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Abstract

One of the most critical barriers to widespread adoption of electric cars is the lack of charging
station infrastructure. Although it is expected that a sufficient number of charging stations
will be constructed eventually, due to various practical reasons they may have to be introduced
gradually over time. In this paper, we formulate a multi-period optimization model based on a
flow-refueling location model for strategic charging station location planning. We also propose
two myopic methods and develop a case study based on the real traffic flow data of the Korean
Expressway network in 2011. We discuss the performance of the three proposed methods.

Keywords: flow-refueling location; electric vehicles; multi-period planning; Korean Expressways

1 Introduction

The use of electric passenger cars has gained considerable attention over the last decade as an envi-
ronmentally friendly alternative to conventional cars that consume fossil fuels and emit greenhouse
gases. There are, however, several barriers for electric cars to become more popular. The first and
foremost barrier is the limited range that electric cars can be driven without recharging (Capar
and Kuby, 2012; Wang and Wang, 2010; Lim and Kuby, 2010; Romm, 2006). Most electric cars
available in 2014 have ranges, from a fully charged battery, of about 60 kilometers to 160 kilometers

depending on various factors such as weather conditions, traffic congestion, and road types. Such

*Department of Systems Science and Industrial Engineering, Binghamton University, SUNY, USA
TDepartment of Industrial and Systems Engineering, University at Buffalo, SUNY, USA, Corresponding Author.
+1-716-645-4705, chkwon@buffalo.edu



driving ranges may be insufficient for electric cars to be used as a primary transportation mode.
Another critical barrier is the lack of charging station infrastructure (Shukla et al., 2011; Wang,
2011; Melaina and Bremson, 2008; Kuby and Lim, 2007; Ogden, 1999). Since it would be difficult to
increase the driving range of electric cars dramatically within the next few years, it is particularly
important to have a well-planned charging station infrastructure. The goal of this paper is to help
establish a multi-period strategic plan to build charging stations to maximize the total traffic flows
covered.

There are a sizable number of papers in the literature that study and address the limited
infrastructure issue and optimal locations for refueling or charging stations. Kuby and Lim (2005)
suggest a flow-refueling location model (FRLM) to help find optimal refueling station locations
for alternative-fuel vehicles (AFVs) that are powered by hydrogen, biofuels, or natural gas. The
FRLM is based on the flow-intercepting model, proposed by Hodgson (1990) and Berman et al.
(1992), that maximizes the total traffic flow passing a given number of facilities such as service
stations. The FRLM extends the flow-intercepting model and incorporates the requirement that
AFVs need multiple refueling stations, rather than a single refueling station, for long trips. Lim and
Kuby (2010) propose several heuristic methods to solve the FRLM. Wang and Lin (2009), Capar
and Kuby (2012), and Capar et al. (2013) provide alternative formulations that are numerically
more efficient. MirHassani and Ebrazi (2013) propose a network expansion method to improve the
computability of the FRLM, which is the base of our proposed model.

While the FRLM is suggested for refueling station location problems for AFVs that usually
require short refueling time, it can also be applied to electric vehicle charging station location
problems under mild assumptions (Capar et al., 2013). Since the FRLM assumes drivers will stop at
charging stations on the way to the final destination to gain additional driving range, it is apparent
that Level 1 or 2 charging technologies, for which drivers need to wait 2 to 8 hours to fully charge
their vehicles, are inappropriate. Therefore, we assume in our model that Level 3 fast charging or
battery swapping technologies are used with about 20-minute long waiting time and that charging
stations are uncapacitated, under which the FRLM and its variants would provide meaningful
results.

Unlike other studies, our paper focuses on a multi-period optimal construction plan, since it

may not be practical to build a sufficient number of stations within a short period of time due to,



for example, the limited budget. Indeed, the authority responsible for building such infrastructure
will not invest until there are enough electric cars to use the infrastructure. On the other hand,
the potential consumers will be less inclined to buy electric cars unless there is sufficient charging
station infrastructure (Bento, 2008); a so-called chicken-and-egg problem arises (Kuby and Lim,
2005; Melaina, 2007; Wang and Wang, 2010; Leiby and Rubin, 2004). We note that a market-driven
approach may not resolve such an issue; thus, a strategic infrastructure plan controlled by a central
authority is needed. In that vein, strategic multi-period planning is required to find a first stage
construction plan, followed by next stage construction plans, and thereby to provide an overall plan
over the planning horizon. In this paper, we propose three methods: a multi-period optimization
method, a forward-myopic method, and a backward-myopic method. In our case study employing
the real data of the Korean Expressway network, we show and discuss the results of the three
proposed methods.

In traditional facility location problems that consider optimal initial, intertemporal, or terminal
(re)locations of facilities, a multi-period scheme has been studied extensively since the seminal
work of Wesolowsky (1973). Among others, it is worth mentioning Drezner (1995) for a dynamic
p-median problem, Contreras et al. (2011) for a multi-period uncapacitated hub problem, and
Albareda-Sambola et al. (2009) for a multi-period service facility location problem. However, to
the best of our knowledge, our paper is the first to consider a multi-period refueling/recharging
station location problem for alternative-fuel vehicles including electric vehicles. Miralinaghi (2012)
considers multi-period travel demands, but not multi-period locational decisions.

In our case study, we apply the proposed methods to the Korean Expressway, which is mainly
operated by Korea Expressway Corporation (KEC). KEC is a government-owned company, which de-
termines locations of rest areas, facility types and sizes. When KEC would plan for charging stations,
it would cooperate with Korea Electric Power Corporation (KEPCO) that is also government-owned.
This makes a market-based approach for the Korean Expressway network much more unrealistic in
addition to the fact that it is unsuitable for a charging station infrastructure problem in general
due to the chicken-and-egg problem mentioned above. This paper considers methods for central
planning.

