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Abstract

The development of the railway system has emerged as an imperative in strengthening
the freight transportation system, particularly considering the inherent restrictions of road
transport. Road congestion, limited carrying capacity, cost inefficiencies, speed constraints,
and numerous socio-environmental concerns are common limitations. Nevertheless, the
effectiveness of railway development initiatives varies across nations owing to distinct
macro-scale influences. Accordingly, developing rail freight requires a systematic evalu-
ation of both its constraining elements and strategic imperatives, tailored to a country’s
specific context and competencies in rail freight operations. In response to this necessity,
a comprehensive model assessing rail freight performance has been formulated in this
research by employing a unique methodology targeting the underlying causal factors.
The model consists of an initial phase of problem analysis, identification of rail freight
performance drivers, followed by a study of rail freight performance in 64 countries and
a subsequent non-linear multiple regression analysis. Key findings from the model em-
phasize the importance of evaluating controllable and uncontrollable variables, strategic
considerations, and factors leading towards degradation of rail freight performance in
formulating strategies to enhance rail freight system in a country.

Keywords: rail freight; global model; strategies; constraints; macro factors; multiple
regression analysis

1. Introduction
Currently, rail transport is gaining eminence for freight transportation because of

limitations in road transport. During the middle of the 20th century, rail freight volumes
declined due to the rise in motorized road transport. However, this trend is now reversed
due to limitations in road infrastructure and motorized vehicles, offering an opportunity
to revive the railways as a solution to easing road congestion, lessening carbon emissions,
and enhancing road safety [1].

The trucking industry contributes considerably to road traffic congestion due to larger
vehicle sizes compared to passenger carrying cars. To address this, seaports, major sources
of freight, are gradually connected to railroads for freight transportation. Greenhouse
gas emissions from global transportation have more than doubled since 1971, with road
vehicles contributing for over three quarters of this growth. Rail transport has been shown
to emit less carbon than road transport making railway as environmental friendly transport
method [2]. As per Friedrich and Quinet (2011), European freight railway accounts for the
lowest external costs among road, rail, and inland waterways, including noise pollution,
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air pollution, climate impact, and accidents [3]. Giuliano et al. (2018) found that about
10 percent of fatal road incidents arise out of freight vehicles and emphasize the urgency
to reduce freight traffic on roads [4]. A single freight train can replace approximately fifty
Heavy Goods Vehicles (HGVs), effectively reducing road congestion, environmental harm,
and accidents [4].

Railway transport driven by greater train capacities that lower transportation costs
through economies of scale offers a more economic, speedy, and reliable advantage over
road transport. When compared to roads, railways are more dependable and faster due
to minimal congestion. Freight railway networks in countries like Italy, France, China,
Russia, and Japan achieve high operational speeds utilizing High-Speed Rail originally
designated for passengers, with SNCF (France’s national state-owned railway company)
reaching speeds of 270 kph [5].

However, the realization of these benefits is not uniform across countries. Conse-
quently, the success of railways in terms of freight transportation volume (measured in
ton-kilometers) differs globally, as illustrated in Figure 1. Countries such as China, the
United States, Russia, India, Canada, and Australia lead the rail freight volume measured
in ton-kilometers, demonstrating profitability, service quality, and significant investment.
In the United States, the freight railway sector accounts 50% average profit margin, while
in India and Russia, the profits generated by freight railway operations cross-subsidize
passenger rail services [6].

Figure 1. Rail freight performance disparity in the world (Sources: Databases of World Bank
(https://data.worldbank.org/ (accessed on 23 June 2024)), Statista (https://www.statista.com/
(accessed on 7 July 2024)), Knoema (https://knoema.com/ (accessed on 4 June 2024)), Eu-
rostat (https://ec.europa.eu/eurostat/data/database (accessed on 8 June 2024)), CEIC data
(https://www.ceicdata.com/en (accessed on 11 July 2024)).

Railways in European countries, while trailing in freight volume carried compared to
global leaders due to being smaller in geography, hold significant global prominence, as
Latvia and Lithuania exceed larger nations in mode share. European governments often
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subsidize freight railways due to their vital role for national development. Many European
railways operate profitably even without subsidies, boasting efficiency, reliability, and
punctuality comparable to passenger services [7].

In contrast, Asian countries generally exhibit lower rail freight performance and mode
share, often rely on government subsidies due to financial losses. Investment levels in
Asian freight railways, particularly in Southeast Asia, remain comparatively low, causing
poor infrastructure quality and service inefficiency [8,9].

Freight activities are limited in Africa and Latin America, with notable exceptions
in countries like South Africa, Brazil, and Mexico. Many countries in these regions lack
operational railways, leading to prolong inefficiencies and financial losses sustained by
government subsidies [2,10].

As previously noted, significant disparities exist among different countries in the
performance of rail freight, with some nations excelling in the industry while others
encountering substantial challenges. These variations indicate that rail freight performance
is shaped by a complex interaction of diverse and interrelated factors that are not yet
captured within a unified analytical framework.

Despite their current performance levels, all countries possess opportunities to en-
hance their rail freight capabilities. Therefore, there is a critical need for a well-defined
mechanism to facilitate such progress. Consequently, the development of a model that can
be universally applied by countries to improve their respective rail freight systems has
become a crucial necessity.

