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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 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 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 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 3–10 m 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 length, and tightness of time windows. These studies demonstrated that these factors can considerably reduce the positive effects of truck platooning, particularly regarding fuel savings. Larsson et al. (2015) presented several heuristics for determining optimal or near-optimal solutions for the platooning operation of the German Autobahn Road network. 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 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, real-time, and opportunistic platooning. Scheduled platoon planning is a basic platooning method in 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 et al. (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 intersections. Vehicles crossing intersections in platoons increased the saturation flow rates by a factor of two to three. 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 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 n 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, n 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 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 (METI, 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.
[image: Figure 1]FIGURE 1 | Hypothetical networks of single and truck platooning haulage. (A) Single haulage, (B) Platooned trucks.
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 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 n-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 [image: image], from platooning centers A to B [image: image], and from platooning center B to the destination of each tuck i [image: image].
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 (ACm) of a logistics company is calculated using Eq. 1:
[image: image]
where LCm is the total labor cost, FCm 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 n trucks for a one-way trip.
3.2.1 Labor cost
LCm is computed as the product of the cost of labor per hour [image: image] 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 (tp), waiting time for other matching trucks to form a platoon (tf), 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, tp, tf, and tr are set to zero. The labor cost ([image: image]) was calculated using Eq. 2:
[image: image]
where v is the average driving speed.
Cases 1 and 2: Truck platooning network
In Cases 1 and 2, the labor costs ([image: image]) 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 [image: image] and the non-platooning travel distance, which is the sum of the travel distance of each truck from the origin to platooning center A ([image: image]) and from platooning center B to the destination ([image: image]). 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).
[image: image]
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3.2.2 Fuel cost
The fuel cost ([image: image]) 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.
Case 0: Single truck network
Equation 5 expresses the total fuel cost in Case 0 ([image: image]). 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.
[image: image]
[image: image]
Cases 1 and 2: Truck platooning network
In the case of a truck platooning network, the fuel costs for Cases 1 and 2 ([image: image]) 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.
[image: image]
The reduction ratio changes depending on the inter-truck distance [image: image]. Table 1 lists the values of the reduction ratio ([image: image]) 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 et al., 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 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 6 m is expected to reduce fuel consumption by approximately 15 times compared with an inter-vehicle distance of 49 m.
TABLE 1 | Reduction ratio of fuel consumption ([image: image]) by platooning for each truck (Cases 1 and 2 only).
[image: Table 1]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 [image: image], 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 tp 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 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 [image: image] and [image: image] 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 [image: image] and [image: image]. In Japan, diesel fuel is generally used to power heavy-duty trucks; therefore, the average price of diesel fuel was used in our calculations.
TABLE 2 | Input data.
[image: Table 2]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 ([image: image]), tf, n, and s to have significant impacts on transport costs. Note that tr is assumed to be the same as tf. As mentioned later, the values for forming (tp) 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 100 km. 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. 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.
[image: Figure 2]FIGURE 2 | Maps with a concentric circle centered at Tokyo.
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 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.
TABLE 3 | Scenarios examined.
[image: 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 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.
[image: Figure 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.
[image: Figure 4]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.
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 = 49 m and D = 1,300 km, the comparative advantage of platooning is lost if the waiting time at the platooning center exceeds 1 h (Figure 3C). Platooning does not offer any advantage for transport distances of 100 km for s = 6 m (Figure 3A) and 12 m (Figure 3B) and 150 km 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 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.
[image: Figure 5]FIGURE 5 | Breakdown of cost components for each inter-vehicle distance and operation case when n = 3, D = 800 and tf = 0.
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.
[image: Figure 6]FIGURE 6 | Cost comparison between Case 0 (single truck) and 1 (truck platooning) for a different number of platooned trucks (n). (A) n = 2, s = 5 (B) n = 3, s = 6 (C) n = 4, s = 6.
[image: Figure 7]FIGURE 7 | Cost comparison between Case 0 (single truck) and 2 (truck platooning) for a different number of platooned trucks (n). (A) n = 2, s = 6 (B) n = 3, s = 6 (C) n = 4, s = 6.
[image: Figure 8]FIGURE 8 | Breakdown of cost components for each inter-vehicle distance and operation case when s = 6, D = 800 and tf = 0.
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 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 (tf) are required at the platooning center. For example, when n = 2 and D = 800, the comparative 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 single and platooning operations
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 policymakers in implementing platooning operations. The borderline conditions are listed in Table 4. The positive slopes of a indicate that higher D values correspond to higher tf values. The 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.
TABLE 4 | Borderline conditions between single (Case 0) and platooning operation (Case 1 and 2).
[image: Table 4]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 tf = 0, whereas Figure 10 shows the maximum tf at D = 100 km, where truck platooning has a comparative advantage over single-truck operation.
[image: Figure 9]FIGURE 9 | Minimum distance between origin and destination (D) at tf = 0 where truck platooning has a comparative advantage over single truck operation.
[image: Figure 10]FIGURE 10 | Maximum waiting time at platooning center (tf) at 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 tf is set to a longer value (tf = 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 (tf). 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 20–35 min. Thus, for the same OD distance (D), Case 1 permits a shorter waiting time for matching, which is approximately 20%–50% shorter than that of Case 2. However, it can be understood that in both cases, the waiting time would have to be short if the platooning operation was to have a comparative cost advantage over single-truck operations.
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 rapidly increases by introducing unmanned platooning operations. Third, a larger number of trucks in platooning 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:
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.
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.
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 decrease in the future. The data used as input is an important future task for this study.
The cost of manned and unmanned trucks may differ because the mechanical and electrical compositions of the trucks are different. However, because unmanned operation is not popular and the development of relevant technology is currently underway, the specific cost difference between manned and unmanned trucks remains unknown. Thus, our study did not reveal any such cost differences. This is also an important topic for future work.
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