:' frontiers ‘ Frontiers in Future Transportation

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Ruibin Bai,

The University of Nottingham Ningbo,
China

REVIEWED BY
Maxim A. Dulebenets,

Florida Agricultural and Mechanical
University, United States

Zhen Tan,

The University of Nottingham Ningbo,
China

*CORRESPONDENCE
Tomoya Kawasaki,
kawasaki@sys.t.u-tokyo.ac.jp

SPECIALTY SECTION
This article was submitted to Freight
Transport and Logistics,

a section of the journal

Frontiers in Future Transportation

RECEIVED 06 April 2022
ACCEPTED 24 August 2022
PUBLISHED 13 October 2022

CITATION

Kawasaki T, Tagawa H and Lau YY
(2022), Borderline conditions for single
or platooning operations in freight
transport on expressways: Case study
in Japan.

Front. Future Transp. 3:913765.

doi: 10.3389/ffutr.2022.913765

COPYRIGHT

© 2022 Kawasaki, Tagawa and Lau. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Future Transportation

TyPE Original Research
PUBLISHED 13 October 2022
pol 10.3389/ffutr.2022.913765

Borderline conditions for single
or platooning operations in
freight transport on expressways:
Case study in Japan

Tomoya Kawasaki'*, Hoshi Tagawa? and Yui-yip Lau?®

*Department of Systems Innovation, Graduate School of Engineering, The University of Tokyo, Bunkyo,
Japan, Department of Transdisciplinary Science and Engineering, School of Environment and Society,
Tokyo Institute of Technology, Meguro, Japan, *Divison of Business and Hospitality Management,
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Truck platooning is defined as a convoy of freight vehicles operated using an
electronic coupling system, and has several advantages, particularly in terms of
cost savings for fuel consumption and labor. Platooning technology is
introduced by discussing several issues: the distance between trucks,
number of trucks convoyed, waiting time at the platooning center, and
distance between the origin and destination, all of which are variables that
influence the transport costs. Important is to identify the extent to which these
factors affect borderline conditions for single or platooning freight transport
operations. Therefore, this study aims to develop a cost function of platooning
operations, compare transport costs between single and platooning operations,
determine the factors that affect the transport costs and identify the borderline
conditions for single or platooning operations. The cost functions in the
hypothetical network were developed by considering the important factors
that contribute to the transport costs in Japanese road freight transport. A
scenario analysis was conducted to investigate the impact of the inter-vehicle
distance and the number of platooned trucks on the borderline conditions. Our
results revealed that the platooning operation would offer a comparative
advantage with a shorter inter-vehicle distance. For example, for an inter-
vehicle distance of 49 m and a distance of 800 km between the origin and
destination, the platooning operation is not advantageous compared with
manned driving unless the waiting time at the platooning center is less than
30 min. In addition, a platooning operation is feasible even with a travelling
distance of 100 km if the trailing vehicles are unmanned. The highest cost

Abbreviations: /, Index of shippers (i = 1, 2, ...); m, Cases of operation types: m = 0, 1, 2; AC,,,, Average
transport cost per truck-haulage in case m (JPY/truck-haulage); LCp,, Total labor cost in case m (JPY);
FCr,. Total fuel cost in case m (JPY); ad;, Distance from the origin of the shipper (truck) i to platooning
center A; d, Distance from platooning center A to B; bd;, Distance from platooning center B to the
destination of the shipper (truck) i; tf, Matching waiting time for forming at platooning center A (h); tr,
Waiting time of truck for drivers for released truck at platooning center B (h); tp, Time for forming and
releasing platooning (h); cl, Unit labor cost (JPY/h); cf, Fuel consumption rate (L/km); FP, Fuel price per
liter (JPY/liter); s, Inter-vehicle distance between platooned trucks (m); v, Average driving speed; D,
Average distance of all OD pairs (km).
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contributor is the cost of labor, the reduction of which can significantly reduce
the total transport costs.
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1 Introduction

The importance of freight transport is increasing with the increase
in freight volumes due to economic growth and the global
development of e-commerce all over the world (Rehimi et al,
2021; Kawasaki et al., 2022). However, the stable supply of freight
transport services faces several problems, such as the shortage of truck
drivers (Hirata and Fukaya, 2020). Therefore, it is important to pursue
a sustainable transport system for future freight transport (Borca et al,,
2021; Mohri and Thompson, 2022). In Japan, truck haulage plays a
key role in freight transport, accounting for approximately 90% (by
ton) and 50% (ton-kilometers) of Japan’s annual freight volume (JTA,
2018). However, the shortage and aging of drivers and soaring fuel
costs have become serious problems in recent years. According to the
Ministry of Land, Infrastructure, and Tourism (MLIT), a shortage of
approximately 240 thousand truck drivers is anticipated by 2027
(MLIT, 2015). In Japan, truck platooning was introduced in 2008 as a
national intelligent transport system (ITS) project named “Energy
ITS” to achieve energy savings and environmental protection
(Tsugawa, 2013) as well as to address problems caused by the
shortage of drivers. Truck platooning is a convoy of multiple
freight vehicles that use an electronic coupling system, and has
several advantages, particularly in terms of cost savings for fuel
consumption and labor (Janssen et al, 2015; Theophilus et al,
2021). The trucks in the formation communicate through a
cooperative adaptive cruise control (CACC) system, and the
trailing truck(s) automatically replicate the braking, acceleration,
steering, and other behaviors of the lead truck. Using the CACC
system, the time gap between trucks can be shortened to 0.3 s, with
shorter response times compared with that of operation by a human
driver, which contributes to a larger decrease in fuel consumption
owing to lower air resistance (Janssen et al., 2015).