Given that the effectiveness of railway performance in each country is influenced
by numerous controllable and contextual factors, it is essential to systematically explore
and incorporate these determinants into the model development process. Therefore, the
research objectives are as follows:

1. To identify driving factors influencing the performance of rail freight.
2. To develop and validate a quantitative model to assess the performance of rail freight

in a given country.

In line with these objectives, this study is guided by the following research question:
How is national rail freight performance systematically assessed by integrating glob-

ally adopted strategic measures with structural and contextual factors in order to identify
effective interventions for performance improvement?

To answer this research question in a systematic and empirically grounded manner,
this study adopts a data-driven approach based on a multi-stage model development
process. First, the key performance drivers are identified through an extensive review of the
literature and global best practices. Secondly, a cross-country dataset covering 64 nations is
then constructed and analyzed using a non-linear multiple regression framework to develop
a globally applicable rail freight performance assessment model. Thirdly, the developed
model is tested using an independent sample of five countries to examine its predictive
accuracy. Finally, the model is further evaluated through elasticity and semi-elasticity
analysis to assess its robustness and practical applicability.

This study seeks to address an important gap in the existing literature by proposing a
comprehensive and empirically grounded framework for assessing rail freight performance
at the national level. The principal contribution of this research lies in the development
of a globally applicable quantitative model that systematically integrates diverse strate-
gic factors together with macro-scale determinants within a unified analytical structure.
Accordingly, the proposed model serves as a robust decision-support tool for identifying
and evaluating strategic initiatives through which a country’s rail freight system can be
enhanced and guided toward achieving its desired performance outcomes.
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The remainder of the paper is organized as follows. Section 2 reviews the relevant
literature and identifies the key factors influencing rail freight performance. Section 3
outlines the research methodology and the stages of the model development process.
Section 4 presents and discusses the developed model, the results of the regression analysis,
the model validation, and the responsiveness of the model through elasticity and semi-
elasticity analysis. Finally, Section 6 concludes the paper by summarizing the main findings
and highlighting their policy and strategic implications.

2. Literature Review
This section reviews the existing literature to systematically identify the key determi-

nants of national rail freight performance that are relevant to the research question defined
in Section 1. The review is structured to examine how geographical context, economic and
industrial activity, organizational and governance arrangements, infrastructure accessibility,
and competitive pressures from alternative transport modes shape rail freight performance
across different countries. The purpose of this review is not only to summarize prior find-
ings, but also to establish a structured foundation for selecting the explanatory variables
and developing a globally applicable performance assessment model. By organizing the
literature around these thematic dimensions, this study ensures that the proposed model is
firmly grounded in empirical evidence and aligned with its stated objectives

2.1. Examination of Factors Influencing the Success of Global Rail Freight
2.1.1. Geography

On a global scale, the United States, China, Russia, India, Canada, and Australia
have emerged as preeminent market leaders in the rail freight industry, primarily owing
to their substantial engagement in rail freight operations. Their expansive geographical
expanse is the shared characteristics among these nations facilitating the provision of long-
distance rail services. It has been proven that long-distance rail travel is more economically
viable and advantageous than road transportation [11,12]. Notably, despite the relatively
compact geographic size in European countries, they have strategically capitalized on their
landlocked status. This advantage is evidenced by the robust prevalence of cross border
rail freight activities in Europe, fostering the seamless facilitation of long-distance railway
transportation across international transport routes [13].

Small island nations, including Sri Lanka, Cuba, and the Dominican Republic, lack
such advantages in terms of cross border rail freight activities while being geographically
constrained resulting in minimal freight operations [14]. Nevertheless, certain countries that
are geographically disconnected have managed to expand their networks by connecting
with other countries through under sea rail tunnels, train ferries, and sea rail bridges.
Geographically separated from Europe, the United Kingdom is connected to the European
railway network by the Channel Tunnel, an underwater rail tunnel that links England
and France [15]. In New Zealand, train ferries have linked the separated rail networks of
the country’s two main islands. The Oresund Bridge, which links Denmark and Sweden,
facilitates the growth of international rail freight operations across both nations [16].

2.1.2. Role of Rail Freight in Economic Activity

Countries with strong economic activities have the potential to expand their rail freight
sector, given the right government policies that allow room for growth through invest-
ment. Nations with strong economies, like the United States, Norway, and Switzerland,
have demonstrated significant advancements in rail freight. For instance, in the United
States, annual investment in freight railway development amounts to approximately USD
25 billion. For the transport of bulk commodities including grain, coal, iron ore, cement,
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and fertilizer, the railroad is the more suitable mode of transport. Countries that have a
stronger economic contribution from rail friendly freight industries have thus acquired an
advantage in this regard. In preeminent nations such as the USA and Australia, rail freight
operations are principally propelled by the transportation of mining commodities, notably
coal and iron ore [17]. The transportation of coal and iron ore comprises about 75% of the
total amount of rail freight in Brazil and Australia. The proportion of transportation by rail
for coal and iron ore in such nations exceeds 80% [18–20].

