Optimal location of discretionary alternative-fuel stations on
a tree-network

Seong Wook Hwang
Harold and Inge Marcus Department of Industrial and Manufacturing Engineering,
Pennsylvania State University, University Park, PA 16802 USA

Sang Jin Kweon
Harold and Inge Marcus Department of Industrial and Manufacturing Engineering,
Pennsylvania State University, University Park, PA 16802 USA

Jose A. Ventura
Harold and Inge Marcus Department of Industrial and Manufacturing Engineering,
Pennsylvania State University, University Park, PA 16802 USA
javli@engr.psu.edu

Abstract

Due to global concerns about environmental sustainability in ground logistics, there has been
widespread research into alternative-fuel (alt-fuel) vehicles. Compressed natural gas buses have
been successfully deployed on a commercial scale in public transportation. Also, sales for
electric cars have been gradually increasing. However, uses of other alt-fuel vehicles are in their
early stages because developing an infrastructure with refueling stations requires a huge
investment. When setting up such an infrastructure, it is necessary to decide the number of
refueling stations to be built and where they should be located to cover the maximum traffic flow
that can be refueled on a given road network. In this research, we propose a mathematical model
to determine optimal locations for a pre-determined number of refueling stations to maximize the
traffic flow covered on a tree-network, which is a common structure of toll roads in many states.
This model includes four types of constraints to identify number of trips covered for four
possible ranges of travel distances between all possible pairs of vehicle origins and destinations.
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Introduction

Reduction of greenhouse gas emissions from ground transportation is increasingly becoming one
of the important issues in automobile and heavy-duty vehicle manufacturers in the U.S. and
around the world for achieving environmental sustainability in logistics. By 2015, at least 45
alternative-fuel (alt-fuel) vehicle models will be available in the U.S. market, and the market
share of alt-fuel vehicles is expected to climb to 5% in 2015 (Crowe 2012). Also, New Flyer, a
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manufacturer of alt-fuel buses, recently signed the five-year contract with the Los Angeles
County Metropolitan Transportation Authority for up to 900 compressed natural gas buses
(Koffman 2013). One of the key factors to invigorate the introduction of alt-fuel vehicles is
refueling station availability. If a sufficient number of refueling stations for alt-fuel vehicles is
properly located on a transportation network, demand of alt-fuel vehicles would gradually
increase and consequently the impact of carbon-based vehicle emissions on the environment
would decrease.

The approaches published in the literature to locate refueling stations optimally in road
transportation systems can be categorized in three classes (Upchurch and Kuby 2010). The first
class is related to the p-median model, one of the most popular models in facility location theory.
The objective of the model is to find the optimal locations of p facilities that minimize the sum of
weighted distances between demand nodes and facilities (Francis et al. 1991). The p-median
model has been applied to determine where to locate refueling alt-fuel refueling stations to be
close to alt-fuel vehicle markets (Greene et al. 2008, Lin et al. 2008, Nicholas and Ogden 2006).
The second approach is to locate alt-fuel stations on roads with high traffic flows. Assuming a
limited vehicle travel range and a maximum distance between two refueling stations, Melendez
and Milbrandt (2005) determined the station placements on interstate highways in areas with
high traffic flows. However, this approach has a multiple counting problem that the same traffic
flows could be counted multiple times even though a vehicle may be refueled once. Lastly, the
third approach maximizes path flows captured by stations along the paths for a given number
of the stations (Berman et al. 1992, Hodgson 1990, Kuby and Lim 2005). These models can
avoid the multiple counting problem because each flow is captured by a specific set of the station.
This approach has been applied to real-world networks at both the metropolitan scale and state
scale in Arizona (Kuby et al. 2004) and Florida (Kuby et al. 2009).

To promote commercialization of alt-fuel vehicles, a sufficient number of initial alt-fuel
refueling stations are necessary (Melaina 2008). However, since investment in infrastructures for
alt-fuel vehicles has financial risks, it is difficult for alt-fuel providers to carry forward an alt-fuel
refueling station business for the public without cooperation. One of the candidate transportation
networks to locate initial alt-fuel refueling stations successfully is toll roads operated by
commissions. By building a cooperative system with alt-fuel providers and transportation
companies (customers), the commissions can ensure a stable demand for alt-fuels in their roads.
Toll roads in the northeastern United States, North Carolina, and Illinois form huge tree-
networks, and they spread out to 15 states with a total length of about 1,680 miles (E-ZPass
2013). In this respect, this paper presents a model to determine optimal locations of alt-fuel
refueling stations in a transportation tree-network. The first section describes the assumptions
and the model that locates a given number of refueling stations optimally to maximize the
number of vehicle (round) trips covered on the network. In the next section, by analyzing a
transportation network of toll roads, our model provides optimal locations of alt-fuel refueling
stations. The last section suggests directions for future research.