To examine the effect of platooning operations, experimental
studies have been conducted in several countries, including the
United States, Europe, and Japan (Watanabe et al., 2021). In the
United States, field platooning trials with unmanned operations were
conducted, and key performance measures for evaluating truck
platooning deployments were proposed by the government
(Department of Transportation, 2020). In Europe, Netherlands
has conducted large-scale operational tests in the field (Aarts and
Feddes, 2016), and Germany and the United Kingdom have
conducted field tests of platooning operations (Han et al, 2022).
By 2025, Japan plans to commercialize platooning in the form of
semi-unmanned or unmanned driving. Since 2018, social
experiments have been conducted on the Tomei Expressway,
which connects three major cities with the heaviest traffic
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volumes: Tokyo, Nagoya, and Osaka. In February 2022, a
successful platooning test involving a three-truck convoy with two
unmanned trucks was conducted at 80 km/h and a 9-m distance
between vehicles. However, in practice, the use of unmanned follow-
up trucks is still being debated. Although a greater reduction in fuel
consumption can be achieved by shortening the distance between
vehicles and increasing the number of trucks, the regulations on the
distance between vehicles and the number of trucks forming a
platoon are still controversial from the viewpoint of social
acceptance (e.g, sustainability and electromobility), security,
technology, infrastructure, and traffic safety issues (Janssen et al,
2015). In addition, truck platooning may have limited use in mixed
traffic situations with an intra-platooning gap, and this may
adversely affect the market penetration rate, platoon size, and
demand (Wang et al., 2019).

The number of studies on truck platooning has increased in
recent years. Sun and Yin (2019) measured the energy-saving
effect of truck platooning. Zhang et al. (2017) focused on the
operation of truck platooning and optimized the scheduling
problem for multiple truck operations. Watanabe et al. (2021)
discussed the location of platooning centers by considering
unmanned trucks. Calvert et al. (2019) analyzed the impact of
truck platooning on traffic congestion using a traffic engineering
approach. The existing research on truck platooning is mainly
related to three areas: fuel consumption (environmental effects),
operational management, and traffic flow. However, few studies
have investigated the transport costs associated with the number of
trucks platooned, distance between trucks, and driving with or
without a driver, which are significant concerns for introducing
new transport means. In addition, the origin and destination (OD)
distance and waiting time at the platooning center would differ
because the spatial-temporal conditions of the OD pair differ for
each haulage operation. The objectives of this study are as follows:
1) to compare the transport costs between single and platooning
operations, 2) to reveal the factors influencing transport costs, and
3) to derive borderline conditions where platooning operations are
more cost-effective than a single operation. Establishing borderline
conditions enables logistics companies to make decisions
regarding truck platooning operations and can be useful for
policymakers to introduce regulations. Logistics companies and
policymakers must understand the factors that influence transport
costs before platooning is commercialized. In this study, we
formulated cost models for three cases: single-truck operation,
truck platooning with operation by human drivers, and truck
platooning with unmanned operation for the following trucks. The
models were developed based on a hypothetical network of
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simplified Japanese truck transport and an attempt to generalize
borderline conditions. Using the developed model, we identified
the borderline conditions between each operation, particularly
with variables such as the distance between trucks, number of
trucks, waiting time at the platooning center, OD distance, and
manned/unmanned driving.

The remainder of this paper is organized as follows. Section 2
reviews existing literature on truck platooning. Section 3 explains
the methodology and formulation of the cost functions. A cost
comparison and borderline conditions are presented in Section 4.
Finally, Section 5 concludes the paper and provides directions for
further research.

2 Literature review

Several studies have analyzed truck platooning in terms of
fuel consumption, operation and scheduling problems, and
traffic engineering. Among these, fuel consumption-related
studies, including those on environmental issues, are the main
concerns in truck platooning. According to Janssen et al. (2015),
the benefits of truck platooning can be categorized into
commercial and social values. Commercial value consists of
saving by reducing fuel consumption and the cost of labor,
and by effective asset utilization, whereas social value includes
road capacity utilization, road safety, and environmental
protection. Browned et al. (2004) demonstrated fuel savings of
10%-12% for trailing trucks and 5%-10% for the leading truck
when the inter-vehicle spacing was 3-10m in a two-truck
platoon system. Zhang et al. (2020) conducted a study
relevant to the fuel savings effect for platooning operations,
coordination methods to improve the platooning rate, and
look-ahead control strategies to generate fuel-efficient speed
profiles for each vehicle driving in a platoon under different
road conditions. Boysen et al. (2018) investigated the impact of
the diffusion of platooning technology, maximum platoon
These
demonstrated that these factors can considerably reduce the

length, and tightness of time windows. studies
positive effects of truck platooning, particularly regarding fuel
savings. Larsson et al. (2015) presented several heuristics for
the

platooning operation of the German Autobahn Road network.

determining optimal or near-optimal solutions for
Fuel savings of 1%-2% can be achieved via platooning, with
savings growing progressively as the number of trucks increases,
assuming a fuel reduction factor of 10%. Larsen et al. (2019)
presented a model for optimizing truck platoons formed at a
platooning hub using a dynamic-programming-based local
search heuristic. Fuel efficiency through air drag reduction is
widely known to be one of the benefits of truck platooning (Zabat
et al,, 1995; Wang et al., 2019; Zhang et al., 2020; Song et al.,
2021). Furthermore, studies on fuel consumption in truck
platooning on a test track and along an expressway showed

that an inter-truck distance of 10 m resulted in fuel savings of
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13% (Tsugawa, 2013). These studies mainly discussed the fuel
savings arising from a reduction in fuel consumption by
platooning; however, only a few studies discussed the
reduction of specific costs and borderline conditions in
relation to single-truck operations based on cost analysis.
Jornod et al. (2022) examined the effect of introducing the
concept of maneuver reference to distribute the maneuvering
effort in truck platooning. Eitrheim et al. (2022) investigated the
opportunities and barriers for truck platooning on Norwegian
rural freight routes and identified several prerequisites for
deploying platooning and achieving economic savings.