2.1.3. Commercialization and Business Orientation

In preeminent nations such as the USA, China, Russia and Australia, freight railways
prioritize profitability, in contrast to passenger railways that primarily serve public welfare
objectives. This profit-oriented strategy has been a key factor contributing to the successful
growth of the freight railway industry. In South Africa, freight railways have demonstrated
notable profitability, evidenced by a profit margin of 47% in 2018 [21]. The ownership
structure of both rail operations and infrastructure significantly impacts the overall suc-
cess of the railway sector. The considerably greater performance of privatized railways,
compared to those directly owned and operated by the government, is evident. Notably, in
the leading countries of United States and Canada, railways are entirely privately owned,
encompassing both the operations and infrastructure.

In the European context, freight railways are operated by either private entities or
state-owned companies. Both models feature independent management structures with
a pronounced emphasis on commercial considerations aimed at maximizing profit. This
stands in contrast to the model of direct government management, which is primarily ori-
ented towards delivering public value. The independent management structure has, in turn,
contributed to the heightened efficiency of freight railway systems across diverse regions.

2.1.4. Accessibility of Railway Infrastructure

An essential determinant in enhancing service delivery to customers is the effective
access to infrastructure. In numerous instances, both passenger and freight railways operate
on the same track. Across much of Europe, railway infrastructure is usually under the
ownership and management of an independent entity, often government owned. This
organizational arrangement ensures the equitable allocation of railway tracks, facilitating
the optimal functioning of freight railways. Despite the extensive prevalence of passenger
transport in Europe, the presence of an equitable track allocation scheme contributes to the
efficiency of the freight railway network [22,23].

In the field of freight rail, both infrastructure and rolling stock must be meticulously
designed to align with the specific requisites of the freight rail system. The tendency to
prioritize passenger transport key performance indicators (KPIs) over freight trains, as
observed in Sri Lanka and Japan, emphasizes the critical necessity for an autonomous or
freight-oriented infrastructure system [24,25]. Ensuring dedicated infrastructure access
tailored to the requirements of the freight railways sets the basis for an independent freight
railway. Such dedicated freight rail networks are seen in India, the United States, Germany,
Brazil, Canada, Australia, Russia, and China [26].

2.1.5. Navigating Competition Through Regulation and Collaboration

The freight railway sector faces considerable competition from alternative transporta-
tion modes such as road, coastal shipping, and inland waterways, with road transport
emerging as its primary rival. This competition poses challenges to the growth of railway
unless effective measures are implemented to regulate and minimize such competition.

While coastal shipping and inland waterways may not enjoy the same level of popu-
larity as road transport on a global scale, their substantial utilization is evident in specific
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countries, that capitalize on such geographical advantages and subsequently impact the
trajectory of railway development. Consequently, it is imperative for railways to collabo-
rate with these transportation modes to facilitate a more comprehensive and integrated
service. Notably, countries such as Japan, Norway, the Philippines, and Indonesia demon-
strate heightened engagement in coastal shipping activities, with Japan alone capturing a
considerable 40% share of domestic freight transport by leveraging its extensive coastal
expanse [27]. Similarly, inland waterway transport finds favor in European nations and
Indonesia. In Netherlands, inland waterway freight accounts a noteworthy 42% mode
share, underscoring the significance of this transport mode in certain regions [28].

Numerous regulatory measures and collaborative initiatives have been implemented
globally with the aim of promoting modal shift. Weight restrictions have been enforced in
Europe and the USA for heavy duty trucks on highways [29]. Germany and Switzerland
have implemented distance based and weight-based road tolls for trucks. In France, Italy,
and the USA, vehicle emission standards have been imposed on trucks to regulate their
access to urban areas [30]. Subsidies and incentives have been offered in the United
Kingdom and Italy to encourage freight forwarders to shift from road to rail under their
modal shift policies. Additionally, the governments of France and Spain support the
development of “rail motorways”, which facilitate the loading of trucks onto trains for long
distance transport, leveraging the strengths of both rail and road [31]. Japanese policies
encourage the use of rail freight by subsidizing the development of logistics facilities
that integrate rail and road transport. In Europe, derogations have been implemented to
lift weight and dimension restrictions on road transport when integrating road and rail
modes [32].

Several nations have implemented various initiatives to integrate rail systems with
inland waterways and coastal shipping. The European Union’s “Trans-European Transport
Network” program allocates funds to projects aimed at improving connectivity between
rail networks and inland waterways, thereby fostering the development of multimodal
transport networks [33]. In specific regions of the USA and France, railways are effectively
integrated with inland waterways to augment freight transportation efficiency. In India,
the Sagarmala project, spearheaded by the government, focuses on modernizing port
infrastructure and enhancing rail connectivity to ports. This initiative aims to streamline
the movement of cargo between coastal shipping routes and rail networks [34].

2.2. Existing Studies in Modeling Rail Freight

Existing studies in rail freight modeling have examined a broad range of issues related
to rail freight systems, but their primary emphasis has generally been on operational or
tactical dimensions, country- or corridor-specific applications, and models that address
particular aspects of performance rather than comprehensive system-wide evaluation.
Much of the existing literature concentrates on service optimization, demand forecasting,
emission estimation, and network design within limited geographical or functional scopes,
whereas a strategic and macro-level assessment of rail freight performance has not yet been
explicitly addressed.