Our contributions are summarized as follows: (1) we propose three methods to help construct a

multi-period plan for charging station infrastructure; (2) we perform an extensive numerical case



study with the real Korean Expressway data to compare the three proposed methods; (3) to further
investigate the differences among the three proposed methods, we perform another numerical study
using five different demand profiles; (4) we show that multi-period location decisions from the
three methods can be significantly different; and (5) we show in our case study that excluding
short-distance and low-demand paths makes the problem solvable with a standard optimization
solver within a reasonable time without losing coverage.

The remainder of this paper is organized as follows. In Section 2, we discuss the formulation of
the single-period FRLM. In Section 3, we introduce the three methods for multi-period planning.
We describe the Korean Expressway network in Section 4, and explain how we collected, organized,
summarized, and manipulated the network topology traffic volume raw data. We also provide
descriptive statistics that are helpful to understand the Korean Expressway traffic pattern. In
Section 5, we report extensive computational results under a variety of scenarios and describe insights

gained. We conclude this paper in Section 6 with some remarks on future research directions.

2 An Expanded Network and the Flow Refueling Location Prob-

lem

In this section, we review the network expansion technique proposed by MirHassani and Ebrazi
(2013) for formulating the FRLM, which is the base for the three methods proposed in Section 3 of
this paper. First, we assume that there exists a unique shortest path for each origin-destination
(O-D) pair, and also assume that drivers always use the shortest path. Associated with each shortest
path are the travel demand, flow, and an O-D pair. A path is an ordered set of arcs from O to
D; demand is the number of vehicles that want to travel from O to D; and flow is the movement
of demand loaded on a path or an arc. When charging stations located on a path enable electric
vehicles to travel on the path, we say that the path is covered by those charging stations; when the
number of vehicles traveling on such a covered path is in discussion, we say that the flow is covered.

To introduce the network expansion technique proposed by MirHassani and Ebrazi (2013), we
first consider a road network that consists of a single path q, denoted by G(NY?, A7) where N7 is
the set of nodes on path ¢ and AY is the set of arcs on path ¢q. The distance between any two nodes

i and j on path ¢ is denoted by d,(7,j) and the ordering index of node i on path ¢ is denoted by



ordy(i). For example, if ¢ is the fourth node from the initial node on path ¢, then ord,(i) = 4. We
denote the driving range of an electric car by R.

We make two additional assumptions. If, for some two consecutive nodes ¢ and j on path ¢,
dq(i,7) > R, then j is unreachable from i. Therefore, we assume that d4(i,j) < R for any two
consecutive nodes 7 and j on any path g in the road network G. If there exists an arc with a length
greater than the range R, then it is suggested to add node(s) on the arc—see Kuby and Lim (2007)
for methods to generate candidate node locations. We also assume, following Kuby and Lim (2005),
that cars are at least half charged at the origin and destination nodes. This implies that there must
be at least one charging station within the distance of R/2 from the origin and the destination,
respectively. If there is no charging station at the destination, a driver must have traveled some
distance (up to R/2) from the last charging station to reach the destination at which the battery
must remain at least half charged to visit the charging station for the next trip. The same logic
applies to the origin node. Note that this assumption does not exclude the case where charging
stations are located at the origin and/or the destination.

We construct an expanded network for each path ¢ by adding the source and sink nodes and
pseudo arcs to the existing network. We denote the expanded network for path ¢ by G(/\A/' q qu)
where A9 is the set of nodes and A7 is the set of arcs in the expanded network, respectively. The

steps to construct the expanded network are illustrated as follows.

Step 1. Add a source node s before the origin node O and connect the two nodes by adding a
pseudo arc (s,0). Also, add a sink node k after the destination node D and connect the two

nodes by adding a pseudo arc (D, k). That is,

NC=NTU{s,k}, AT=A0U{(s,0),(D,k)}

Step 2. Connect the source node s to any other node, say i, in path ¢ by adding a pseudo arc (s, )

if node i can be reached from the origin node O with a half charged battery. That is,

(s,i) € AY if  dy(0,i) < = VieN?

L
2

Step 3. Connect the sink node k to any other node, say j, in path ¢ by adding a pseudo arc (7, k)



Q  Set of all candidate paths to be covered (usually the shortest paths)
Q; Subset of Q that contains all the paths passing node ¢
N7 Set of nodes of path ¢
N4 Set of nodes of path ¢ in the expanded network

N Set of all path-related nodes (N = {J,co N

A7 Set of arcs of path ¢

A% Set of arcs of path ¢ in the expanded network

A% Set of arcs of path ¢ in the expanded network with additional arcs for the FRLM
fq Travel demand on path ¢

y; A binary variable

whose value is 1 if the charge station is present at node 7, 0 otherwise
The flow on arc (4, ) for all ¢ € Q

Table 1: Notation Summary

if the destination node D can be reached from node j with a half charged battery. That is,

(k)€ AT if dy(j,D)< = VjeNI

R
2
Step 4. Connect any two nodes, say ¢ and j, in path g if the ordering index of node i is less than

that of node j, and node j can be reached from node ¢ with a fully charged battery. That is,

- dq(i,j) < R
(i,7) € A1 i ! Y(i,j) € N7
ordg(i) < ordy(j)

Once the expanded network is constructed for a path, we repeat the same procedure for all

available paths to construct an expanded network G(N, A) with

N = U N and A= U Al
qeQ qeQ
where Q is the set of paths. Binary variables y; € {0,1} are introduced, and y; = 1 if a charging
station is to be located at node i; otherwise y; = 0. The flow on an arc (i,7) € A4 of path p is
denoted by mgj. The notation is summarized in Table 1.
To formulate the FRLM that optimally locates a given number of charging stations to maximize

the total flow covered, we add extra pseudo arcs to the network following MirHassani and Ebrazi