Several surgery-related studies have been conducted on this
topic. Bhoopalam et al. (2018) categorized platooning into three
types:

Scheduled platoon planning is a basic platooning method in

scheduled, real-time, and opportunistic platooning.

which all track fleet information is announced before departure
and all formation plans are made in advance. Liang et al. (2016)
proposed a coordination algorithm to form platoons of several
vehicles that coordinate neighboring vehicles pairwise, resulting
in significant fuel savings. Sun and Yin (2019) investigated
optimal platoon formation to maximize the platooning benefit
and determined a mechanism to redistribute the benefit to
incentivize vehicles to form and maintain the desired platoon
formation. Zhang et al. (2017) formulated departure-time
scheduling problems under travel time uncertainty for freight
transport platoon coordination and showed that platooning was
beneficial only when the scheduled arrival times differed by less
than a certain threshold. Hirata and Fukaya (2020) studied
methods for estimating the vehicle-matching potential of
freight trucks for platooning operations in eastern Japan. Fritz
etal. (2004) examined efficient transport with empty trucks using
platooning. These studies addressed operational issues related to
platooning formation and scheduling problems. In our study, we
considered scheduled platoon planning to develop the cost
models. Several studies have been conducted on the effects of
traffic flow from the perspective of traffic engineering. Lioris et al.
(2017) investigated the effects of platooning on the traffic flow at
Vehicles
increased the saturation flow rates by a factor of two to three.

intersections. crossing intersections in platoons
Calvert et al. (2019) demonstrated the negative effects of truck
platooning on traffic flow, particularly in saturated states,
whereas small platoons were shown to have minimal impact.
Neubauer and Schildorfer (2022) addressed the requirements
related to energy-efficient truck platooning, road users and other
road user requirements, road safety requirements, and technical
requirements. Specifically, we focused only on expressway/
highway settings in this study. Previous studies on platooning also
mentioned congestion on highways/expressways. Jin et al. (2018)
suggested a new fluid queuing model that described the macroscopic
effect of platooning operations on highway congestion. Wang and Du
(2022) identified that vehicle platoons can contribute to innovations
in automated highway systems, which would further reduce the

burden on the highway system. Beaver and Malikopoulos (2021) used
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highway platooning as a case study to integrate constraint-driven
optimal control of multiagent systems. This would enable vehicles to
lower their energy consumption on highways.

Previous research on truck platooning mainly examined fuel
consumption and operation/scheduling problems. However, in
cost comparison studies, the impact of the waiting time for
platoon formations and the total distance travelled have not
yet been investigated, which are important factors impacting
operational costs. In particular, research to determine the
borderline conditions for single or platooned haulage by
varying the inter-vehicle distance and the number of trucks
that are platooned has not been reported to date. In this
study, we formulated a cost function that considers the
distance between trucks, number of trucks, waiting time at the
platooning center, OD distance, and manned/unmanned driving.

3 Methodology

In this study, we compared the costs of single and platooning
operations and identified key factors affecting transport costs by
changing various conditions, such as the distance between vehicles
and number of trucks in the platoon in a hypothetical network. A
hypothetical network is useful because various conditions, such as
the OD distance, can be changed. To analyze the cost reduction
across the entire network, data from actual networks were used as
input into our cost model to verify the difference between the costs
of single and platooning operations under several conditions.

3.1 Network and types of platooning

Figures 1A,B show the hypothetical single and platooning
networks, respectively. Both networks involved » shippers and n
trucks. The single-truck network is a conventional basic transport
network in which freight is transported directly between the origin
and destination. In contrast, in a platooning network, # trucks gather
at platooning center A to form a convoy, which is a major forming
method referred to as scheduled platoon planning (Bhoopalam et al.,
2018). In this study, we vary the OD d and attempt a cost

Shipper Origin

LD @ b7
=1 () @ & )
o ady o d R _bdz N
! &) © ® 2)
b () @4 g bd
- (@ ® (o)

A  Single haulage

FIGURE 1

Destination  Shipper Origin

10.3389/ffutr.2022.913765

comparison for each individual truck passing through the same
interchange (i.e., platooning center), regardless of the operation.
Note that we do not assume a detour to meet other trucks for
platooning. In this method, all track OD information is announced
before departure and all formation plans are made in advance. This
method is considered highly feasible in several countries, including
Japan, owing to its ease of performance compared with real-time
and opportunistic platooning. A platooning center is a facility in
which trucks gather to wait for other trucks to form and disperse a
platoon. In Japan, platooning centers are planned to be located at
rest areas (referred to as parking areas in Japan) or at an interchange
along expressways, and platooned trucks will only be driving on
expressway sections (METT, 2021). In addition, dynamic matching
systems and platooning operations on partial segments of
expressways are not planned in the initial stage of the platooning
operation (Watanabe et al,, 2021). In most cases, trucks arriving at a
platooning center would be forced to wait for other trucks to create a
formation (matching). The waiting time can vary because of the
uncertainties in the travel time as a result of the traffic conditions
(Kawasaki et al., 2014). Shorter waiting times result in lower time
costs and more feasible platooning operations. Thus, several
scenarios were set for the waiting time at formation center A.
Subsequently, the platooned trucks travelled on the expressway
and disbanded at platooning center B to continue to their
separate destinations. Note that following several studies (e.g.,
Kawasaki et al, 2015) only one-way haulage was considered
because several scenarios could be considered for return haulage.
For example, some trucks proceed to other destinations without
returning to their point of origin. Therefore, in our study, we
considered only the transport cost of one-way haulage.