For example, Zhang and Li (2019) developed an optimization-based service model
for rail freight transportation in China that integrates pricing, service planning, and emis-
sion reduction, with particular attention to containerized freight operations [35]. Their
work offers important insights into improving operational efficiency and environmental
performance, while leaving scope for extending the analysis to a broader range of rail
freight activities relevant to strategic and global performance evaluation [35]. Similarly,
Sultanbek et al. (2024) conducted a national-level forecasting study of rail freight demand
in Kazakhstan, which is valuable for domestic planning and capacity management, but its
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country-specific nature does not allow for comparative elasticity analysis, cross-regional
assessment, or consideration of global freight flow dynamics [36].

Comparable limitations can be observed in other studies. Solano (2024) analyzed rail
freight demand by focusing on four commodity types along Costa Rica’s Pacific Coast
Route, providing a localized and commodity-specific perspective rather than a system-wide
performance view [37]. Xin (2022) proposed a service network design model tailored to the
Chinese railway system, addressing tactical planning and operational efficiency without ex-
tending the analysis to macro-level performance evaluation [38]. Heinold (2020) developed
an emission estimation model based on operational parameters such as wagon configu-
ration, payload, speed, distance, and route profile, which is valuable for environmental
assessment but does not support national-scale performance measurement [39]. Likewise,
Fang et al. (2025) presented a service network model for railway express freight operations
in a road–rail multimodal context, focusing on tactical planning variables such as schedules,
marshalling, and loading plans rather than strategic performance assessment [40].

Taken together, these studies highlight the strong foundation of existing research in
operational optimization, demand analysis, emission modeling, and service network design.
At the same time, they indicate a clear research gap in the development of a comprehensive,
empirically grounded framework for evaluating rail freight performance at the national
level. In particular, the integration of strategic and contextual factors within a unified
analytical structure remains limited. The present study addresses this gap by proposing a
macro scale, cross country, and performance-oriented modeling framework that supports
systematic assessment, international comparability, and strategic decision-making for the
improvement of national rail freight systems.

3. Methodology
Given the multifarious nature of the rail freight industry and its overarching impact

on a nation, it is imperative to formulate a comprehensive approach in developing a model
for assessing rail freight performance and developing strategic reforms. Henceforth, a
four-stage process, illustrated in Figure 2, has been employed for constructing a model to
capture the required strategic interventions.

Figure 2. Methodology of model formulation.

Accordingly, Stage I encompasses an examination of how various countries, situated
in diverse geographical, political, and economic regions, perform in the realm of rail
freight. This phase contains a descriptive analysis to discern performance patterns. Upon
identifying performance disparities among countries, the next step involves an in-depth
literature survey to investigate the factors influencing the observed performance variations,
encompassing macro to micro level considerations.
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Stage II of the model development, a non-linear multiple regression analysis is used to
formulate the mathematical model to determine the contribution of the factors identified in
Stage 1. Developing a comprehensive model to assess rail freight performance is essential
because analyzing individual factors in isolation does not deliver an accurate understand-
ing of their interrelationships and collective behavior. Regression models facilitate the
prediction of future rail freight performance by considering the current values of various
identified factors simultaneously. This holistic approach is essential for effective planning
and informed decision making in the rail freight sector.

Therefore, in order to carry out regression analysis, a sample of 64 countries has
been selected using a convenient sampling method, contains nations with active rail
freight systems between 2014 and 2020. This sample represents nearly 60% of the global
population of countries operating rail freight networks and thus provides substantial and
statistically meaningful coverage of the international rail freight system. The selection
was designed to ensure representation from all continents, thereby capturing the diversity
of geographical, economic, institutional, and operational contexts that characterize rail
freight systems worldwide. Following the development of a statistically valid model, a
residual analysis was conducted to measure model error, which was subsequently evaluated
for heteroscedasticity. Afterward multicollinearity testing was conducted to eliminate
independent variables having high correlation.

In Stage III, model validation is executed through the holdout cross validation method,
utilizing a sample of a further five randomly selected countries to test the model predictions
with observed values. The successful validation process resulted in a validated model,
which will be used in Stage IV to assess the model’s responsiveness to variations in the
independent variables.

4. Formulation of a Rail Freight Performance Model
4.1. Factors Influencing Rail Freight Performance

Building on the thematic framework established in Section 2, the selection of explana-
tory variables followed a rigorous and systematic procedure. To guide this process, a
conceptual systems framework was developed, as illustrated in Figure 3, to represent
the multi-level environment governing national rail freight performance. The literature
review shows that freight railways operate within an international transport market, are
shaped by country-specific geographical, economic, and institutional conditions, inter-
act with passenger rail services through shared infrastructure, and compete with alter-
native freight transport modes. Figure 3 therefore provides an integrated structure for
organizing the explanatory variables across contextual, institutional, operational, and
competitive dimensions.

The variable selection process commenced with the compilation of a comprehensive
pool of potential explanatory variables derived from an extensive review of the litera-
ture on rail freight performance, railway economics, transport policy, and freight modal
competition, ensuring coverage of all dimensions represented in Figure 3.

Second, this initial pool of 50 candidate variables was systematically screened based
on their theoretical relevance to the research question, empirical support in previous
studies, data availability, and suitability for cross-country comparison. Variables that
were conceptually redundant, weakly supported in the literature, or lacked consistent
international data were excluded at this stage.
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Figure 3. Variables selection by category (the numbers shown in the figure indicate the number of
variables retained in the final model relative to the total number of variables initially tested).

