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Abstract: An evaluation of resource efficiency by the transportation system is essential.
Resource efficiency was examined from the perspective of mining activity in the form
of resource intensity of transportation systems by combining transportation means and
infrastructure. The framework of transport infrastructure was developed under a stan-
dardized classification to compare the entire transportation sector for various modes of
transportation. This framework consists of links, support for links, nodes, fuel supply, and
tanks for roadways, railways, aviation, and waterways. The developed framework was
then applied to the Japanese transportation system, and resource efficiency in terms of pas-
sengers per vehicle was estimated by integrating means of transportation with associated
infrastructure using the total material requirement as an indicator of mining intensity. It
was identified that the transport infrastructure accounts for a high share of the resource
intensity of passenger cars (15–30%) and railways (50–80%). Notably, even considering
the massive mining demand for the development of transport infrastructure, the resource
efficiency of railways is the highest among various transportation modes.

Keywords: natural resource use; total material requirement; material footprint; transport
infrastructure; mining footprint

1. Introduction
Global energy consumption has grown tremendously in the last few decades. The

energy consumption in the transportation sector is significant among various energy-
intensive sectors [1]. Although energy consumption is expected to increase in the future,
greenhouse gas emissions in the transportation sector must be reduced by approximately
20% to 5.7 Gt by 2030 to achieve net zero emissions by 2050 [2].

Towards a zero carbon emission society, studies on the energy and resource efficiency
in the transportation system have widely gained attention from the lifecycle perspective,
comparing different types of transportation means. It has been commonly reported that the
energy efficiency, defined as energy consumption for one person with a mileage of 1 km,
of railways is better than that of roadways and of aviation (e.g., in Japan [3], the United
States [4], China [5], and some Asian countries [6]).

Notably, these studies do not include the energy consumption associated with trans-
port infrastructure in the energy efficiency study. The form of infrastructure varies de-
pending on transportation mode. For example, regarding the infrastructure of railways,

Sustainability 2025, 17, 2437 https://doi.org/10.3390/su17062437

https://doi.org/10.3390/su17062437
https://doi.org/10.3390/su17062437
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-6336-4811
https://orcid.org/0000-0002-7168-9218
https://orcid.org/0000-0002-0230-0985
https://orcid.org/0000-0002-5896-9629
https://doi.org/10.3390/su17062437
https://www.mdpi.com/article/10.3390/su17062437?type=check_update&version=1


Sustainability 2025, 17, 2437 2 of 15

various materials (e.g., Fe for rail) are required to be used as inputs, causing a significant
amount of energy consumption [7]. Thus, the integration of vehicles and associated in-
frastructure might bring different trends in the energy and resource efficiency of various
transportation modes.

Although the transport infrastructure gained much less attention compared with indi-
vidual vehicles, some studies have analyzed the environmental impacts of the associated
infrastructure. However, the classification of constituents of infrastructure in the transporta-
tion system varies in different studies. For example, Gabriel et al. [8], while evaluating the
infrastructure in roadways, included fuel charging stations for automobiles as a constituent
of infrastructure but excluded roads. Merchan et al. [7], while evaluating the infrastructure
in railways, included rail tracks and overhead wires but excluded stations for passengers.
Therefore, a comparison of land transportation between roadways (e.g., [8]) and railways
(e.g., [7]) cannot be performed because of the differences in the framework of infrastructure
considered. This implies that the development of a framework for infrastructure under a
standardized classification is required to enable comparisons of the entire transportation
sector including infrastructure development for various transportation modes.

In this study, resource efficiency is used as an evaluation indicator of transportation
systems. In recent years, the estimation of resource use as an input in the transportation
system has received increasing attention. Economic growth across the globe has resulted
in intensive resource use associated with transportation systems in excess of their needs
for supporting the well being of people [9]. The increasing demand for resources due
to vehicle electrification leads to an imbalance between supply and demand for specific
mineral resources [10], reduced resource efficiency [11], the risk of mineral depletion [12],
and the decline in ore grade [13].