In this study, the following cases were examined to compare
the transport costs.

Case 0: Single truck haulage.

Case 1: Truck platooning with drivers.

Case 2: Truck platooning with a driver in the leading truck
and without drivers in the following trucks.

First, Case 0 was prepared for comparison with truck
platooning. This case required each truck to be driven by a

Destination
N O\
(D bay 1)
/o ad, % d o bdy o
=2 &) @ & &
: e \\ :
o b
AN U

B Platooned trucks

Hypothetical networks of single and truck platooning haulage. (A) Single haulage, (B) Platooned trucks.
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driver and was applied to a single-truck network, as shown in
Figure 1A. Cases 1 and 2 involved truck platooning and were
applied to the platooned network, as shown in Figure 1B. In Case 1,
all the platooned trucks were operated by human drivers, whereas in
Case 2, the trucks were operated unmanned driving. In the
unmanned operation of truck platooning (Case 2), according to
an interview survey with logistics companies, because there are
backhaul trucks that return to their origin from the destination, the
relocation of drivers is generally unnecessary. For example, in Case
2, each truck is driven to platooning center A to form a platoon, and
subsequently proceeds to platooning center B in a unmanned truck
platoon, whereas some drivers remain at platooning center A. These
drivers at platooning center A wait for the back haul trucks
returning from platooning center B before driving them to their
points of origin. This is the expected truck operation in the
unmanned truck platooning operations in a logistics network. In
both Cases 1, 2, trucks were required to wait at platooning center A
to form the convoy. However, waiting time at platooning center B
was only required in Case 2, as the platoon was only accompanied
by one driver between A and B. Thus, n-1 trucks could not depart
from the platooning center to their destinations until all #-1 drivers
arrived at platooning center B. In addition, the distance travelled by
each truck was constant in all cases because the platooning center
was located along the expressway. The distance is the sum of the
following three distances: from the origin of each truck i to the
platooning center A (ad;), from platooning centers A to B (d), and
from platooning center B to the destination of each tuck i (bd;).

3.2 Cost function

The cost function was formulated for single and platooned
haulages using the hypothetical network shown in Figure 1. Cost
components that belonged to both single and platooning operations
were not considered. For example, the expressway toll costs per truck
for single and platooning operations are considered equal. Although
discounts may apply to trucks driving in a platoon, these discounts
have a minimal effect on the cost. Therefore, these discounts were
not considered. Further, other costs, such as maintenance costs and
insurance fees, are different between the two operations because of
the differences in their mechanical systems. However, these costs
were set equally for both operations. The following parameters and
notations are used for the formulation:

The average transport cost (AC,,) of a logistics company is
calculated using Eq. 1:

_ LC,, + FC,,
B n

AC,, 1
where LC,,, is the total labor cost, FC,), is the total fuel cost, and n
is the number of trucks. The transportation costs are expressed in
JPY/truck haulage, the average cost of transporting # trucks for a
one-way trip.
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3.2.1 Labor cost

LC,, is computed as the product of the cost of labor per hour
(cl) of the driver and number of hours worked, and the number
of drivers. The working hours are determined by four factors:
driving time, time for forming and dispersing a platoon (p),
waiting time for other matching trucks to form a platoon (f), and
waiting time of released trucks for drivers (tr). Note that tp differs
from tf. The waiting time occasionally becomes long owing to the
matching requirement. Thus, tf is expected to have a significant
impact on the borderline conditions and is assigned multiple
values in the scenario analysis. Different calculations were
performed for cases 0, 1, and 2.

Case 0: Single truck network

In a single-truck network, trucks do not participate in
platooning; thus, fp, tf, and tr are set to zero. The labor cost
(LCy) was calculated using Eq. 2:

Ziad,' +d+ hd,
14

LCO =cl x (2)

where v is the average driving speed.

Cases 1 and 2: Truck platooning network

In Cases 1 and 2, the labor costs (LC;, LC,) are expressed by
Eqs 3, 4, respectively. In Case 1 (platooning operation with a
human driver), the total travel distance is equivalent to that of a
single-truck network. Because all trucks leave their destinations
immediately after the platoon is dispersed at platooning center B in
Figure 1B, tr at the platooning formation center is zero. In Case 2
(platooning operation with a human driver in the leading truck and
unmanned trucks for trailing vehicles), the total travel distance is the
sum of platooning travel distance d and the non-platooning travel
distance, which is the sum of the travel distance of each truck from
the origin to platooning center A (ad;) and from platooning center
B to the destination (bd;). Additionally, the waiting time of n-1
trucks for drivers is required for the release at platoon formation
center B until n-1 drivers arrive at platooning center B. We calculate
the total waiting time for drivers by the number of waiting trucks (n-
1) and the average waiting time (tr).