Third, the shortlisted variables were tested empirically using a stepwise regression
procedure. Variables were retained or removed based on their statistical significance,
contribution to the explanatory power of the model, and compliance with diagnostic
criteria such as multicollinearity and model stability.

Finally, Residual analysis was employed to further examine unexplained variations in
performance and to identify potential additional variables, thereby informing refinement
of the variable set and directing the process back to Step 1. In this context, passenger
rail operational variables were examined but found not to exert a statistically significant
influence on rail freight performance and were therefore excluded.

This iterative process reduced the initial pool of 50 candidate variables to a final set of
16 explanatory variables, representing the most influential determinants of national rail
freight performance across all dimensions shown in Figure 3. A detailed description of
these variables is presented in Table 1.

Table 1. Accepted Variables.

Group Category Variable Description

Contribution in
International Rail

Freight
Cross-border activities

Total ton-km transported
by rail within border

countries (ton-km)

Countries having rail connectivity
across a land border or by either a
train ferry or rail bridge across water,
to another country have considered
other than land borders.

Countries having international rail
activities over another country were
not considered

Country Geographic size Area served by rail (sqkm)
Total Country’s Land area excluding
the area of any islands that are not
served for rail freight
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Table 1. Cont.

Group Category Variable Description

Country Economy

GDP per land area
The contribution to the Gross
Domestic Product of the country per
unit area of land

Inflation rate Consumer Price Index (CPI) based
year on year rate

Mining production per
land area (ton per sqkm)

Bulk transport of mined produce
such as coal, metal, etc.

Higher poverty level
World Bank’s Poverty headcount
ratio at national poverty lines (% of
population)

Economic Impact of Civil
unrest Based on literature survey

Competition

Road Road infrastructure
competitiveness

Road quality index per rail quality
index (Infrastructure quality based
on Global Competitiveness Index
published annually by the World
Economic Forum)

Coastal Shipping

Costal length per land area
(km per sqkm)

Length of coastline divided by the
land area

Highest % of short sea
shipping activities

Based on Short Sea shipping volume
and % of total shipping volume

Inland waterways Navigable rivers per rail
length

Length of navigable rivers divided
by the rail route length.
(UNECE data portal)

Freight Rail Industry

Organizational

Privatized railways

Railway operations by private
operators and state—owned
companies.

Railways operated by foreign
governments have not considered.

Business Operating Model
with better infrastructure

access

Vertically separated railways
excluding countries having
infrastructure ownership with
passenger railways

Vertically integrated freight railways

Authority’s Intention Profit earning railways

Railway operators earning profits
excluding government subsidies

Major operator’s profitability has
been considered in the event of
multiple operators

Railways that are not maintain
separate accounts for freight and
passenger

https://doi.org/10.3390/futuretransp6010033

https://doi.org/10.3390/futuretransp6010033


Future Transp. 2026, 6, 33 11 of 19

Table 1. Cont.

Group Category Variable Description

Freight Rail Industry

Authority’s Intention
Profit earning railways

Profitability of the entire business has
considered only if most of the income
comes from freight. Otherwise,
decision has been taken studying
case by case

Major government
commitment issues Based on literature survey

Technical

Broad gauge railways Railway systems with majority of
its’s railway lines are broad gauge

Dedicated freight rail More than 3% of dedicated freight
railways out of total rail line length

Efficiency of train services
Based on Global Competitiveness
Index published annually by the
World Economic Forum (WEF)

4.2. The Regression Model

The rail freight performance model is formulated as a non-linear multiplicative func-
tion in which national rail freight output is expressed as a function of multiple continuous
and categorical explanatory variables. This form is adopted because it allows the combined
and interactive influence of geographical, economic, institutional, operational, and compet-
itive factors to be represented within a unified analytical framework, rather than as simple
additive effects.

Accordingly, Equation (1) presents the final conceptual model, characterized by a
non-linear multiplicative formulation that arises from the stepwise development described
in the preceding sections:

Y = A·Xβ1
1 ·Xβ2

2 ·Xβ3
3 · . . . ·Xβn

n ·e(γ1D1+γ2D2+···+γmDm) (1)

where

Y denotes national rail freight performance,
A is a constant term,
Xi(i = 1, 2, . . . , n) are continuous explanatory variables,
Dj(j = 1, 2, . . . , m) are dummy variables representing categorical effects, and
βi and γj are parameters to be estimated.

Equation (1) represents the theoretical structure of the rail freight performance model
and describes how different groups of factors jointly determine national rail freight out-
comes. The continuous variables Xi captures quantitative characteristics while the dummy
variables Dj represent qualitative attributes across countries. By expressing the model in
this form, each factor is allowed to proportionally scale rail freight performance, and the
exponential component accommodates discrete effects that shift the level of performance de-
pending on the presence or absence of specific conditions. This structure is consistent with
the theoretical understanding that rail freight systems operate within a complex environ-
ment where geographical context, national economic structure, institutional arrangements,
operational capabilities, and competitive pressures from other transport modes interact
simultaneously to influence overall performance.
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For empirical estimation, the regression analysis was conducted using the IBM SPSS
Statistics (Version 29.0) software. In this process, the non-linear model in Equation (1) was
transformed into a linear form by applying the natural logarithm to both sides, yielding:

ln(Y) = ln(A) + β1ln(X1) + β2ln(X2) + · · · + βnln(Xn) + γ1D1 +

γ2D2 + · · · + γmDm + ε
(2)

where ε represents the random error term that captures unexplained variations in rail
freight performance.