(2013). For each path ¢, we introduce the pseudo arc (s, k) that directly connects the source s
and the sink k. We also introduce a new arc set A such that A = {(s,k)} U A. If z?,, an arc flow
variable on the pseudo arc (s, k), is 0 on path ¢, then path ¢ is covered. If xgk =1, then path ¢ is

not covered. In addition, we add the following constraint:

Y yi=m (1)

ieN

where m is the number of charging stations to be located. Then, the FRLM is formulated as follows:

FRLM(m;y%,3Y) max Z = Z fo(1—xl) (2)
qeQ
1 =351,
s.t. Z al — Z ali=49 -1 i=kI, VgeQ\VieN9,
{j1(i,5) €A} {71 1)e AT} 0 i £ st ki,

Z x?zgyl Vge Q;, i € N (4)
{il(.5)e A7}

Z?Jizm (5)

ieN

x>0 Vg e Q,(i,j) € A (6)
yi €{0,1} Vie N (7)
yh <y <y’ VieN (8)

where f, represents the path flow on path q. We let y& = y¥ = 1 for location i of any existing
charging station, and we let ylL = yZU = 0 for location ¢ that we cannot choose. For any other

location i, we let y* = 0 and y! = 1. The objective function (2) quantifies the total flow covered.

3 Multi-Period Planning of Flow-Refueling Locations

Our particular interest is to establish a dynamic multi-period plan, with a given number of charging

stations that will be constructed over time, so as to maximize the total flow covered throughout the



planning horizon. We propose three methods for multi-period planning of flow-refueling locations:
(i) Multi-period optimization (M-opt) method, (ii) Forward-myopic (F-myopic) method, and (iii)
Backward-myopic (B-myopic) method. We formulate the multi-period flow refueling location model
(M-FRLM) for the M-opt method by extending the FRLM. The latter two myopic methods solve a

single-period optimization problem based on the FRLM for each period successively.

3.1 Multi-Period Optimization (M-opt) Method

The M-opt method is based on the M-FRLM. To formulate the M-FRLM, we first introduce the
time index t € T where T = {1,2,...,T} is the set of planning periods and T represents the final
period. We introduce the vector n = (n1,ns,...,n7)? to represent the total number of charging
stations to be built by each period, where T' in the superscript means the transpose. For example,
n1 is the given number of charging stations to be located in the first planning period, no represents
the total number of charging stations to be located by the second planning period, and so on. That
is, we locate no —ni number of new charging stations in the second period, n3 — no in the third, and

so on. We also introduce new binary variables y! in place for y; and the following new constraints:
yl >yl r=t+1,.,T, VteT (9)

The above constraints imply that if a charging station is built at some location ¢ in some period t, it

must remain operational until the final period. The constraint (1) needs to be updated accordingly:

ny:nt teT (10)
ieN
In addition, we introduce a time-dependent traffic volume parameter f(f and modify the objective

function as follows:

Z=3 > fil—a%)

teT qeQ

The multi-period model (M-FRLM) can then be expressed as follows:

M-FRLM(n):  maxZ=> Y fi1-a%) (11)

teT qeQ



1 i=s19

s.t. Z alf — Z eli=4 -1 i=ki, WteT,qeQ,ichT,
{7l(4,5) €A} {7l(4,:3)e A9} 0 ist ke
(12)

Z x?fgyf Vie NiteT (13)
{311y e A}
28>0 VteT,qe QV(i,j) € A7 (14)
dyb=mn VteT (15)
iEN
yr>yt r=t+1,.,T,teT (16)
yie{0,1} YieN,teT (17)

The objective is to maximize the total flow covered over the planning horizon. The constraints (13)
guarantee that electric cars can pass a node in time t, only if a charging station is available at that
node in time t. The constraints (16) ensure that once a charging station is built, it must remain
operational for the remaining planning periods. All other constraints are extensions of the FRLM.
We use y' to denote the vector y* = (y! : i € N'). The M-opt method is to solve the M-FRLM using

branch-and-bound or an optimization solver like CPLEX.

3.2 Forward-Myopic (F-myopic) Method

Instead of solving the M-FRLM, we may consider a myopic method to solve the multi-period
planning problem. In time period 1, we solve FRLM(n1;0,1) to obtain a solution y!, where 0 is
the vector of zeros and 1 is the vector of ones. Then in time period 2, we solve FRLM(na;y*, 1)
to obtain a solution 2, given that the locations for n; charging stations found in the first period
are fixed, and repeat the same procedure until time period 7. In time period ¢, FRLM(n;;y =%, 1)

chooses ny — ny—1 number of new stations in addition to n;_; number of existing stations.

3.3 Backward-Myopic (B-myopic) Method

Another myopic method we propose is backward. We start with the final time period T and the

number of total charging stations that will be installed by 7', which is denoted by ny. We first solve



FRLM(nr;0,1) to obtain a solution y” for time period T. Then we proceed to time period 7 — 1 in
which we solve FRLM(np_1;0, yT) to choose np_1 number of locations among the np number of

locations already chosen in time period T'. We repeat the same procedure until time period 1.