Zi (ad,- +d+ bd,) .
14

LCI:clx{ n><(tf+tp)} (3)

d+ zi (adi + bd,) .
4

LCZZCZX{ nx(tf+tp)+(n—1)><tr}

4

3.2.2 Fuel cost

The fuel cost (FC,,) was calculated by multiplying the distance
travelled by the unit fuel cost. The calculation depends on the
particular case, similar to the calculation of the labor cost.
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TABLE 1 Reduction ratio of fuel consumption (a;) by platooning for each truck (Cases 1 and 2 only).

Inter-vehicle distance (s)

Leading truck

6 m 0.075
12m 0.035
49 m 0.005

Retrieved from McAuliffe et al. (2018).

Case 0: Single truck network

Equation 5 expresses the total fuel cost in Case 0 (FCy). The
fuel consumption was calculated as a function of speed, as shown
in Eq. 6, obtained from experiments conducted by MLIT (2008).
This equation determines the fuel consumption of a heavy-duty
vehicle, which is determined by speed v. Note that the Japanese
government is currently planning to introduce platooning
operations only for heavy-duty vehicles (Watanabe et al,
2021), thus we consider only this type of vehicle in this study.

FCy=FPxcf x ) (ad; +d +bd;) ©)
1 /17

of = — (—9 - 9.6v+0.073v* + 560.1) (6)
1000\ v

Cases 1 and 2: Truck platooning network

In the case of a truck platooning network, the fuel costs for
Cases 1 and 2 (FC;, FC,) are calculated using Eq. 7 because the
presence of a driver in the following vehicle does not affect fuel
consumption. At the same time, the fuel consumption is reduced
because of the lower aerodynamic drag.

FC, =FC,=FP xcf x Y{adi+ (1-a) xd+bd} (7)

The reduction ratio changes depending on the inter-
truck distance (s). Table 1 lists the values of the reduction
ratio («;) for different inter-vehicle distances, which, in this
study, are set to 6, 12, and 49 m. At distances shorter than
6 m, driver fear sets in because this is considered to be the
shortest distance at which the driver can still react to leading
vehicles, considering the human ability to use the CACC
system with a response time of 0.3 s at 70-80 km/h (Janssen
etal., 2015). This has been set as the target value, which is the
shortest possible distance specified by the current CACC
technology in various countries and for various projects,
such as CHAUFFEUR, SARTRE, and ENSEMBLE
(Shladover, 2018). The minimum distance at which
drivers in following trucks do not feel fear while driving
in a platoon is 12 m (Janssen et al., 2015), which is the target
value of the EDDI project and the German BMVI (Bishop,
2020). Finally, 49 m is a safe distance between vehicles
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Middle truck Trailing truck

0.150 0.120
0.125 0.125
0.070 0.090

traveling at 70 km/h, as determined by the Metropolitan
Police Agency in Japan. This seems to be a relatively
longer distance considering fuel consumption; however,
the distance takes into consideration safety issues and the
social acceptance of platooning operations. Thus, 49 m is one
of the options for the distance between the vehicles.
Decreasing the distance between vehicles increases the
rate at which the fuel consumption decreases. An inter-
vehicle distance of 6m is expected to reduce fuel
consumption by approximately 15 times compared with
an inter-vehicle distance of 49 m.

The reduction ratio also changes depending on the
position of the trucks in the formation (leading, middle, or
trailing) [McAuliffe et al. (2018)]. The fuel cost savings were
the highest for trucks travelling in the middle (Table 1). The
greater the number of vehicles in the platoon, the greater the
number of trucks traveling in the middle of the formation, and
the lower the fuel consumption becomes. The number of
vehicles at each position depends on the number of trucks.
Specifically, for n = 2, the truck is either leading or trailing. For
n >3, the first truck is used for leading, the last truck is used for
trailing, and the remaining n-2 trucks travel in the middle.

4 Numerical analysis
4.1 Input values and scenarios

Using the developed cost models, the transport costs of
each case were calculated by changing several parameters to
observe their impact on the borderline conditions between
single and platooning operations and influential factors. The
input values used in this study are listed in Table 2. Among
the input values, some were determined based on interview
surveys or assumptions, as truck platooning is not yet
implemented on a commercial basis in Japan. For example,
the data on fp is insufficient; thus, they are set based on
interview surveys with expressway companies (i.e., NEXCO
Central). These times can be varied by improving the
operational efficiency in the future; however, forming and
dispersing a platoon generally needs to happen in a short
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TABLE 2 Input data.

Variable

Unit labor cost (cl)

Time for forming or releasing platooning (tp)
Average driving speed (v)

Transport distance for ad; and bd;

Fuel price per liter (p)

time. Therefore, multiple values were not prepared as
scenarios. The average driving speed v is determined based
on National Survey of Roads and Streets Traffic Conditions
(NSRSTC) in 2015, According to this survey, the average
speed on all expressways was 78.3 km/h in 2015. Thus, we set
the average driving speed, v, to 80 km/h. The distances ad;
and bd; were determined based on the National Freight
Transport Survey (NFTS) of Japan. According to the
NFTS, on average, the distance driven to access and egress
expressways and logistics centers is approximately 20 km.
Thus, we used a value of 20 km for ad; and bd;. In Japan,
diesel fuel is generally used to power heavy-duty trucks;
therefore, the average price of diesel fuel was used in our
calculations.