Methodology

This section presents the development of a model to locate refueling stations for alt-fuel vehicles,
e.g., compressed natural gas fueled vehicles. The model requires the number of trips for all alt-
fuel vehicles being considered in a given time period for all origin-destination (OD) pairs in a
tree-network. The objective of the model is to find the optimal location of refueling stations
within a given sets of candidate locations that maximizes the number of trips covered by the
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stations. Since the distance that a vehicle can travel without refueling depends on its fuel tank
capacity, a vehicle may need to be refueled multiple times along its travel path. Therefore, the
conditions to cover a trip depend on the length of the path and some other conditions that are
specified in the assumptions listed below.

(a) A trip between an OD pair is captured by a set of refueling stations if the vehicle can be
refueled in its round trip.

(b) A vehicle enters the road network with at least half of its tank full.

(c) A vehicle leaves the road network with at least half of its tank full.

(d) The safe travel distance of a vehicle, R, is the maximum distance that the alt-fuel vehicle
can travel without refueling. All vehicles have the same safe travel distance.

Let G = (N,A) be a tree-network, where N is the set of nodes, including the set of all
potential refueling station locations K and the set of intersections (interchanges) P, and A is the
set of arcs representing paths between refueling stations and intersections. Note that N = P U K.
Let Q={(i,j) : i,j € P,i <j} be the set of OD pairs. Also, we denote by dj the distance
between node i and node j. The safe travel distance R, and the flows and distances between all
OD pairs are key parameters to determine proper locations of refueling stations because vehicles
should be able to complete their round trips without running out of fuel. Thus, we first partition
the set of OD pairs Q into four subsets depending on their travel distances:

QW ={(i,j) € Q: 0 < d;; < R/4}: set of OD pairs of type 1,
Q@ ={(i,j) € @ R/4 < d;; < R/2}:set of OD pairs of type 2,
Q® ={(i,j) € @ R/2 < d;; < R}:set of OD pairs of type 3,
Q™ ={(i,j) € Q: R < dj < 3R/2}: set of OD pairs of type 4.

Note that, in this paper, we consider the maximum distance of OD pairs to be 3R/2 because R,
which is the average safe travel distance for alt-fuel vehicles driving on highways (Honda 2012),
is 300 miles and the largest length of toll roads in the northeastern United States is about 450
miles. When distance between OD is greater than 3R/2, OD pairs of a longer tree-network can
be considered by generating new types through every additional R/2 miles.

Description of feasible locations on four types of OD pairs

When R and the OD distance matrix are given, we can establish conditions to determine whether
or not a round trip between an OD pair is covered. Since we consider the complete round trip
between each (i, j) pair, the trip needs to consider two different sets of station locations, one for
the path i — j, and a second one for the path j — i. Thus, the following sets are used to establish
coverage between OD pairs in the four partitions of set Q.

19, )) = {k € K:kis located in path i - j}, V(i,j) € Q,

1$7(,j) = {k € K:kis located in path j — i}, V(i,j) € Q,

19(1,j) = {k € K:kis located in path i - j}, V(i,j) € Q®,

1(1,j) = {k € K:kis located in path j - i}, V(i,j) € Q®,

199(3,j) = {k € K:kis located in path i - j,dy < R/2},V(i,j) € Q®,
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1(1,§) = {k € K:kis located in path i - j,dy; < R/2},¥(i,j) € Q®,
1$°(1,§) = {k € K: kis located in path j - i,dy; < R/2},¥(i,j) € Q®,
19(,j) = {k € K:kis located in path j - i,dy < R/2},V(i,j) € Q®,
1¥9(,j) = {k € K:kis located in path i - j,dy < R/2},V(i,j) € Q¥,
1$(1,j, k) = {s € K: sis located in path k — j,dys < R, dg; < R/2 },Vk € Y (i,), (i, j) € Q®,
1$Y(1,§) = {k € K: kis located in path j - i,dy; < R/2},¥(i,j) € Q®,
19(i,j, k) = {s € K: sis located in path k = i,dg < R, dis < R/2}, vk € IEP(1,§), (i,j) € Q.
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Figure 1 — Four different types of OD pairs