Resource-related issues of infrastructure gain attention in the topic of the volume of
resource input. Over the past few decades, as the economy has grown, the infrastructure
related to the transportation system has been rapidly developed in many countries, requir-
ing a significant quantity of resources [14] and resulting in the continuous accumulation
of materials used for transport infrastructure [15]. The development of infrastructure con-
sumes huge quantities of resources, posing a serious threat to the environment [16]. Stock
analysis associated with the construction of infrastructure in the transportation sector was
conducted in several countries, including India [16], Canada [17], and China [18], including
an estimate for the future [19]. In addition, the importance of resource use in infrastructure
development was highlighted through environmental impact analyses of the construction
of infrastructure such as roadways [20], railways [21], aviation [22], and waterways [23].

A primary limitation of prior research examining resource use within the transport
system lies in the restricted scope of system boundaries employed for resource accounting.
While direct material weight has been frequently utilized to assess resource use for transport
infrastructure development, this approach presents challenges in accurately estimating
the practical environmental impact. Given that the majority of resources are extracted
through mining activities and considering the documented negative environmental [24]
and biodiversity [25] impacts associated with these operations, the explicit consideration
of mining activity volume is crucial for informed resource management discourse. The
increasing extraction of natural resources via mining poses a substantial threat to the long-
term sustainability of resources essential for the global energy transition [26]. Therefore,
the volume of resource use, as viewed from the perspective of mining activity, should be
adopted as a key indicator.

Limited scholarly attention has been directed towards analyzing resource utiliza-
tion within the transportation sector from a mining perspective. While studies such as
Takimoto et al. [27] and Watari et al. [26] have identified substantial increases in mining
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demand driven by the automotive industry based on the mining intensity of various vehicle
types [28], a gap remains in the literature. Even within the automotive sector, resource
use associated with infrastructure development has received scant analysis. Furthermore,
other crucial transportation modes, including railways, waterways, and aviation, have
been largely overlooked. This omission precludes a comprehensive comparative analysis
of different transportation modalities that considers both vehicle production and infrastruc-
ture requirements. Consequently, this study aims to develop a standardized classification
framework for transport infrastructure, enabling comparisons across diverse transportation
modes. Subsequently, by integrating transportation means with their associated infras-
tructure (roadways, railways, aviation, and waterways), the research will estimate the
resource efficiency of the transportation system from a mining demand perspective. The
contributions of this study are twofold: (1) the provision of a standardized transport in-
frastructure framework for intermodal comparison, applicable also to the analysis of other
environmental indicators within the transport system; and (2) the identification of the most
resource-efficient transportation mode, considering mining activity, through the integrated
assessment of both vehicle and infrastructure.

2. Framework of Transport Infrastructure
First, we present an overview of the system boundaries of the transport infrastructure.

Then, we categorize the transport infrastructure within the system boundaries.

2.1. System Boundaries of Transport Infrastructure

It is necessary to define terms related to transportation for classification. The trans-
portation mode is defined as a particular transport style that corresponds to roadways,
railways, aviation, and waterways. Transportation means is defined as a vehicle for moving
from one place to another, such as a passenger car, bus, train, airplane, or ship.

Infrastructure is a collective name for all the elements that support the foundation of
human activities, including industry and life. Infrastructure is classified into social (e.g., ed-
ucational, health, cultural, and financial) and economic (e.g., energy, communication, and
transportation) sectors [29,30]. Based on these, in this study, transport infrastructure is
defined as the facilities that support human and material mobility.

It is necessary to clarify the system boundaries of the transport infrastructure, which
can be applied to different transportation modes. Transportation infrastructure is classified
into primary and secondary transport infrastructures to set its system boundaries. The
infrastructure that supports the economic foundation in various fields is classified into
categories of energy, communication, and transport. Each of these categories is associated
with social services, that is, the infrastructure necessary for performing work, sharing
information, and moving goods and people corresponding to energy, communication, and
transportation, respectively.