Using the above input values, we compared the
transportation costs of single and platooning operations.
We believe that the comparative advantages of both
operations vary according to several conditions. In this
study, we consider the average OD
(D= (Y;ad; +d +bd;)/n), tf, n, and s to have significant
impacts on transport costs. Note that fr is assumed to be
the same as tf. As mentioned later, the values for forming (¢p)
and dispersing a platoon (tr) are set based on an interview
survey with an expressway company. For these variables, real
values are not available because truck platooning operations
have not yet been implemented in practice. Thus, we
conducted an interview survey to determine these values.
They mentioned that forming and dispersing a platoon
should generally consume little time compared to the total
transport time between the origin and destination. Thus, the
values of tp and tr do not significantly affect the results.
Considering these factors, we assigned the same values to
these two variables, based on the interview survey. The longer
the OD distance, the larger the proportion of the transport
section used for platooning. Thus, a greater reduction in the
transport cost is expected. Specifically, the OD distance varies
from 100 to 1,300 km with increments of 100km. A
platooning operation is most likely to be introduced for
long-distance haulage. In Japan, 1,300 km approximately
corresponds to the Tokyo-Kagoshima distance via the real
road network, and according to the NFTS, the most frequently
used transport mode between these cities is still truck haulage.

Frontiers in Future Transportation

10.3389/ffutr.2022.913765

Value Source

1,515 JPY/h JETWU (2018)

0.083 h Interview survey with NEXCO Central
80 km/h NSRSTC

20 km NFTS

115 JPY/liter

07

METI (2022)

As shown in Figure 2, the distance between Tokyo and Osaka,
the two largest cities in Japan, is 500 km and the distance
between Tokyo and Nagoya is 350 km along the real road
network, indicating that a certain degree of demand exists for
freight transport within these distance zones.

Regarding the waiting time at platooning centers, the
transport cost is expected to decrease as the waiting time
decreases. This variable is assigned values from 0 to 4 h in 30-
min increments because it depends on the spatial-temporal
relationship of freight OD demand and company efforts. Zero
hours indicates that there is no waiting time at the platooning
center, which means that multiple trucks arrive at the
platooning center simultaneously, indicating that transport
planning and operation are perfectly managed. However, the
inter-vehicle distance between vehicles (s) and the number of
trucks (n) depend partly on the regulations. For these values,
multiple input values are also set. Three values were
considered for the inter-vehicle distance, 6, 12, and 49 m, as
described in Section 3.2.2. When considering the introduction
of truck platooning, restrictions on this distance are a major

//L
_ f,/

L l400km

FIGURE 2
Maps with a concentric circle centered at Tokyo.
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TABLE 3 Scenarios examined.

Variables Scenario 1 Scenario 2
Inter-vehicle distance (s) 6m, 12 m, 49 m 12 m (fixed)
Number of trucks (n) 3 (fixed) 2,3, 4
Waiting time at platooning center (¢f) 0-4h 0-4h
Average OD distance (D) 100-1,300 km 100-1,300 km

concern. Shorter distances lower the fuel costs owing to the
reduction in aerodynamic drag, thereby lowering truck
operating costs. However, shorter distances may also
increase safety concerns and drivers’ psychological
resistance. Therefore, the Japanese government is currently
carefully studying and discussing the regulation of the distance
between vehicles (Watanabe et al., 2021). The relationship
between the number of trucks in a platoon (n) and transport
cost is also a significant concern. In Japan, two to four trucks
are considered ideal for platooning. This variable is important
because the more trucks there are in a platoon, the higher the
fuel cost savings that can be achieved. However, the larger the
number of vehicles in a platoon, the more difficult it is to
overcome social resistance and matching issues. Therefore, in
our calculations we considered two, three, and four trucks, in
accordance with on-going discussions in Japan. Consequently,

the scenarios were set as listed in Table 3.

4.2 Scenario 1: Inter-vehicle distance (s)

The results of the cost differences between Cases 0 and
1 and Cases 0 and 2 for changing inter-vehicle distances are
shown in Figures 3, 4, respectively. The colored cells represent

10.3389/ffutr.2022.913765

the regions where the platooning operation has a comparative
advantage in terms of transport costs compared to single-
truck operation. The results show that the comparative
advantage of the platooning operation increases as the
distance between vehicles decreases in all the cases. This
result is expected because shorter distances between
vehicles lead to lower transport costs owing to the
reduction in aerodynamic drag.

The boundary that changes the comparative advantage in
terms of transport costs changes with the inter-vehicle
distance. Specifically, when s = 49 m and D = 800 km, the
comparative advantage of the platooning operation cannot be
secured unless the waiting time at the platooning center is
within 30 min for platooning with human drivers and with n =
3 (Case 1) (Figure 3C). Nevertheless, when s = 6 m and D =
800 km, the comparative advantage of platooning was secured
for a waiting time at the platooning center as long as 75 min
(Figure 3A). When s 49m and D 1,300 km, the

comparative advantage of platooning is lost if the waiting

time at the platooning center exceeds 1h (Figure 3C).
Platooning does not offer any advantage for transport
distances of 100 km for s 6m (Figure 3A) and 12m
(Figure 3B) and 150km for s = 49 (Figure 3C), and the

platooning operation has a cost advantage only for

operations with OD distances greater than those in Case 1.
When Tokyo is considered as the origin of haulage,
destinations within a distance of 100 km include Yokohama
City, which has an international port, and northern Saitama
Prefecture, where factories and logistics companies are
agglomerated.