This transformation converts the original multiplicative relationship into an additive
linear form, making it suitable for empirical estimation using conventional regression
methods. The transformed model in Equation (2) constitutes the estimable form of the rail
freight performance model, while Equation (1) provides its underlying theoretical structure.

Before presenting the empirical results derived from this specification, a series of
diagnostic tests are conducted to ensure the statistical validity of the model. Accordingly,
Sections 4.2.1 and 4.2.2 first report the tests for multicollinearity and heteroscedasticity,
respectively. After confirming that these fundamental regression assumptions are sat-
isfied, Section 4.2.3 presents the regression results and the final calibrated rail freight
performance model.

4.2.1. Testing for Multicollinearity

In the context of regression analysis, it is imperative to ascertain the presence of
correlation among the independent variables. The result of, a multicollinearity test is
provided in Table 2. According to Rogerson (2001), a Variance Inflation Factor (VIF) below
5 is considered acceptable [41].

Table 2. Collinearity Statistics.

Predictor Tolerance VIF

Area Served by Rail (sqkm) 0.429 2.331
Ton-km transported by rail in border countries. (Mn ton-km) 0.514 1.945
GDP (PPP) per Land Area (USD) 0.261 3.830
Production in mining industry per land area (ton per sqkm) 0.723 1.383
Inflation rate 0.576 1.735
Road infrastructure competitiveness (1–7) 0.442 2.264
Coastal length per land area (km per sqkm) 0.715 1.398
Length of navigable rivers per rail route length 0.592 1.689
Efficiency of train services 0.300 3.335
Highest % of short sea activities 0.695 1.439
Broad Gauge Railways 0.497 2.013
Major Civil Wars, Higher Poverty level and Major government commitment issues 0.662 1.511
Freight Only Railway Operation 0.658 1.520
Privatized Railways 0.511 1.957
Vertically separated railways and vertically integrated freight railways 0.420 2.379
Profit oriented railways 0.461 2.171

Furthermore, in accordance with the guidelines proposed by Daoud (2017), a Collinear-
ity Tolerance exceeding 0.1 is deemed acceptable, which is also satisfied as shown in Table 2
confirming there is no multicollinearity among the independent variables in the model [42].

4.2.2. Testing for Heteroscedasticity

Heteroscedasticity has been examined through two distinct approaches: graphical
representation and the application of the Breusch–Pagan test. The graphical representation,
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employing a scatter plot diagram as depicted in Figure 4, serves as a visual means to assess
heteroscedasticity. It confirms the absence of visible patterns indicative of heteroscedasticity,
such as a fan or cone shape, within the scatterplot diagram.

Figure 4. Scatterplot diagram for heteroscedasticity testing.

To further verify the outcomes of the graphical analysis, a Breusch–Pagan test was
conducted, and the results presented in Table 3. According to Table 3, the significance
values are greater than 0.05, indicating the presence of homoscedasticity.

Table 3. Breusch–Pagan test results.

Sum of Squares df Mean Square F Significance

Regression 0.006 16 0.000 1.227 0.285
Residual 0.014 46 0.000
Total 0.020 62

4.2.3. Results of Regression Analysis and Final Model

According to the findings of the regression analysis, the R squared is 0.99 which is
acceptable, and p-values fall within the conventional significance threshold of less than 0.05
(refer Table 4), suggesting a statistically significant relationship between the independent
variable and the dependent variables in the model, signifying heightened confidence in the
coefficients as predictors.

Table 4. Results of Regression Analysis: Coefficient, t-value, p-value.

Predictor Coefficient t-Value p-Value

Area Served by Rail (sqkm) 1.115 70.275 0.000

Ton-km transported by rail in border countries. (mn ton-km) 0.066 15.113 0.000

GDP (PPP) per Land Area (USD) 0.401 21.842 0.000

Production in mining industry per land area (ton per sq.km) 0.116 11.396 0.000
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Table 4. Cont.

Predictor Coefficient t-Value p-Value

Inflation rate −0.328 −15.321 0.000

Road infrastructure competitiveness (1–7) −1.507 −12.896 0.000

Coastal length per land area (km per sqkm) −7.959 −14.937 0.000

Length of navigable rivers per rail route length −0.100 −2.317 0.025

Efficiency of train services 0.524 5.169 0.000

Highest % of short sea activities −0.747 −13.504 0.000

Broad Gauge Railways 0.970 17.913 0.000

Major Civil Wars, Higher Poverty level and Major government
commitment issues −2.766 −34.733 0.000

Freight Only Railway Operation 0.244 5.098 0.000

Privatized Railways 0.133 2.443 0.018

Vertically separated railways and vertically integrated freight
railways 0.589 10.743 0.000