In this study, the primary transport infrastructure is defined as being associated with
the moving of transportation means without interaction with other categories of infras-
tructure. For instance, essential facilities that are required by transportation modes in
the primary transport infrastructure include roads, railroads, stations, and fuel stations.
The secondary transport infrastructure is that which supplementarily supports mobility
across multiple categories of infrastructure. Examples of secondary transport infrastructure
include 1. facilities for electricity supply such as power stations, electric wires, and tele-
graph poles that are primarily included in the energy infrastructure, which supplementarily
supports traffic lights and outside lights used in the transportation sector, and 2. facili-
ties, such as satellites, that share operational information associated with transportation
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means that are included in the communication sector, which supplementarily supports
transportation systems.

We focus on the primary transport infrastructure in this study and exclude secondary
infrastructure to restrict only the transportation sector and show the differences between
different transportation modes.

2.2. Categorization of the Primary Transport Infrastructure

Primary transport infrastructure was categorized into a mobility foundation and a fuel
station to develop its framework and compare it based on different transportation modes.

The mobility foundation is the essential component of the primary transport infras-
tructure as it leads movement from one place to another, especially the foundation with a
specially prepared surface or space that can be used by transportation means. The concepts
of “node” and “link”, which are commonly used in the logistics industry, are applied to the
category of the mobility foundation. A “node” is defined as a place where transportation
means stop and passengers get on and off. The node in this study corresponds to parking
lots for roadways, train stations for railways, airports for aviation, and ports for waterways.
A “link” is defined as a route connecting a node. The link in this study corresponds to
roads for roadways and railway lines for railways. And, “support for link” is defined as
facilities attached to a link, such as a tunnel, bridge, traffic light, and outside light, which
assist the transportation means in operating smoothly.

Fuel stations are the other essential components of the primary transport infrastructure,
which are needed to supply fuel for use in various transportation means. The fuel station
is categorized as the “tank” in which fuel for transportation means is stored, and “fuel
supply” is the equipment used to supply fuel to various transportation means. It must be
noted that a support vehicle used for fuel supply from the tank to aircraft in aviation and
ferries in waterways was not considered in this study.

The overview of the primary transportation mode is shown in Figure 1, and the
detailed facilities for each transportation mode are shown in Table 1.
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Figure 1. Overview of the primary transport infrastructure. A “node” is defined as a place where
transportation means stop and passengers get on and off. A “link” is defined as a route connecting a
node. A “support for link” is defined as facilities attached to a link, such as a tunnel, bridge, traffic
light, and outside light, which assist the transportation means in operating smoothly. The fuel station
is categorized as the “tank” in which fuel for transportation means is stored, and “fuel supply” is the
equipment used to supply fuel to various transportation means.
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Table 1. Summary of the primary transport infrastructure for each transportation mode.

Transportation
Mode

Transportation
Means Link Support for

Link Node Tank Fuel Supply

Roadways

Internal
combustion engine

vehicle (ICEV)
Road Bridge, tunnel,

traffic light Parking lot Underground
tank Hose

Hybrid electric
vehicle (HEV) Road Bridge, tunnel,

traffic light Parking lot Underground
tank Hose

Battery electric
vehicle (BEV) Road Bridge, tunnel,

traffic light Parking lot Charging
station Hose

Fuel cell vehicle
(FCV) Road Bridge, tunnel,

traffic light Parking lot
Hydrogen
producer

Compressor
Dispenser

Internal
combustion engine

bus (ICE bus)
Road Bridge, tunnel,

traffic light Parking lot Underground
tank Hose

Railways

Conventional
railways (CRs) Rail truck Bridge, tunnel,

traffic light Station N/A Overhead wire

High-speed
railways (HSRs) Rail truck Bridge, tunnel,

traffic light Station N/A Overhead wire

Aviation Aircraft N/A N/A Airport Tank Pipeline

Waterways Ferry N/A N/A Port Tank Pipeline
N/A: not applicable.