4 The Korean Expressway Network

The Korean Expressway network as of November 2012 consists of 10 south-north expressways,
8 east-west expressways, and 16 branch or loop expressways (Korea Expressway Corporation,
2012). Most of them are operated and maintained by Korea Expressway Corporation (KEC), a
government-owned company. There are a small number of expressways invested and operated by
private entities as well. These two types of expressways share several common salient features: 1)
all expressways (KEC and private expressways) are connected. That is, a driver may depart from
any tollgate and arrive at any other tollgate in the expressway network, 2) all drivers must pay tolls
at the destination tollgates based on the distance traveled. (There is no free of charge expressway
in Korea.) A paper ticket or a radio-frequency identification (RFID) machine installed on a car is
being used to record the information of the origin tollgate to calculate the distance, and 3) Korea
Expressway Corporation manages all traffic information such as the origin-destination (O-D) pairs
and traffic volumes for its own expressways as well as private expressways. Since all expressways
are connected, it is possible for KEC to track all traffic volumes between any pair of origin and
destination tollgates.

We construct a network based on the traffic volume information made available by Korea
Expressway Corporation (2012) for the year of 2011. For some locations, there are multiple gates
with the same name; there are separate entering gates and exiting gates; or there are separate
upward direction gates and downward direction gates. We concatenate such gates into a single
gate for the sake of simplicity and calculate the associated traffic volume accordingly. As a result,
we obtain a network with 324 nodes and 440 undirected arcs (880 directed arcs) as illustrated in
Figure 1. Each node represents a tollgate for all driving directions and both entering and exiting
flows. For the junctions of expressways, we introduce additional arcs that enable us to consider all
possible driving directions. An example is provided in Figure 2, in which we add four additional

arcs, without adding a node for the physical location of the interchange.
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Figure 1: The Korean Expressway Network in 2011 with 324 nodes and 440 (undirected) arcs

(a) An Original Interchange (b) Adding Additional Arcs

Figure 2: Representing Interchanges by Adding Additional Arcs instead of an Additional Node

Table 2: Traffic Volume Distribution in 2011

Traffic Volume (in number of cars) Number of Paths

0 to 20,000 99,814

20,000 to 40,000 2,017

40,000 to 60,000 834

60,000 to 80,000 440

80,000 to 100,000 291
100,000 to 120,000 228
120,000 to 140,000 175
140,000 to 160,000 133
160,000 to 180,000 108
180,000 to 200,000 95
above 200,000 841
minimum traffic volume 0
maximum traffic volume 6,615,466
mean traffic volume 9,156
median traffic volume 76

11



Table 3: 2011 Traffic Volume by Path Demand

Demand Threshold No. Paths % No. Paths Total Volume % Volume

Demand > 0 104,652 100.00% 961,107,328 100.00%
Demand > 20,000 9,162 4.92% 854,701,029 88.93%
Demand > 30,000 3,900 3.72% 823,715,705 85.70%
Demand > 40,000 3,145 3.00% 797,462,541 82.97%
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Figure 3: Histogram of Path Length

We analyze the KEC traffic data (Korea Expressway Corporation, 2012) as follows. For any
O-D pair, there exist paths and associated traffic volumes. We combine the flows from all paths
between the same O-D pair and assume drivers always choose the minimum distance path. The
total number of paths is then calculated to be 104,652 as in 324 x 323 with one path for each O-D
pair. Table 2 summarizes the traffic data by showing the distribution, minimum, maximum, mean,
and median values of the traffic volume. Note that most of the paths are used by a small number
of drivers (small demand). In particular, the proportion of paths whose demand is less than or
equal to 20,000 is 95.38% (99,814 divided by the total number of paths 104,652). In this paper,
we consider the O-D pairs and the corresponding minimum distance paths whose traffic volume is
greater than or equal to a threshold. For example, if we consider a 30,000 threshold (implying that
all paths with a demand < 30,000 are excluded), then the number of such paths is 3,900. While
such paths are only 3.72% of all the paths, the total traffic volume of the 3,900 paths constitutes
85.70% of the traffic volume from all paths. Table 3 provides the number of paths and associated

total traffic volumes with respect to some different demand ranges.

12



Travel Demand

0 100 200 300 400 500 600
Path Length (km)

Figure 4: Demand Profile with respect to Path Length of All Paths

A histogram based on path length is provided in Figure 3a for all paths. The mean path length
is 209.50km, and the length of the longest path is 549.91km. The path distance distribution is
skewed to the right, and if we only consider the paths whose demand is greater than or equals to,
e.g., 30,000, the distribution becomes significantly skewed to the right as in Figure 3b, with the
mean value of 65.62km. Figure 4 plots the path distance and travel demand for each O-D pair and
shows that more frequently used paths have shorter lengths.

Although it would be possible for drivers to access charging stations located outside the network,
it makes more sense for drivers to recharge their batteries within the expressway network because
the Korean Expressway is entirely toll-based, implying that drivers need to pay whenever they
leave the network. Within the expressway network, there are abundant rest areas available with
commercial units including restaurants, convenience stores, bookstores, fashion outlets, and most
importantly, gas stations. Therefore, it will be convenient for charging stations to be located in
such rest areas. In our proposed model, however, charging stations are to be located at the nodes
(tollgates), while in reality the rest areas are at some points in arcs. However, we find that there are
sufficiently many rest areas available within the network; there are 206 rest areas listed in the KEC
website (Korea Expressway Corporation, 2012), most of which are in close proximity of tollgates.
Therefore, locating charging stations at nodes may be interpreted as locating those at nearby rest
areas. If a rest area is not available to a certain node that is determined by a model to be an
optimal location for a charging station, then we suggest construction of a charging station at that

node. Alternatively, if we want to restrict the location of charging stations only to current rest areas
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available, we can introduce additional nodes for those locations and revise the model accordingly.

Of interest is to consider the case in which some drivers may be willing to detour to recharge
their cars at charging stations on a different path. In that case, charging stations need not be on
the shortest path for each origin-destination pair to cover a path. While it may be a less-realistic
assumption in the “closed” road network such as the Korean Expressway having toll gates in all
exits, the detouring assumption makes a good sense and may be more realistic in many urban road

networks. We refer readers to Kim and Kuby (2012) for such a problem.

