schedulmg

e Each dead-heading trip now
has: time, cost, fuel
requirement

e Trips also require fuel

* May have multiple fuel
stations, but only one can be

Depot THY £ visited between trips
(SPT-EV)

e Depot not assumed to be
fuel station

* Trips now can be compatible
and/or compatible with fuel
station k
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EIectrlc Bus Schedulmg

Node represents
h 1 visiting fuel station 1
12 between trips 1 and 2

b ; -
~ ’ 4
! ~, ”
7 "~ o e!
’ ‘ “‘~
’ s .
’ 7 rd = - o
-
, , 1 ~

Directed arc if and only if the trips
are compatible (or compatible with

the fuel station) 1
Aas d 2d
Reformulate the problem so that each trip is a node, the depot is a node, and

there is are multiple fuel station nodes for each original fuel station. Now time is
encoded in the graph arcs.
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Formulatmg the VSP EV Problem

hl

12

1

din-10dns 15

............ 2
| —>.h o< o 1

A super-trip is any trip between any two refueling nodes (or depot node)
Any solution can be broken up into super-trips, each bus has at most n super trips
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Formulatmg the VSP EV Problem

Decision variable: x”’ = 1, should a dead
neading trip be taken between nodesiandj
oy bus b on its yt" super trip?

"ARIZONA STATE
8/6/2012 34 UNIVERSITY




Formulating the VSP-EV Problem

Minimize > Y Y cyzyy (1)
beB yeY 1ijeVv
(i.7)e A’
subject to Z Z Z Jb” = VjeN (2) :
beB yev .'ff.‘e * Each trip is served by
Y =3 % VjeN WeB WyeY exactly gie vehicle
lzlj)h f ljl}xcul 4/
by -
HZ{d} Z‘: a sl Tel Super-trip) start and end
i€ J€
(25)€A" at exactly one depot or
b \J1. \ . w
> Z ;=1 VeB Vvyel fuel statioh
jeHU{d}
(., ]\C A’ .
f<w  WeB Wyey Fuel for() ach super trip
J Y |
v ey must be less that w.
(,7)€A’ .
Y oar= 3 S weB WyeYiy<n VieHU{d) } (ry| Prart of super trip
€V keV must be end of one.
(i.5)eA’ (7.k)eA’
Zﬂ" -1 “Yh&ED First superqtrip must start
JEV - | and last super-trip must
bn __
Z‘lzd =1 vbe B | end de&%t
Y Y <1 weB | | Each uehicle must leave
yex jeviidl J depot only once
2 €{0,1} VijeV:(@,j)eA VbeB Vye¥r—id)
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FueI Sequencmg Problem

* Given a sequence of trips and fuel stations between
them and only one bus, when should the bus fill up?

* Can the trips even be served by a single bus?

* Linear time solvable, given that the routes have length
at least a
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VSP EV Heurlstlc

* While there remain unassigned trips:
— Solve the VSP for the unassigned trips

— For each bus in the solution to the VSP:
* For each trip the bus takes in the solution to the VSP:

— If the bus can serve this route plus all the routes it has already
been assigned, give the bus this route, otherwise leave it
unassigned [use fuel sequencing algorithm to check this]

— Repeat
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VSP EV: Some computatlons

1 Cost Buses Trips/Bus Runtime
VSP VSPWF | VSP VSPWF | VSP VSPWF | VSP VSPWF
25| 18,335.5 20,467.0 6.4 6.6 | 3.94 3.82 | 0.29 0.36
50 | 32,335.5 40,170.0 | 11.1 12.2 | 4.52 4.10 | 0.76 0.91
75| 48.047.0 62.475.5| 16.6 18.6 | 4.53 4.03 | 145 1.67
100 | 58,168.0 78.,244.5| 19.7 22.6 | 5.08 443 | 1.88 2.99
150 | 82,1285 116.161.0 | 28.3 33.4 | 531 449 | 3.77 4.29
200 | 102,322.0 147.659.5 | 35.1 41.9 | 5.71 4.78 | 5.79 6.56
250 | 127,134.0 184,309.5 | 43.9 51.9 | 5.69 482 | 7.74 8.69
300 | 148.564.0 222.432.5 | 51.9 62.3 | 5.78 4.82 | 10.81 12.02
400 | 189.819.5 293.426.0 | 65.2 80.4 | 6.13 4.98 | 16.20 17.91
500 | 234,225.0 359,707.0 | 81.9 99.4 | 6.11 5.03 | 30.18 31.99
750 | 342,460.5 541,078.0 | 117.6 143.8 | 6.38 5.22 | 60.39 64.18
1,000 | 437.101.0 685.438.0 | 155.7 188.0 | 6.42 5.32199.22 104.15
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Conclusmns

* Introduced rich families of interesting EV
infrastructure related problems.

 Some problems solved, others need to be.

* Introduced SPP-EV, locating EV stations on a Tree,
and VRP-EV

* Unfortunately, DOE, car companies have neglected
this problem. Maybe NSF will be interested.
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Thank you!

Questions?
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Research motivation & background

Electric Vehicles (EVs)
* Energy

— Over the last 100 years, oil has fueled industrial development, mobility and prosperity.

— Remaining supply is limited.

— Only 2% of global electricity (and an even lower percentage of transportation energy) is
currently generated by non-hydro renewable sources.

— EVs promote the substitution of nonrenewable energy with renewable sources

— EVs offer energy efficiency up to three times greater than that of gasoline-powered vehicles

*  Environment
— Negative effects of carbon emissions: Gasoline-powered vehicles are a major contributor to
carbon emissions in the developed world, accounting for 33% of carbon emissions in the
United States, and as much as 50% of carbon emissions in some of the countries in Europe.

— Air quality: according to the World Health Organization, 900,000 people die each year from
causes directly attributable to air pollution.

"ARIZONA STATE
8/6/2012 41 UNIVERSITY