3. Methodology
3.1. Total Material Requirement

To evaluate the resource efficiency of various transportation modes from the perspec-
tive of mining activity, the resource indicator needs to be selected.

Natural resources are extracted from the lithosphere and ultimately dispersed into
the ecosphere [31]. This process of natural resource utilization engenders environmental
impacts [32], for which various methodological approaches within Life Cycle Impact
Assessment (LCIA) have been documented [33]. This study focuses on the quantification
of natural resource use volume. Natural resources, originating within the lithosphere,
are subject to extraction and exploitation through mining activities, which represent the
depletion of lithospheric natural capital stocks. Evaluating the scale of mining activities
enables the quantification of natural resource extraction.

One potential approach to estimating the mining activity scale involves measuring
the associated land area, given that mining activities are categorized as a form of anthro-
pogenic land use [34]. Land use is a recognized factor influencing environmental impacts
within LCIA frameworks. Common indicators of land use include land occupation and
transformation areas [35]. Notably, the quantification of land surface area (m2) does not
comprehensively reflect the total volume of extracted resources, including mine waste, as
it fails to account for variables such as mine depth. Given the absence of a universally
accepted quantification approach for land use, the exclusive application of land surface
area to evaluate mining activities and resource use may be deemed inadequate.

Therefore, in lieu of land surface area, a specific metric for quantifying resource use
derived from mining activities is warranted. Weight provides an alternative measure of
the scale of land disturbance associated with mining. Indeed, mining activities globally
displace over 57 billion tons of lithospheric material annually [36]. To evaluate the volume
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of natural resource use in the transportation system, this study focuses on the quantification
of land disturbance weight resulting from the mining of primary lithospheric resources.
This aligns with the principle of total material requirement (TMR), which is an indicator to
quantify resource use [37].

TMR considers all material inputs involved in the mining activity, including hidden
flows, which allows for including a most extensive range of system boundaries compared
to other resource-related indicators, such as direct material input and raw material equiva-
lent [38]. TMR encompasses not only direct and indirect resource inputs but also hidden
flows. Hidden flows are defined as mining waste, such as mining overburden or soil
excavation, associated with the extraction of raw materials. Mining activity brings negative
damage to the surrounding environment and the local biodiversity [25], which implies the
importance of considering hidden flows in discussing resource use. In recent years, TMR
has been applied to the transportation sector for the estimates of resource use (e.g., various
types of automobiles [28], global automotive sector [26,27]) and gained great attention.

The quantity of resource use on a TMR basis was estimated using Equation (1). “TMR”
represents the weight of the product on a TMR basis (kg-TMR), Xn represents the TMR
coefficient of each material, and Wn represents the weight of the material (kg).

TMR = ∑(Xn · Wn) (1)

3.2. Resource Intensity Evaluation

Four transportation modes, including roadways, railways, aviation, and waterways,
were considered and the stages of production, operation, and maintenance for transporta-
tion means and primary transport infrastructure were analyzed.

Firstly, the use of resources by transportation means was calculated per unit, and
the use of resources by the primary transport infrastructure was calculated on a national
scale by referring to Equation (1). The detailed calculation process is presented in the
Supplementary Information.

To compare the resource efficiency of various transportation modes, resource use was
converted to resource intensity as a functional unit. Resource intensity is defined as the
quantity of resource use required to transport one person by 1 km, represented as Pkm. A
lower resource intensity corresponds to higher resource efficiency.

The resource use of the primary transport infrastructure was calculated on a national
scale, which is different in terms of the evaluation subject from that of the use of resources
by transportation means per unit. Before estimating the resource intensity of each trans-
portation mode, the estimated resource use of the primary transport infrastructure on a
national scale must be allocated to an individual transportation means. The allocation
process is as follows.