5 Computational Results

We provide computational results from the Korean Expressway network case under a variety of
scenarios in Section 5.1. In addition, to gain additional insights about the differences among the
three proposed methods, we consider five different travel demand profiles and provide the results
in Section 5.2. We used the off-the-shelf software, MATLAB 2014a with CPLEX 12.6 solver, in
Windows 8 Professional 64-bit with 2.13 GHz Intel Core i7 CPU and 8 GB memory environment to
solve the problems. The computation time reported in this paper excludes the time required for
pre-processing the data (e.g., augmenting the network by adding nodes and arcs) and represents the
time to solve mathematical optimization models. In all cases, pre-processing finished within a few

seconds.

5.1 The Korean Expressway Case

In this case study, we consider six time periods with n = (3,6,9,12,15,18)T, which means that
in Period 1 we locate 3 charging stations, and in each subsequent period, we locate 3 additional
stations. With respect to the electric car traffic volume of each path ¢, denoted by f,, we assume
that it is proportional to the traffic volume of conventional cars in 2011 data. That is, if the 2011
traffic volume is hy for path g, we assume the traffic volume of electric cars is given by f, = rh, for
all ¢ where r is a positive fractional constant. We also assume a homogeneous adoption rate across
all geographical regions, which makes the results independent from the choice of r. For a method
considering heterogeneous adoption rates, see Kuby et al. (2009).

According to Lee (2011), the Korean electric car market is expected to grow by about 30% every

14



Table 4: Number of different locations (yf) in the M-opt, F-myopic, and B-myopic solutions with
n=(3,6,9,12,15,18)7.

Demand Range M-opt vs. F-myopic M-opt vs. B-myopic
Threshold (km) ¢t=1 2 3 4 5 6 t=1 2 3 4 5 6
>20,000 80 2 3 3 5 3 4 o0 0 1 2 3
120 1 4 5 5 5 5 01 1 1 1 1
160 0 0 2 2 3 5 3 4 6 7 10 11
>30,000 80 2 3 4 5 4 5 00 0 0 0 O
120 1 4 4 3 4 5 01 2 2 3 3
160 3 4 6 6 6 6 01 2 3 4 4
>40,000 80 2 3 5 6 6 5 01 1 1 1 1
120 1 4 4 3 4 4 o0 0 0 1 1
160 0 1 3 4 5 7 0o 0o 01 1 3

year. We assume that the traffic volume of electric car will homogeneously increase by 30% in each
time period for all paths. That is, we use fi™1 = 1.30f! for all ¢ and ¢. By assuming 30% increase
of traffic volume in each time periods, we allow the M-opt method to emphasize the flow coverage
in the later time periods. If combined with more sophisticated demand forecast methods, the M-opt
method is readily capable of effectively capturing heterogeneous adoption rates of electric cars over
time. At the same time, the M-opt method puts more emphasis on earlier locations and associated
flow coverages. Consequently, the M-opt method tries to select charging station locations to cover
most frequently used paths in earlier time periods while considering the increase of traffic volume in
the later time periods.

The locations selected by the M-opt, F-myopic, and B-myopic solutions are different in most
cases. Table 4 counts the number of different solutions between the M-opt and F-myopic solutions
and between the M-opt and B-myopic solutions, and Figure 5 displays a case with Demand>20,000
and Range=120km. We note that B-myopic solutions tend to be more similar to M-opt solutions
than F-myopic solutions, with one exception with Demand>20,000 and Range=160km where 11
locations are different in the final time period.

In Table 5, we compare the model coverage of the three solutions. We define the model coverage
as the proportion of paths (and associated flows or vehicle kilometers traveled (VKT)) covered by
solutions among all the paths included in the model after demand thresholds are applied. Recall

that, for the sake of computability, we omit in the model all the paths whose demand is less than a
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Figure 5: Comparison of locations in the M-opt, F-myopic, and B-myopic solutions with n =
(3,6,9,12,15,18)7, Demand>20,000, and Range=120km. The locations by the M-opt method are
presented, while locations that are not selected by the F-myopic and B-myopic solutions are marked
with diamonds.

Table 5: Comparison of the model coverage by the M-opt, F-myopic, and B-myopic solutions with
n=(3,6,9,12,15,18)T. (VKT = Vehicle Kilometers Traveled)

Demand Range Flow Covered (%) VKT Covered (%)
Threshold  (km) M-opt F-myopic B-myopic M-opt F-myopic B-myopic
>20,000 80  42.33 41.92 42.31  33.88 33.16 33.29
120 53.91 52.86 53.90 45.76 44.23 45.76
160  65.86 65.65 65.26  60.93 61.40 61.33
>30,000 80  44.29 43.84 44.29  35.66 35.37 35.66
120  56.43 55.67 56.18  47.97 46.76 47.84
160  68.78 67.94 68.74  64.21 63.79 64.17
>40,000 80  46.29 45.76 46.26  37.71 37.14 37.68
120  58.87 58.45 58.98  50.91 49.76 50.91
160  71.39 70.91 71.39  67.25 67.20 67.25
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Table 6: Comparison of the actual coverage by the M-opt, F-myopic, and B-myopic solutions with
n=(3,6,9,12,15,18)T. (VKT = Vehicle Kilometers Traveled)

Demand Range Flow Covered (%) VKT Covered (%)
Threshold  (km) M-opt F-myopic B-myopic M-opt F-myopic B-myopic
>20,000 80  71.90 71.81 71.89  38.69 38.66 38.64
120  82.98 82.40 82.98  54.42 52.90 54.43
160  90.30 90.53 90.64  69.60 70.83 71.53
>30,000 80  71.88 71.76 71.88  38.60 38.54 38.60
120  82.66 82.23 82.60 53.30 52.10 53.24
160  90.29 90.72 90.21  69.55 71.62 69.31
>40,000 80 71.81 71.40 71.81  38.38 37.76 38.38
120  82.65 82.12 82.65  53.28 51.94 53.28
160  90.26 90.36 90.26  69.45 70.08 69.46

pre-specified threshold. As expected, the flow coverage of the M-opt method is the greatest in all
cases. In addition, the VKT coverage of the M-opt method is the greatest in most cases, with one
exception when we consider Demand>20,000 and Range=160km. In Table 5, we observe that the
three solutions differ in terms of not only their geographical locations but also their flow and VKT
coverages. However, we note that the coverage differences are only about 1.5% at most.