Figure 4 shows that the platooning operation is feasible
even with a transport distance of 100 km in all cases of s
because unmanned trailing vehicles can significantly reduce
labor costs, which can also be observed from Figure 5. In Case

4.0 4.0 4.0 Cout
35 35 35 difference
AC<AC,
3.0 3.0 3.0 Low
25 2.5 2.5
ET) ET) £ 20
£ g H
; 1.5 ; 1.5 = 15
1.0 1.0 1.0
0.5 0.5 0.5 H
High
0 0 0
1 3 5 1 3 5 7 1 3 5 7
D (100km) D (100km) D (100km)
A s5s=6, n=3 B s=12, n=3 C 5=49,n=3
FIGURE 3

Cost comparison between Case 0 (single truck) and 1 (truck platooning) with changing inter-vehicle distance (s). (A)s=6,n=3(B)s=12,n=3

(C)s=49,n=3.
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2.5
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< 15 =
1.0
0.5
0
1 3 3
D (100km) D (100km) D (100km)
A s=6,n=3 B s=12,n=3 C s=49,n=3
FIGURE 4

Cost comparison between Case 0 (single truck) and 2 (truck platooning) with changing inter-vehicle distance (s). (A)s =6,n=3(B)s=12,n =3

(C)s=49,n=3.

1, the cost reduction is more strongly affected by changes in
the inter-vehicle distance (s) than in Case 2. The labor cost in
Case 2, which increases with transport time, is much lower
than in Case 1 because the trailing vehicle is unmanned.
Although the size of the regions in which platooning
operations offer a comparative advantage varies depending
on the inter-vehicle distance in Case 2, the effect is not as
significant as in Case 1.

4.3 Scenario 2: Number of platooned
trucks (n)

Figures 6, 7 show the effect of n on the cost differences
between Cases 0 and 1, and Cases 0 and 2, respectively. Higher

values of n correspond to a larger region in which platooning
operations constitute a comparative advantage, as shown in
Figures 6, 7. This is an expected result, albeit insignificant. For
example, when the transport distance is 800 km (e.g., Tokyo-
Hiroshima) in Case 1, the maximum waiting time at the
platooning center to maintain the cost advantage of
platooning, is 30 min for n = 2 (Figure 6A), but can only be
extended up to approximately 45 min for n = 4 (Figure 6C),
indicating that the number of trucks has relatively little influence
on the transport cost per truck. However, as shown in Figure 8, a
slight cost reduction can be achieved by increasing the number of
platooned trucks.

As for the comparison between Cases 1 and 2, in Figure 6, the
platooning operation has no comparative advantage over single-
truck operations at D shorter than 200 km. At the same time, as

40,000
~ 35,000
-~
Q
§ 30.000 23,876
x ’ 21,268 21,721 22,629
S 25000 (612%) (58.0%) (58.5%) (59-5%)
8
© 20,000
g 21,268 21,721 22,629
Z 15,000 (77.8%) (18.2%) (78:9%)
E
10,000 15,150 15,403 15,403 15,403
5000 (38:8%) (42.0%) (41.5%) (40.5%)
> 6,061 6,061 6,061
0 (22.2%) (21.8%) (21.1%)
Case 0 s=6 s=12 s=49 s=6 s=12 s=49
Case 1 Case 2
Labour cost Fuel cost

FIGURE 5

Breakdown of cost components for each inter-vehicle distance and operation case when n = 3, D = 800 and t; = 0.
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TABLE 4 Borderline conditions between single (Case 0) and platooning operation (Case 1 and 2).

Borderline between Cases 0 and 1

a

s=6 n= 0.0019207
n=3 0.0022655
n=4 0.0024379

s=12 n=2 0.0015760
n= 0.0018715
n=4 0.0020192

s =49 n= 0.00093574
n= 0.0010835
n=4 0.0011574

“a and b denote the parameters of the equation with respect to the waiting time., t f = aD + b.

shown in Figure 7, the platooning operation has a comparative
advantage over single-truck operations at D greater than 100 km.
Thus, the minimum OD distance at which the platooning operation
has a cost advantage compared with a single operation is lower in
Case 2 than in Case 1. This can be attributed to the advantages of
using unmanned trailing vehicles. As shown in Figure 8, the labor
cost in Case 2 was significantly lower than that in Case 1. Scenario
1 also shows that unmanned following vehicles have a significant
cost-saving effect (Figure 5).

A comparison of the slopes (boundaries between Cases 0 and
1 and Cases 0 and 2) in Figures 6, 7 shows that the slopes in
Figure 7 are steeper, indicating that the platooning operation
rapidly increases the cost advantage of unmanned trailing trucks,
and longer waiting times (#f) are required at the platooning
center. For example, when n = 2 and D = 800, the comparative

Borderline between Cases 0 and 2

b a b

~0.24383 0.0040563 ~0.24513
~0.25762 0.0052643 ~0.29400
~0.26451 0.0058756 ~0.31867
~0.23004 0.0038134 -0.23875
~0.24186 0.0050634 -0.28625
~0.24777 0.0056627 ~0.30986
-0.20443 0.0035872 -0.22535
~0.21034 0.0046936 -0.27025
~0.21330 0.0052567 -0.29256

advantage of the platooning operation is secured at tf = 30 min
for Case 1 and tf = 2.5 h for Case 2.

4.4 Borderline conditions between
and platooning operations

single

The relationship between a single truck and platooning at the
point at which the cost difference is zero is linear for both D and tf.
These relationships are used as equations for the borderline
conditions for the single and platooning operations, and can be
used to support decision-making for logistics operators and
The
borderline conditions are listed in Table 4. The positive slopes of
a indicate that higher D values correspond to higher tf values. The

policymakers in implementing platooning operations.