It is necessary to discuss the lifetime of the primary transport infrastructure based
on the transportation means. The quantity of resource use associated with the primary
transport infrastructure was modified by adopting the rate of the lifetime of the primary
transport infrastructure to that of transportation means as a weighting factor. Then, the use
of resources by the primary transport infrastructure was converted to each transportation
means to be integrated with that of transportation means. The resource use associated with
the primary transport infrastructure was allocated based on the number of transportation
means (roadways and railways), the number of aircraft switching away (aviation), and the
number of ships entering ports (waterways).

Based on these, the quantity of resource use based on the TMR of each stage for
primary transport infrastructure per transportation means was calculated using the follow-
ing equation:
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Ii =
Ui
Z

· ST
SI

(2)

where Ii represents the TMR of the primary transport infrastructure per each transportation
means under the stage of i (production, operation, and maintenance), Ui represents the TMR
the primary transport infrastructure on a national scale under the stage of i (production,
operation, and maintenance), Z represents the allocation indicator of each transportation
means explained above, such as the number of transportation means, aircraft switching
away, and ports, ST represents the lifetime of transportation means, and SI represents the
lifetime of the primary transport infrastructure.

Finally, resource intensity was calculated using the following equation:

Q =
∑ Ti + ∑ Ii

L · N
(3)

where Q represents the resource intensity of each transportation mode, Ti represents the
TMR of each transportation means under stage i (production, operation, and maintenance),
Ii represents the TMR of the primary transport infrastructure per each transportation means
under stage i (production, operation, and maintenance), L represents total mileage, and N
represents the number of passengers.

3.3. Data Collection

The Japanese transportation system is selected as a case study for the quantitative
analysis of resource efficiency. In this study, it is required to select, for a comparative
analysis, a country in which various transportation modes including roadways, railways,
airways, and waterways are well developed. In Japan, most of the cities are connected
through these transportation modes and thus, Japan is suitable for this assessment.

Inventory data for each transportation mode, including transportation means and associated
primary transport infrastructure, in Japan are summarized in the Supplementary Information.

4. Results
4.1. Resource Use Under the Production of Primary Transport Infrastructure in Japan

The quantity of use of resources by the primary transport infrastructure on a national
scale in Japan for each transportation mode was calculated. The results are shown in
Figure 2.

The quantity of use of resources by the primary transport infrastructure increases in the
order of waterways, railways, aviation, and roadways. Specifically, roadways have resource
use that is 18 times higher than railways, 13 times higher than aviation, and 450 times
higher than waterways. Each category under the developed framework of the primary
transport infrastructure was compared between each transportation mode (Figure 3). The
contribution of an airport in aviation is the highest among the nodes. Ordinary roads in
roadways constitute the highest link. Bridges in railways form the highest support for
links. Underground tanks in roadways constitute the highest tank. The overhead wire for
railways is the highest in terms of fuel supply.

For roadways, roads have a significant impact on resource use, followed by mainte-
nance associated with roads, and these two components account for approximately 95% of
resource use. Ordinary roads and highways accounted for approximately 98 and 2%, re-
spectively. Japan has the highest road density among the G20 countries, and ordinary roads
have been developed in many routes through mountains, accounting for approximately
70%. On the other hand, the use of resources by nodes (e.g., parking lots), support for
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links (e.g., tunnels, bridges, and traffic lights), fuel stations, and operation of the primary
transport infrastructure are negligibly low.
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For railways, bridges and rail tracks have an impact on the use of resources by
the primary transport infrastructure. Both links and support for links accounted for
approximately 75% of the resource use. As Japan has many mountains and rivers, numerous
constructions of support for links, especially bridges, were implemented to connect cities
more easily.

For aviation, airports have a significant impact in terms of the use of resources by the
primary transport infrastructure, accounting for approximately 70%. For the construction
of airports, a higher quantity of resources (e.g., asphalt and cement) is needed to improve
the suitability of the ground (e.g., runway) compared to other components in aviation
(e.g., tanks and pipelines).