Based on Assumptions (a) to (d), we now state conditions under which the trips
associated with the OD pairs in the four partitions of set Q are covered. Type 1 trip, for all
G,) €QW, e, 0< d;; < R/4: trip (i,j) is covered if there is a refueling station on the path
from i to j, or on the path from j to i. In this case it is not necessary to have a refueling station
each way. Since d;; is a small distance, the fuel consumption will be low, and Assumption (b) or
(c) can be relaxed in the direction where no refueling station is available. Figure 1(a) shows that
at least one refueling station location in sets Iil) (,j) or Igl) (i,j) needs to be selected to cover the
trip. Type 2 trip, for all (i,j) € Q®, ie., R/4 < d;; < R/2: trip (i,j) is covered if there is a
refueling station on the path from i to j, and another refueling station on the path from j to i.
Figure 1(b) shows at least one refueling station in set Iiz) (i,j) and another in set Igz) (i,j) need to
be selected to cover the trip. Type 3 trip, for all (i,j) € Q®, i.e,, R/2 < d;; < R. In this case, a
trip from i to j is covered if there is a refueling station within R/2 miles of i and another station
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within R/2 miles of j. Note that, since the distance between i and j is at most R miles, a single
refueling station within a distance of less than R/2 miles from i and j would satisfy both
conditions. Similarly, the trip from j to i is covered if there is a refueling station within R/2
miles of j and another station within R/2 miles of i. Based on Figure 1(c), on the path from i to j,
at least one refueling station in set If)(i, j) and another in set 153)(1, j) need to be selected to
cover the trip in this direction. A single refueling station common to both sets satisfies the
requirement. A similar requirement is necessary on the path from j to i to cover the trip. Lastly,
Type 4 trip, for all (i,j) € Q®, i.e., R < d;; < 3R/2. In this case, a trip from i to j is covered if
there is a refueling station within R/2 miles of i. Let k be the position of that station. Then, there
must be another station within R miles of k and R/2 miles of j. Similar conditions have to be
imposed in order to cover the trip from j to i. Given the sets in Figure 1(d), the trip from i to j is
covered if a refueling station in set If‘) (i,j) and another in set I§4) (i,j, k) are selected to cover the

path in this direction. Note that k is the refueling station selected in If”(i,j). A similar
requirement is necessary for the trip from j to i.

Model formulation

The objective of our mixed integer programming (MIP) model is to maximize the traffic flow
that can be covered by p refueling stations located along the tree-network. We first introduce a
binary variable x, , k € K, which equals 1 if refueling station k is selected, and 0 otherwise. Also,
we define binary variable y;;, which equals 1 if traffic flows between i and j, f;; + fj;, are captured

by sets of refueling stations, and 0 otherwise. In particular, for type 4 trip, binary variable y;;y is
introduced which equals 1 if a refueling station location k in set If”(i,j) or Ig‘”(i,j) is selected

and then refueling station locations in set Ig‘” (i,j,k) or Iff) (i,j, k) is selected, which means that
the flow from i to j, f;;, is captured by the two refueling stations k and s. Otherwise, yj; = 0.
Based on these decision variables, the MIP model is formulated:

Max Traffic Flow = ¥ e (£ + £i) i » (1)
Subject to

Zkelgﬂ(i,j)ulgﬂ(i,j) Xk 2 ¥ij » v(i,j) € QW (2)
Zkelgz)(i,j) Xk 2 Vij » v(i,j) € Q®, (3)
Zkelgz)(i,j) Xk 2 Vij » v(i,j) € Q@ (4)
Zkelg3)(i,j) Xk 2 Vij » v(i,j) € Q®, (5)
Zkelg”(i,j) Xk 2 Vij » v(i,j) € Q®, (6)
Zkelg3)(i,j) Xk 2 Vij » v(i,j) € Q¥ (7)
Zkelff)(i,j) Xk 2 Vij » v(i,j) € Q®, (8)
Zkelg‘”(i,j) Xk 2 Vij » v(i,j) € QW (9)
Y@ T X =y, VKELYGE), () € Q. (10)
Xic 2 Vigk vk e 170, () € QW (11)
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Zkelg‘”(i,j)yﬁk = Yij » v(i,j) € QW (12)

Zkelg‘”(i,j) Xk 2 Yij v(i,j) € QW (13)
Zself{”(i,j,k) Xs + 1 =X 2 Yijk s vk € I§4) (4,j),(,j) € QW (14)
X 2 Vijk vk € 157j), (i) € Q@ (15)
Zyeer® iy ik 2 Yij » v(i,j) € Q¥ (16)
YkekXk = D, (17)
xx € {0,1}, Vk € K (18)
yij € {0,1}, v(i,j) € Q; Vijk € {0,1}, vk € I§4) G,j) v 124) G4,7),G,)) € Q(4) (19)