250

m Case 1 (Platooning with manned operation)

m Case 2 (Platooning with unmanned operation)
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FIGURE 10

Maximum waiting time at platooning center (tf) at D = 100 km where truck platooning has a comparative advantage over single truck operation.

value of slope a increases with increasing n. However, the values of
the y-intercept b are all negative, indicating that the cost advantage
of the platooning operation cannot be maintained with low D values.

The conditions under which the platooning operation offers a
comparative advantage in terms of transport costs are summarized
on the basis of the equations for the borderline conditions listed in
Table 4. Figure 9 shows the minimum D at ¢f = 0, whereas Figure 10
shows the maximum #fat D = 100 km, where truck platooning has a
comparative advantage over single-truck operation.

Based on Figure 9, to maintain the cost advantage of the
platooning operation, platooning should be introduced when the
OD distance is more than 100-200 km in Case 1. The distance
increases when ff is set to a longer value (¢f = 0 in Figure 10).
However, the minimum required OD distance varies significantly
depending on the inter-vehicle distance (s). As discussed in Section
4.3, for short distances below these values (approximately
100-200 km), a platooning operation with drivers is costlier than
driving alone, regardless of the reduction in matching waiting time
(#). In Case 2, the conditions were more relaxed than those in Case 1,
requiring a transport distance of approximately 60 km in all the cases.
Sixty kilometers is a slightly shorter range than the distance to the
border of the Kanto region centered in Tokyo, indicating that the
influence of unmanned trailing vehicles can significantly reduce labor
costs.

As shown in Figure 10, the maximum waiting time that can
be spent at the platooning center is very short. Specifically, this
time was less than 15 min for all combinations of variables in
Case 1. However, in Case 2, the waiting time increased to
20-35min. Thus, for the same OD distance (D), Case
1 permits a shorter waiting time for matching, which is
shorter than that of Case 2.
However, it can be understood that in both cases, the waiting

approximately 20%-50%

time would have to be short if the platooning operation was to
have a comparative cost advantage over single-truck operations.
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5 Conclusion

This study aimed to compare and analyze the transport costs
between single and platooning operations, determine the factors
that influence the transport costs and identify borderline conditions
between single and platooning operations. We formulated the cost
function for a hypothetical network by considering several factors
that affect transport costs. In the scenario analysis, the impacts of
the inter-vehicle distance and the number of platooned trucks on
the borderline conditions between single and platooned operations,
including unmanned driving, were discussed. The scenario analysis
has the following implications:

First, the platooning operation offers a comparative
advantage of with a shorter inter-vehicle distance. Specifically,
an inter-vehicle distance of 49 m and an OD distance of 800 km
demonstrated that the platooning operation no longer offers an
advantage over manned driving unless the waiting time at the
platooning center is within 30 min. Nevertheless, when the inter-
vehicle distance is 6 m and the OD distance is 800 km, the
platooning operation has a lower cost per haulage for waiting
times at the platooning center of at most 75 min. Second,
platooning holds no advantage for transport distances of
100 km for inter-vehicle distances of 6 and 12 m, and 150 km
for an inter-vehicle distance of 49 m. Additionally, the
platooning operation only has a cost advantage for operations
with OD distances greater than these distances with manned
driving. A platooning operation is feasible in terms of the
operating cost, even with a transport distance of 100 km,
when unmanned operation is introduced. Unmanned trailing
vehicles can significantly reduce labor costs and make it feasible
to introduce platooning operations for short-distance trips.
Additionally, the cost advantage of platooning operations
by
operations. Third, a larger number of trucks in platooning

rapidly increases introducing unmanned platooning
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expand the conditions under which platooning operations offer a
comparative advantage. This is an expected result, albeit
insignificant, indicating that the number of trucks has a
relatively small influence on cost reduction. Fourth,
platooning operations should be introduced when the OD
distance is more than 100 km manned operations, although it
varies under several conditions. For unmanned platooning
operations, the conditions are more relaxed, requiring a
transport distance of approximately 60 km in all the cases.
This research could be expanded in two major directions in future:

e This study was conducted by considering the Japanese
situation. Several of the input values and truck
operations were based on Japanese guidelines, driving
conditions, and distances. Thus, it is preferable to
conduct case studies in other countries. This is the first
limitation of this study and a future research direction.

e Actual networks and demands should be applied to observe
the total cost reduction by introducing platooning in a real
network. For example, the distribution of the OD would affect
the waiting time at platooning center A because a denser truck
area is expected to shorten the waiting time for matching
trucks. However, a study such as this in a real network is
hampered by the issue of data unavailability. In Japan, detailed
data are available on freight transport, such as those gathered
in surveys such as the National Freight Transport Survey.
These data are composed of spatial-temporal information on
truck haulage, such as their real origin and destination,
departure and arrival times, and preferred arrival time.

e In our model, several input values were used to calculate the
transport cost of each platooning operation. Our model and its
results are valid if the input data are sufficiently accurate. Some
of the input values were set based on the findings of interview
surveys; for example, the times for forming and dispersing
platoons were set based on interview surveys with expressway
companies. As such, the results obtained in this study may
have varied; however, forming and dispersing platoons
generally require a short time; thus, the interpretations
discussed in this study would not be significantly affected.
Additionally, the fuel consumption rate is expected to improve
in the future. In this case, because the fuel consumption of a
platooning operation is lower than that of a single operation,
the comparative advantage of the platooning operation might
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