Similarly, Table 6 compares the actual coverage in which we consider all the paths including
those omitted in the model. While the F-myopic and B-myopic solutions are no better than the
M-opt solutions in terms of the model coverage, it is possible that their actual coverage is better
than the actual coverage of the M-opt solution, which is the case for some scenarios in our case study,
because of the paths not included in the model. However, we again observe that the differences are
small.

In the Korean Expressway case, as most travel demands are associated with short paths, the
result also emphasizes covering short paths. In Figure 6, we compare the percentage of flow modeled
(flow associated with the paths included in the model) and flow covered (flow associated with the
paths covered by solutions) in the final time period, ¢ = 6, by the M-opt solution for each interval
of path length with n = (3,6,9,12,15,18)", Range=160km, and Demand> 20,000. We note that
no path whose length is greater than 400km is included in the model due to the demand threshold.
However, 35.56% and 9.72% of the flow are covered for path length intervals [400km, 500km] and

[500km, 600km], respectively, due to the accumulation of charging stations. That is, some long
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Figure 6: Comparison of the flow modeled and the flow covered by the M-opt method in the
final time period among intervals of path length with n = (3,6,9,12,15,18)”7, Range=160km, and
Demand> 20, 000.

Table 7: Comparison of the flow coverage by the M-opt, F-myopic, and B-myopic solutions in each
period with n = (3,6,9,12,15,18)”, Range=120km, and Demand> 20, 000.

Period Model Coverage (%) Actual Coverage (%)
t M-opt F-myopic B-myopic M-opt F-myopic B-myopic
1 2041 22.45 20.41  74.46 74.90 74.46
2 34.25 34.88 34.20  77.96 77.81 77.95
3  45.16 44.07 45.16  80.52 79.92 80.52
4 5391 52.40 53.91  82.57 82.02 82.57
5 61.52 59.83 61.52 84.78 83.95 84.78
6 6795 66.27 67.95 87.02 86.17 87.02

Overall  53.91 52.86 53.91  82.98 82.40 82.98

paths omitted in the model are actually covered by charging stations intended to cover the paths
included in the model that have shorter lengths.

Table 7 shows the model and actual coverage of the M-opt, F-myopic, and B-myopic solutions
in each time period for the case of Demand>20,000 and Range=120km. In this case, the M-opt
and B-myopic solutions are identical. The F-myopic solution emphasizes coverage in earlier time
periods and leads to inferior coverage in the final time period. However, as shown in Table 7, the
differences among the results are small. We investigate more cases using five different demand
profiles to suggest meaningful conclusions in Section 5.2.

While the coverage of the three solutions are similar, the B-myopic method is the most efficient

approach in terms of the total computational time, as presented in Table 8. The B-myopic method
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Table 8: Comparison of the computational time by the M-opt, F-myopic, and B-myopic solutions
with n = (3,6,9,12,15,18)”. For the M-opt solution, the computational time for each period ¢ is
not available, since it solves all time periods at once.

Demand>20,000, Range=120km Demand>40,000, Range=160km

Period M-opt F-myopic B-myopic M-opt F-myopic B-myopic

t (sec) (sec) (sec) (sec) (sec) (sec)
1 N/A 10.08 0.70 N/A 4.25 0.23
2 N/A 10.95 0.81 N/A 2.72 0.23
3 N/A 16.81 0.81 N/A 5.95 0.30
4 N/A 12.64 0.84 N/A 2.66 0.33
) N/A 20.08 0.92 N/A 2.98 0.31
6 N/A 20.50 60.06 N/A 2.84 9.98
Total 2,960.44 91.06 64.16 585.39 21.41 11.39

requires the most computational time in its first run (solving the FRLM for ¢ = 6), and requires
significantly less time in later runs (solving the FRLM for ¢ = 5,4, ...,1). The F-myopic method
requires relatively uniform computational times throughout the runs. Since the number of decision
variables in the M-FRLM increases quickly as the number of time periods increases, CPLEX takes
significantly longer computational time when the M-opt method is used to find a solution. In our
case study, as the planning horizon has 6 time periods, the F-myopic and B-myopic methods need
to solve six instances of the FRLM to find a solution, while the M-opt method needs to solve the

M-FRLM only once.

5.2 Additional Experiments and Insights

While the M-opt method produces optimal solutions in the case study as expected, the differences
among the three methods were small. To investigate the cases that can lead to significantly different
results and gain further insights about the performances of the three methods, we perform additional
experiments based on five different types of the demand profile. In more detail, we apply five
demand profiles shown in Figure 7 to 100 randomly selected O-D pairs from the Korean Expressway
network. Profile 1 is similar to the original demand profile shown in Figure 4. Profile 2 assigns
higher travel demands to longer paths, Profile 3 assigns higher travel demands to the paths in the
middle, and Profile 4 assigns travel demands uniformly. While both profiles assume an increasing

demand pattern, Profile 5 differs from Profile 2 by assigning meaningful travel demands for short
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Table 9: Comparison of the flow coverage by the M-opt, F-myopic, and B-myopic solutions with the
five demand profiles. We used n = (3,6,9)” and Range=120km.