The objective function (1) maximizes the traffic flow that can be captured by p refueling stations
located between all OD pairs. Constraint set (2) is related to the trips for OD pairs type 1. If at
least one refueling station is selected on the path from i to j or on the path from j to i, the trip
between i and j can be captured, i.e., y; = 1. Similarly, the trips for OD pairs type 2 and type 3
can be detected through constraint sets (3) and (4), and constraint sets (5) to (8), respectively.
Finally, constraint sets (9) to (16) are used to identify the trips covered by OD pairs type 4. In
particular, constraint sets (10) and (14) are logical constraints. That is, if one of refueling stations

in set If”(i, i), k, is selected, then another stations in set Ig‘”(i, j,K), s, should be selected to
capture the trip from i to j by these two stations. Similarly, the trip from j to i can be covered by
constraint set (14). In addition, we use constraint (17) to make the model select exactly p
refueling stations. Lastly, all the decision variables are restricted as binary by constraint sets (18)
and (19).

Application to Pennsylvania turnpike network

The Pennsylvania (PA) turnpike comprises several interstate highways and PA state routes. In
this section, the proposed methodology is applied to set up initial alt-fuel refueling stations in the
PA turnpike mainline between Pittsburgh and Philadelphia (I-70, 1-76, and 1-276) and the North
East PA extension between Philadelphia and Scranton (I-476). From now on, these two segments
are called the PA turnpike. The PA turnpike forms a tree-network and has 44 active interchanges.
The distance between Pittsburgh and Scranton is approximately 400 miles, which is the longest
distance of the PA turnpike. Currently, there are 17 open service plazas and several other service
plazas are temporarily or permanently closed in the PA turnpike (Pennsylvania turnpike 2013). In
this application, we consider 19 potential locations for alt-fuel refueling stations, including 17
open and 2 temporarily closed service plazas. These service plazas consist of 16 single-access
stations and 3 dual-access stations, meaning that vehicles cannot be refueled at the single-access
stations when traveling in the opposite direction and the dual-access stations can refuel vehicles
in both directions. The service plazas are placed on paths only between certain pairs of
consecutive interchanges. Thus, if none of these potential station locations falls between the
entrance and exit points of a particular trip, then the trip cannot be covered. Therefore, the PA
turnpike can be simplified by aggregating subsequences of interchanges that do not have any
service plaza between them. As an approximation, each subsequence can be replaced by a single
aggregated interchange which location can be calculated as the weighted average of the original
interchange locations, where the weights are the annual entrance/exit traffic counts at each
interchange. In this analysis, effective coverage for a particular set of refueling station locations
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indicates the proportion of traffic flows that can be refueled with respect to the total flows that
can be captured by all 19 station locations when a station is placed in each one of the 19
locations. On the other hand, overall coverage is defined as the proportion of traffic flows that
can be refueled with respect to the total flows on the PA turnpike.

Since it is often difficult to obtain real world origin and destination flows, in this paper,
we have generated random average daily flows following a normal distribution with mean of 120
and standard deviation of 120 for each origin and destination pair. Based on the randomly
generated flows, the interchanges are aggregated except for interchange 30. Interchange 30 is a
special case because the PA turnpike mainline (I-70, I-76, and 1-276) and the North East PA
extension (1-476) intersect at this interchange. Also, note that aggregated interchanges 29, 31,
and 34 are aggregated by refueling stations 28, 32, and 35, respectively. Even though most
vehicles have long distance trips and pass by a service plaza, some vehicles have short distance
trips within just one of the aggregated interchanges or within set of aggregated interchanges 29,
31, 34 and interchange 30. In this case, there is no service plaza among these interchanges, thus
these vehicles cannot be refueled on the PA turnpike. Figure 2 shows a tree-network of the
simplified PA turnpike network with 19 desirable refueling station locations and 19 (aggregated)
interchanges.

QO : single access refueling stations
& :dual access refueling stations 37
B : (aggregated) interchanges

36—
35w )

6 9 12 16 20 24
’ 34-reeeeees .

12345 781011131415 171819 212223 2526 27 282930 3132 33
Figure 2 — PA turnpike consisting of aggregated interchanges and refueling stations

We first apply the model considering a safe travel distance of 300 miles, which is a
conservative safe travel distance for alt-fuel vehicles. The number of refueling stations to be
located varies from 1 to 15, in increments of 1. The reason we stop at 15 is because the entire
traffic flow on the PA turnpike can be covered with 15 stations. Table 1 shows the results about
captured flow, effective coverage, and overall coverage for different number of refueling
stations. Figure 3 describes the network with 5 optimally located refueling stations (stations 14,
20, 26, 32, and 35). Two of them are dual access and the rest of them are single access refueling
stations. These stations can cover an average daily flow of 150,076 trips, which is about 83.45%
of the trips that can be covered with 15 stations (179,829 trips). The overall coverage of 79.38%
is calculated with respect to the average daily traffic flow using the PA turnpike (189,066 trips).