For waterways, the operation stage for primary transport infrastructure accounts for
60% of the whole requirement of resource use because they do not require links and the
infrastructure development for the transportation means remains intact for a long duration,
which is different from those of other transportation modes.
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The use of resources by the primary transport infrastructure based on TMR accounts
for approximately 50% of the total annual quantity of resource use in Japan, which was
estimated using a top-down approach in a previous study [39]. Studies on the analysis of
the transportation sector have quantitatively confirmed that the quantity of resource use
associated with infrastructure cannot be ignored. Enormous quantities of resources are
expected to be used in the transportation sector, particularly in developing countries where
the transport infrastructure has not been sufficiently developed. Even in Japan, where
transport infrastructure has been well developed, continuous resource use is required for
the maintenance of primary transport infrastructure.

4.2. Resource Efficiency

The resource intensity of each transportation mode based on TMR in Japan is shown in
Figure 4. The resource intensity of each transportation means integrated with the associated
primary transport infrastructure was focused on to compare resource intensity in detail
according to individual vehicle types of different transportation modes.
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Resource intensity varied depending on transportation means, increasing in the order
of high-speed railways, conventional trains, ICE buses, aircraft, ICEVs, FCVs, HEVs, ferries,
and BEVs.

The trend in resource use of vehicles as transportation means without including the
primary transport infrastructure was examined as follows. Depending on transportation
means, two trends were observed as follows: (1) every lifecycle stage has a contribution to
resource intensity and (2) only the operational stage has an impact on resource intensity.
For passenger cars, CRs, and HSRs, each lifecycle stage of transportation means has an
impact on resource intensity. Especially, for HEVs, BEVs, and FCVs, the use of metals and
materials used in traction batteries have high TMR coefficients and cause an increase in
resource intensities of both the production and maintenance stages [28]. The operational
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stage dominates resource intensity in the cases of ICE buses, aircraft, and ferries because of
the higher value of the TMR coefficient of fuels and the relatively higher quantity of fuel
requirements in the total lifetime mileage.

The impact of the primary transport infrastructure on the integration of resource
intensity was examined as follows. The stages of development and maintenance of the
primary transport infrastructure have impacts on resource intensity in passenger cars
(e.g., 30%, 20%, 15%, and 25% for ICEVs, HEVs, BEVs, and FCVs, respectively) and
railways (e.g., approximately 50 and 80% for conventional trains and high-speed railways,
respectively). On the other hand, the infrastructure stage accounted for less than 1% of
the resource intensity of aircraft, ferries, and ICE buses. As mentioned above, the resource
input under the operation stage of transportation means is significant. In addition, for ICE
buses, as the number of vehicles is much less than that of passengers, the limited use of
resources by the primary transport infrastructure was evidenced.

Thus far, the transport infrastructure has not been integrated into the analysis of the
resource efficiency of transportation means. This study shows that primary transport infras-
tructure has an impact on resource intensity in some transportation modes. Notably, even
after considering transport infrastructure, the resource efficiency of railways was the high-
est among various transportation modes. To efficiently use resources in the transportation
sector, the promotion of railways would be the most effective from the resource perspective,
even if a high quantity of resources is invested in the primary transport infrastructure
associated with it.

5. Discussion
5.1. Sensitivity Analysis

A sensitivity analysis was performed to identify the influential factors. The parameters
for the calculation of resource intensity included occupation rate, fuel economy, total
mileage, and resource intensity of energy mix. These were changed within ±30%, and the
results are shown in Figure 5. Here, the case of BEVs, high-speed railways, aircraft, and
ferries was picked up to demonstrate the features of different transportation modes.

For all transportation means, the occupation rate is the most influential factor in the
calculation of resource intensity. The total mileage in passenger cars and railways and
the fuel economy in aircraft and ferries are the second most influential factors. As the
operational stage of passenger cars and railways have a limited share in resource intensity,
fuel economy and change in the energy mix for these vehicles is not as influential as
in aviation and ferries. Total mileage has an impact on all lifecycle stages because the
functional unit of resource intensity in terms of Pkm is more sensitive.