Flow Coverage (%) in Each Time Period

Demand M-opt F-myopic B-myopic
Profile t= 2 3 t=1 2 3 t=1 2 3

1 3736 5456 68.33 37.36 54.56 68.33 3491 52.11 68.45
2 1.87 3050 46.75 439 846 29.70 1.87 30.50 46.75
3 3346 52.01 70.06 33.46 51.42 69.90 33.22 51.23 70.57
4
)

6.80 16.62 29.08 7.50 16.95 26.28 6.16 16.72 29.08
6.14 11.71 1729 6.14 11.71 1729 0.79 10.30 18.86

paths.

In these additional experiments, we use n = (3,6,9)7 with the driving range of 120km. All
parameters and assumptions remain identical as in the Korean Expressway case and Table 9 shows
the result. In Profile 1, the flow coverage differences among the three methods are small as in the
Korean Expressway case. On the other hand, with Profile 2, the F-myopic solution exhibits more
coverage in the first time period, but significantly less coverage in later periods, compared to the
two other solutions. With only 3 charging stations given in the first time period, the F-myopic
method cannot cover long paths with high travel demands and, thus, focuses on short paths with
small demands. To cover a long path with high travel demand, the M-opt and B-myopic methods
can strategically locate charging stations in each time period to maximize the overall coverage.
However, the F-myopic method abandons an attempt to cover such a long path in period 1 and
leads to a suboptimal solution eventually. In the case of the Korean Expressway network, most
travel demand corresponds to short paths, as we have seen the demand profile in Figure 4, which is
the main reason that the differences among the M-opt, F-myopic, and B-myopic results are small.

With Profiles 3 and 4, the M-opt solutions are between the F-myopic and B-myopic solutions
in the sense that the coverage of the M-opt solutions is similar to the F-myopic solutions—which
is better than B-myopic solutions—in period 1 and is similar to the B-myopic solutions—which is
better than F-myopic solutions—in the final time period. Note that the M-opt solution is still the
best in terms of the overall coverage. Note also that the F-myopic solution in period 3 is lower than
the M-opt and B-myopic solutions with Profile 4.

Profile 5 exhibits a case when the B-myopic solution is least preferred. Although the B-myopic
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solution provides the greatest coverage in the final time period, its overall coverage is less than two
other solutions: 11.54% for the B-myopic solution and 12.68% for the M-opt and F-myopic solutions.
Note in particular that the B-opt solution shows very small coverage of 0.79% in the first time
period, compared to 6.14% of the M-opt and F-myopic solutions; hence, it would be less helpful to
resolve the chicken-and-egg issue. In the case with Profile 5, the B-myopic method focuses to cover
high-demand, long paths in the final period (because it first solves the FRLM for the final period,
then for the earlier periods), not being able to cover paths with small yet considerable demands in
the first and second time periods. On the other hand, the M-opt and F-myopic methods are able to
cover such short paths with considerable demands in periods 1 and 2, and provide an overall better
solutions than the B-myopic solution. In Profile 5, the difference of demand between short and
long paths is much less outstanding than in Profile 2, although both of them are increasing profiles.
Hence, with Profile 5, covering many short paths having less demands is indeed better than covering
a few long paths having high demands, especially when it comes to resolving the chicken-and-egg

problem.

6 Concluding Remarks and Future Research

We have studied the multi-period optimal charging station location problem for electric cars based on
a real dataset of the Korean Expressway network. The problem is computationally very challenging
due to its large scale. To effectively relieve the computational burden to make it solvable while
maintaining the validity, we proposed a method that excludes all the paths shorter than a half of
the electric car’s driving range, while considering major origin-destination pairs with a demand
greater than or equal to certain thresholds. Modeling only around 3% of the total paths, we were
able to model 82.97% of the total traffic volume. When the M-opt method was used, 56.46% flow
coverage on the modeled paths corresponded to 81.64% flow coverage on all the paths on average.

Our focus was to provide strategic multi-period methods for electric-car charging station locations.
We proposed a multi-period optimization model and compared it with the forward-myopic and
backward-myopic methods that solve single-period optimization problems sequentially. We found
that the differences among the results of the three methods are small in our Korean Expressway case

study. To gain further insights, we tested the three proposed methods with five different demand
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profiles, and found that the F-myopic and B-myopic methods may produce significantly worse results
in some demand profiles.

Although the M-opt method produces the best results in all cases—when the performance
measured on the modeled paths only—it should be noted that it requires the most computational
resource. As the planning horizon increase, the size of the multi-period optimization model increases
quickly, while the size of F-myopic and B-myopic problems increase relatively slowly. Therefore,
for problems that consider a large network with a long planning horizon, care must be taken if the
M-opt method is used. Since the B-myopic method provides as good solutions as the M-opt method
in most cases, it is recommended to employ the B-myopic method, especially for large problems.
However, a careful investigation into the distribution of travel demand is strongly recommended
when the B-opt method is used to avoid coverage losses in earlier time periods.

This paper provides an ample potential for further study. In particular, our immediate interest is
to include the capacity context (Upchurch et al., 2009) in multi-period planning, which will provide
a better insight into the real world problem. In this paper, we restricted our focus on location
problems to highlight the aspects of the multi-period construction plan and computational excellence
of our proposed method. The consideration of capacity in candidate locations will be particularly
important for high-volume paths. We also propose to consider factors such as stochastic charging
time, charging demand at each station, and waiting time at each station in the future research.