Profit oriented railways 0.936 17.949 0.000

By incorporating the parameter estimates derived from the regression analysis into
the general model specification, the calibrated rail freight performance model is obtained.
The resulting empirical formulation is presented in Equation (3):

Y = 0.000956 · x{1.115}
1 · x{0.66}

2 · x{0.401}
3 · x{0.116}

4 · x{−0.328}
5 · x{−1.507}

6 ·
x{−7.959}

7 · x{−0.1}
8 · x{0.524}

9 ·exp(−0.747D1)·exp(0.970D2)·exp(−2.766D3)·
exp(0.244D4)·exp(0.133D5)·exp(0.589D6)·exp(0.936D7)

(3)

4.3. Model Validation

The examined model undertakes validation through the inclusion of samples from
five distinct countries. These countries were chosen randomly and extracted from the
initial dataset prior to model calibration. The validation sample, characterized by its
impartial and independent nature, is not representative of the training dataset used in
model development. Subsequently, this validation sample is employed to predict the
freight railway performance, and the resultant predictions are compared with actual values
to evaluate the model’s accuracy. As outlined in Table 5, the disparities between predicted
values and actual values, stated as deviations, fall within the range of +/−7%, a magnitude
deemed non-significant according to the validation results.

Table 5. Results of validation.

Country Actual ton-km (mn) Predicted ton-km (mn) % of Deviation

New Zealand 4444 4545 2%

Azerbaijan 5152 5442 6%

Japan 17,980 16,737 −7%

South Africa 134,600 132,756 −1%

Cameroon 812 813 0%
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4.4. The Model Responsiveness to Changes in Independent Variables

The elasticity of the model has been assessed to better understand how the dependent
variable responds to variations in the independent variables. All independent variables
were evaluated for elasticity, even though some variables, particularly geographical fea-
tures, are not amenable to change in the short to medium term. Assessing the elasticity of
these variables is crucial for strategic decision-making. Table 6 illustrates the elasticity of
continuous variables, which reflects the percentage change in ton-kilometers transported by
rail (the dependent variable) in response to a 1% increase in each continuous independent
variable. Additionally, the semi-elasticity for dummy variables has been computed, as dis-
played in Table 7. According to the findings in Table 6, the dependent variable exhibits high
sensitivity to the independent variables of the area served by rail and the competitiveness
of road infrastructure among continuous variables. Moreover, the semi-elasticity results
shown in Table 7 indicate that the dependent variable is greatly responsive to dummy
independent variables of profit-oriented railways and broad-gauge railways.

Table 6. Elasticity of Continuous Variables.

Continuous Variable Elasticity

Area Served by Rail (sqkm) 1.12%

Coastal length per land area (km per sqkm) −0.44%

Ton-km transported by rail in border countries. (Mn ton-km) 0.06%

GDP (PPP) per land area (US$ mn) 0.39%

Inflation rate −0.27%

Production in mining industry per land area (ton per sqkm) 0.11%

Road infrastructure competitiveness −1.32%

Efficiency of train services 0.52%

Length of navigable rivers per rail route length −0.02%

Table 7. Semi Elasticity of Dummy Variable.

Dummy Variable Semi-Elasticity

Privatized Railways 14%

Vertically separated railways and vertically integrated
freight railways 81%

Profit oriented railways 154%

Broad gauge railways 166%

Highest % of short sea activities −77%

Major Civil Wars, Higher Poverty level and Major
government commitment issues −94%

Freight Only Railway Operation 28%

5. Discussion of Results
The regression results indicate that national rail freight performance is determined by

the combined influence of structural, economic, institutional, operational, and competitive
factors rather than by any single determinant. The strong explanatory power of the
model confirms that the selected variables effectively capture the main sources of cross-
country variation in rail freight performance, while the consistency of coefficient signs
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and magnitudes with theoretical expectations and international experience supports the
robustness and practical relevance of the framework.

Among the geographical variables, the area served by rail exhibits the strongest
positive elasticity, highlighting network extent as a fundamental determinant of rail freight
potential. Wider rail-served areas support longer haul distances, higher traffic density, and
stronger economies of scale, which explains the dominance of countries such as the United
States, China, Russia, Canada, and Australia in global rail freight volumes. Cross-border
rail freight activity also contributes positively by extending market reach beyond national
boundaries. Its importance becomes particularly pronounced when new international links
are established for geographically constrained countries through rail bridges, tunnels, or
train ferry systems, transforming isolated networks into integral components of regional
and international transport corridors.

Economic variables further reinforce the structural logic of rail freight systems. The
positive effects of GDP per land area and mining production intensity confirm that rail
performs best in economies characterized by concentrated industrial activity and bulk
commodity flows. In contrast, the negative elasticity of inflation highlights the vulnerability
of rail freight to macroeconomic instability, as rising costs and investment uncertainty
weaken competitiveness and long-term planning.

Geographical and economic conditions, together with the existence or absence of
cross-border rail freight connectivity, represent largely exogenous factors that cannot be
altered in the short term and therefore impose structural constraints on national rail freight
performance. As a result, a country’s capacity to achieve high rail freight efficiency is
partially bound by these conditions. However, operating within these structural limits does
not preclude performance improvement. Instead, it highlights the necessity for countries to
adopt strategic initiatives across policy, business, and operational domains.