Next, we analyze the effect of safe travel distance to captured flow and coverage on the
network because better alt-fuel efficiency is expected in the near future. Three different safe
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travel distances (R=300, R=450, and R=600) are considered to find optimal refueling stations.
The effective coverage as a function of the number of refueling stations for each safe travel
distance is displayed in Figure 4. The two functions for R=450 and R=600 are a concave
functions representing diminishing marginal return (coverage) for each additional station,
meaning that the percentage of traffic flows that can be refueled by the additional station
increases at a slower rate. Also, the increments of the two functions are similar until p = 12 and
become the same when p is greater than 12. This can explain that effective coverage is
insensitive when the safe travel distance is longer than 450 miles and the number of refueling
stations increases.

Table 1 — Result with respect to different number of refueling stations when R = 300 miles

Num. of | Captured Flow Effective Overall Num. of | Captured Flow Effective Overall
stations (trips/year) Coverage (%) | Coverage (%) | stations (trips/year) Coverage (%) | Coverage (%)
1 28,437 15.81 15.04 9 174,308 96.93 92.19
2 67,424 37.49 35.66 10 176,535 98.17 93.37
3 125,192 69.62 66.22 11 177,820 98.88 94.05
4 141,288 78.57 74.73 12 178,584 99.31 94.46
5 150,076 83.45 79.38 13 179,278 99.69 94.82
6 156,333 86.93 82.69 14 179,641 99.90 95.01
7 164,696 91.58 87.11 15 179,829 100.00 95.11
8 170,460 94.79 90.16
QO : single access refueling stations Y — -
& : dual access refueling stations
B : (aggregated) interchanges
36 N
35 )
20
3 34 !

1 3 5 7 10 13 14 15 18 21 23 252627 2930 3132 33
Figure 3 —Optimally located 5 refueling stations on a tree-network when R = 300 miles

Figure 4 also shows that the function for R=300 has a different increasing pattern
compared to the functions for the other two safe travel distances. When R=300, the effective
coverage speeds up from p = 1 to 3 and from p =5 to 7, but slows down in the other cases. It is
particularly interesting the case where the number of refueling stations increases from 1 to 3. The
reason is that the set of candidate station locations includes both single-access and dual-access
refueling stations. When p = 1, the model selects a dual-access refueling station (station #14) to
be able to capture more flow than any single-access station. Next, when p = 2, the model again
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selects two dual-access refueling stations located far apart from each other. In our example, when
p = 2, dual-access refueling stations #14 and #35 are selected. Note that there are no dual-access
refueling stations near to the set of aggregated interchanges 29, 31, and 34, and interchange 30,
where the PA turnpike mainline and the North East PA extension intersect. Also, when p =2, no
single-access refueling stations can be selected to capture traffic flow in this area, because of the
requirement to cover vehicle round trips. However, when p = 3, one dual-access refueling station
can be replaced by two single-access refueling stations near this area to capture more trips. In our
example, the model selects one dual-access refueling station (station #14) and two single-access
refueling stations (stations #24 and #26) when p = 3.

98.98%

100% : r——
98.88%
90% 8%/
80%
/ 78.57%

70% /

60%

5 0% / —B-R =300

4zl.32%/ /
40% / R =450

30% ~ / =—R =600

20% - /
10% 15.81%
Number of refueling stations

0% 2] T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 4 — Comparison of results with different safe travel distance of 300, 450, and 600 miles

Effective coverage

Conclusion

This paper has introduced a new discrete location model to maximize the total flow captured by a
given number of refueling stations on a tree-network for alt-fuel vehicles. A possible extension of
the model is to locate additional stations on a network when there is already an initial alt-fuel
refueling station infrastructure. Our model can be extended to consider the initial set of station
locations, to determine new locations that avoid retail competition, and maximize the coverage
of additional traffic flows. Another direction for future research is to eliminate the assumption
that no predetermined set of potential station locations is given and allow the model to locate the
stations anywhere in the tree-network.

Since alt-fuel vehicles traveling through interstate highways, toll roads, and other routes
have one of the most important roles for environmental sustainability in ground logistics,
infrastructures including refueling stations should be designed wisely to consider the interest of
potential users such as transportation and distribution companies.
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