Japan is facing a turning point in terms of transportation systems in anticipation of
the decrease in population and the advent of a super-aged society. This might have an
influence on the resource intensity of the domestic transportation sector. In particular, based
on the sensitivity assessment, strategies for reducing resource intensity associated with
socioeconomic aspects, such as occupation rate, are required for each transportation mode.

For passenger cars, the effective strategy associated with the occupation rate would be
ridesharing. In Japan, the population is decreasing while the number of privately owned
vehicles is increasing [40], which will further reduce the occupation rate and increase
resource intensity. The introduction of a ridesharing system will contribute to an increase in
the occupation rate. However, there are many problems associated with the development
of legislation for promoting ridesharing in Japan due to opposition from the taxi industry
and a lack of understanding of the concept. The legal framework should be reviewed by
referring to practices adopted by other countries. A demonstration site of a special district
for ridesharing should be implemented.
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5.2. Implications and Future Work

Resource efficiency was examined from the mining perspective in the form of the
resource intensity of transportation systems by combining transportation means and infras-
tructure. It was presented that transport infrastructure accounts for a high share of resource
intensity of passenger cars (30, 20, 15, and 25% for internal combustion engines, hybrid
electric, battery electric, and fuel cell vehicles, respectively) and railways (approximately
50 and 80% for conventional and high-speed railways, respectively).

It was acknowledged that the resource intensity of battery electric vehicles is signif-
icantly high among various transportation means, whereas it was newly shown in this
study that the previous results would be comparatively underestimated when considering
the impact of infrastructure development. In addition, it was identified that the amount
of resources used for the railway infrastructure is much less than that for roadways and
slightly less than that for aviation, and even considering the transport infrastructure, the
resource efficiency of railways is the highest among various transportation modes.

In this study, the framework of the primary transport infrastructure was developed,
and it is composed of a link, support for link, node, fuel supply, and tank. The developed
framework can indicate the resource-intensive components for each transportation mode
(e.g., ordinary roads as links for roadways, rail tracks as links and bridges as support for
links for railways, and airports as nodes for aviation). This indicates that the comprehensive
framework that includes all components in the primary transport infrastructure is essential
for the analysis of multiple transportation modes, as intensive components of the primary
transport infrastructure vary depending on each transportation mode.

Our framework suggests that existing studies lack an important part of infrastructure
in their assessments. For instance, the study by Ribeiro et al. [41] did not consider the
node including the airport in aviation, which may have underestimated the emissions of
aviation. Kaewunruen et al. [42] showed that bridges are the only important component
in railways, whereas, according to our framework, rail tracks are equally important in
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railways. Rungskunroch et al. [43] indicated that the impact of fuel supply facilities is low,
whereas next-generation fuels should be considered. These missing components in the
infrastructure analysis were exposed as important factors through our framework. Thus,
an effective comparison of different transport infrastructures requires a comprehensive
framework that includes various categories.

In this study, the use of natural resources was selected as an indicator for evaluating the
performance of transportation modes. The resource intensity of automobiles was the highest
among various transportation means. Although automobiles are commonly considered
to have high resource and carbon intensities, including infrastructure development, the
benefit of roadways cannot be simply ignored. Even if railways, aviation, and ferries
are used for specific forms of mobility, the roadways might be used to cover a part of
the mobility as a supplement. For example, automobiles are used to reach a station in
railways, an airport in aviation, or a terminal in waterways. To consider the importance of
roadways in mobility, it is further important to evaluate the overall performance of each
transportation mode considering various indicators such as greenhouse gas emissions,
resource use, construction cost, and benefits.

After the identification and estimation of resource use in the national transportation
system by this study, the next step would be to evaluate resource circularity. The use of
secondary materials extracted from transportation means and infrastructure is expected to
reduce resource intensity. As the adoption of resource circularity depends on countries and
regions, the spatial boundaries should be expanded from the national scale to the global
scale diachronically to evaluate the mitigation effects of resources in the transportation
system through resource circularity.
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