Against this background of structural constraints, policy, business and operational
related variables exhibit some of the largest impacts through their semi-elasticities. Among
these, profit orientation emerges as the most influential determinant, indicating that com-
mercially driven railway systems achieve substantially higher freight performance than
those operating under purely administrative or welfare-based objectives. In addition, verti-
cally separated or vertically integrated freight rail systems, dedicated freight operations,
and broad-gauge networks show strong positive effects on performance. These results
demonstrate that governance structures, technical standards, and business models are
not secondary considerations but central drivers of success. Railways that operate under
commercial principles, enjoy fair access to infrastructure, and prioritize freight operations
consistently outperform systems constrained by passenger-centric policies.

Competition from alternative modes is shown to be a critical constraint on rail freight
performance. The strongly negative elasticity associated with road infrastructure competi-
tiveness confirms that improvements in road quality, if not matched by parallel investment
in rail, significantly weaken rail’s market position. Similarly, the competitive influence
of coastal shipping and inland waterways indicates that rail freight must either compete
more effectively or be strategically integrated into multimodal logistics systems to maintain
its relevance.

The extremely large negative semi-elasticities associated with civil unrest, high poverty
levels, and weak government commitment demonstrate that institutional instability repre-
sents one of the most severe constraints on rail freight development. Even where favorable
geographical and economic conditions exist, political and governance weaknesses can
severely undermine performance. This finding is particularly relevant for developing coun-
tries, where infrastructure investment alone is insufficient without parallel improvements
in institutional capacity, regulatory stability, and political commitment.
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Finally, the proposed model functions as a strategic decision-support framework that
enables policymakers to identify and prioritize the most influential drivers of national
rail freight performance. By translating empirical results into elasticity and semi-elasticity
measures, the model allows decision makers to compare alternative policy interventions
and to distinguish between structural constraints and policy-sensitive variables. This is
especially valuable for developing countries, where financial and institutional resources
are limited, as the results highlight that substantial performance gains can be achieved
through targeted institutional and business reforms such as promoting profit-oriented man-
agement, strengthening governance structures, improving infrastructure access regimes,
and adopting balanced policies toward modal competition rather than relying solely on
costly infrastructure expansion. Moreover, the model emphasizes the strategic importance
of enhancing international connectivity and integrating rail freight into multimodal trans-
port systems. Overall, it provides an evidence-based foundation for designing efficient,
prioritized, and sustainable rail freight policies aligned with long-term economic and
logistical objectives.

6. Conclusions
Railways have become a focal point for freight transportation due to their ability to

alleviate road congestion and provide cost-effective, fast, and socially and environmentally
beneficial services. Although previous studies have explored railway performance, they
lack a comprehensive quantitative or strategic evaluation. Therefore, there is a critical need
for an integrated model that assesses railway performance across multiple dimensions to
guide strategic decisions and achieve key objectives.

This study therefore proposes a globally applicable and empirically validated frame-
work for evaluating national rail freight performance by integrating geographical, economic,
institutional, operational, and competitive factors into a single analytical model. The devel-
opment of the model required a systematic methodology to ensure accurate and reliable
results. It commenced with an extensive analysis of global rail freight dynamics. The
model was then constructed using data from 64 countries and nonlinear multiple regres-
sion analysis. Tests for multicollinearity and heteroscedasticity were conducted to improve
the accuracy of the model. The model’s effectiveness was validated using an independent
sample of five countries to confirm its real-world applicability. Subsequently, the model’s
elasticity was tested to evaluate its behavior and responsiveness under varying conditions.

While geographical scale and economic structure define the fundamental potential
of rail freight systems, the findings show that policy, business and operational related
factors provide the strongest opportunities for performance improvement. In particular,
profit orientation, appropriate governance structures, and freight-focused operational
strategies emerge as decisive drivers of success. This indicates that effective management
and regulatory design are as important as physical infrastructure in strengthening rail
freight performance.

The analysis further emphasizes that competition from alternative modes, especially
road transport, remains a critical challenge. Balanced transport policies and coordinated
investment strategies are therefore essential to maintain the competitiveness of rail freight
within national and multimodal transport systems.

This model can be utilized by any country to generate quantitative forecasts for
developing strategies tailored to enhance their respective rail freight systems. The study
demonstrates that substantial gains in rail freight performance can be achieved through
targeted policy and institutional reforms. This insight is especially relevant for developing
countries, where financial constraints limit large-scale infrastructure expansion. By focusing
on controllable factors such as governance quality, commercial orientation, infrastructure
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access arrangements, and international connectivity, policymakers can unlock significant
performance improvements in a cost-effective manner.

Limitations and Future Research—While the proposed model provides a robust and
comprehensive framework for evaluating national rail freight performance, several lim-
itations should be acknowledged. The analysis is constrained by data availability and
comparability across countries, which limited both the sample size and the inclusion of
certain potentially relevant variables, such as indicators of multimodal integration, lo-
gistics performance, and more detailed regulatory factors. Future research could extend
this framework by incorporating such variables as more consistent international data be-
come available. In addition, the framework may be applied at the level of an individual
country as a focused case study, enabling policymakers to evaluate national strategies,
test alternative policy scenarios, and identify priority areas for reform based on country-
specific conditions.
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