As an extension, we may consider the driving range that increases over time. As technology
advances, the driving range of electric vehicles will increase. Of interest is to formulate a multi-period
optimization model with increasing driving range and to investigate its implications on the location
decisions.

Another direction for future research is to compare different reformulations of the flow-refueling
location model. While we used the method of MirHassani and Ebrazi (2013) in this paper, there is
another efficient reformulation recently proposed by Capar et al. (2013). It will be useful to compare
the performance and flexibility of the two alternatives in various settings that consider single- vs

multi-periods planning, charging capacity, stochasticity of demand, and robustness.

Acknowledgement The authors are sincerely thankful to the three anonymous reviewers for their

invaluable comments and detailed suggestions that improved the quality of this paper significantly.

23



References

Albareda-Sambola, M., E. Fernandez, Y. Hinojosa, and J. Puerto (2009). The multi-period
incremental service facility location problem. Computers € Operations Research 36(5), 1356—

1375.

Bento, N. (2008). Building and interconnecting hydrogen networks: insights from the electricity

and gas experience in europe. Energy Policy 36(8), 3019-3028.

Berman, O., R. Larson, and N. Fouska (1992). Optimal location of discretionary service facilities.

Transportation Science 26(3), 201-211.

Capar, I. and M. Kuby (2012). An efficient formulation of the flow refueling location model for

alternative-fuel stations. ITE Transactions 44, 622—-636.

Capar, I., M. Kuby, V. J. Leon, and Y.-J. Tsai (2013). An arc cover—path-cover formulation
and strategic analysis of alternative-fuel station locations. Furopean Journal of Operational

Research 227(1), 142 — 151.

Contreras, 1., J. Cordeau, and G. Laporte (2011). The dynamic uncapacitated hub location problem.

Transportation Science 45(1), 18-32.

Drezner, Z. (1995). Dynamic facility location: The progressive p-median problem. Location

Science 3(1), 1-T7.

Hodgson, M. (1990). A flow-capturing location-allocation model. Geographical Analysis 22(3),
270-279.

Kim, J.-G. and M. Kuby (2012). The deviation-flow refueling location model for optimizing a

network of refueling stations. International Journal of Hydrogen Energy 37(6), 5406-5420.

Korea Expressway Corporation (2012). Korea Expressway Corporation. http://www.ex.co.kr.

Accessed on November 10, 2012.

Kuby, M. and S. Lim (2005). The flow-refueling location problem for alternative-fuel vehicles.
Socio-Economic Planning Sciences 39(2), 125-145.

24



Kuby, M. and S. Lim (2007). Location of alternative-fuel stations using the flow-refueling location

model and dispersion of candidate sites on arcs. Networks and Spatial Economics 7, 129-152.

Kuby, M., L. Lines, R. Schultz, Z. Xie, J.-G. Kim, and S. Lim (2009). Optimization of hydrogen
stations in florida using the flow-refueling location model. International journal of hydrogen

energy 34(15), 6045-6064.

Lee, M. (2011). Electric car market status and forecast. Technical Report Vol. 2011-01,
Korea Eximbank. Available at http://www.koreaexim.go.kr/kr/bbs/noti/view.jsp?no=
10037&bbs_code_1d=1311913490865&bbs_code_tp=BBS_2&code_tp=N06_108&code_tp_up=

NO6&code_tp_nm=TA (in Korean), Accessed on December 5, 2012.

Leiby, P. and J. Rubin (2004). Understanding the transition to new fuels and vehicles: Lessons
learned from analysis and experience of alternative fuel and hybrid vehicles. The Hydrogen Energy

Transition, 191-212.

Lim, S. and M. Kuby (2010). Heuristic algorithms for siting alternative-fuel stations using the

flow-refueling location model. European Journal of Operational Research 204 (1), 51-61.

Melaina, M. and J. Bremson (2008). Refueling availability for alternative fuel vehicle markets:

Sufficient urban station coverage. Energy Policy 36(8), 3233-3241.

Melaina, M. W. (2007). Turn of the century refueling: A review of innovations in early gasoline

refueling methods and analogies for hydrogen. Energy Policy 35(10), 4919-4934.

Miralinaghi, S. (2012). Refueling station location problem for renewable energy in a transportation
network with multiple time periods, nonlinear delay, and autonomous users. Master’s thesis, The

University of Alabama TUSCALOOSA.

MirHassani, S. and R. Ebrazi (2013). A flexible reformulation of the refueling station location

problem. Transportation Science 47(4), 617-628.

Ogden, J. (1999). Developing an infrastructure for hydrogen vehicles: a southern california case

study. International Journal of Hydrogen Energy 24 (8), 709-730.
Romm, J. (2006). The car and fuel of the future. Energy Policy 34(17), 2609-2614.

25



Shukla, A., J. Pekny, and V. Venkatasubramanian (2011). An optimization framework for cost
effective design of refueling station infrastructure for alternative fuel vehicles. Computers and

Chemical Engineering 35(8), 1431-1438.

Upchurch, C., M. Kuby, and S. Lim (2009). A model for location of capacitated alternative-fuel

stations. Geographical Analysis 41(1), 85-106.

Wang, Y. (2011). Locating flow-recharging stations at tourist destinations to serve recreational

travelers. International Journal of Sustainable Transportation 5(3), 153-171.

Wang, Y. and C. Wang (2010). Locating passenger vehicle refueling stations. Transportation

Research Part E: Logistics and Transportation Review 46(5), 791-801.

Wang, Y.-W. and C.-C. Lin (2009). Locating road-vehicle refueling stations. Transportation Research

Part E: Logistics and Transportation Review 45(5), 821-829.

Wesolowsky, G. (1973). Dynamic facility location. Management Science 19(11), 1241-1248.

26



