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Abstract

This paper integrates the multi-region input-output model (MRIO) and data envelopment analysis (DEA) methods to analyze the 

freight transport efficiency in Europe. Social, economic, and environmental influences were combined into a sustainable efficiency 

rating of the freight transport sector of Germany, France, Italy, Spain, and the Netherlands. First, the freight transport sector's 

carbon footprint (CFP) was quantified using the MRIO model. The lifecycle-based CFP emissions of freight transport activities were 

assessed using a dataset from 2000 to 2018. Nineteen stochastic model-based MRIO lifecycle assessments were built for each 

country. Secondly, sixty instances of DEA models were created using a linear program for each mode in the selected countries. 

Thirdly, the sustainable efficiency scores were determined for each freight transport mode in each country over four periods: 

2000–2004, 2005–2009, 2010–2014, and 2015–2018. The results illustrate that the sustainable efficiency score of inland, water, 

and air transport modes ranged from 0.38 to 1.

Keywords

input-output model, freight transport sector, data envelopment analysis, sustainability, efficiency score

1 Introduction
Freight transportation entails moving goods from one 
location to another, facilitating the distribution of goods 
to various places where production and consumption take 
place. Transportation is essential for economic develop-
ment. A freight transport network consists of two main 
elements: the infrastructure (lines such as highways, rail-
roads and pipelines, and nodes e.g., seaports and airports) 
and the carriers responsible for product delivery. Shippers 
utilize various freight carriers, including trains and lor-
ries, airplanes and ships, to transport goods (Abbood and 
Meszaros, 2023). The transportation industry plays a piv-
otal role in advancing the global economy (Boldizsár 
et al., 2022). It is a fundamental driver in enhancing mobil-
ity, urban growth, and trade. Moreover, it facilitates the 
linkage of cities, nations, and distant areas across the globe, 
fostering connectivity. This sector has generated millions 
of employment opportunities and boosted the efficiency of 
various other sectors within the global economy. Over the 
last 25 years, the European Union (EU) transport sector 
has witnessed significant growth, with an increase of 36%. 

In 2020, the transportation industry's total volume of goods 
reached 3,326,345 million tonne-kilometers (as shown in 
Fig. 1). 52% of all transportation activities in the EU are 
attributed to road transport, 28% to maritime transport, 
and 11.5% to rail transport. The remaining transportation 
modes are considerably less significant (Eurostat, 2023). 

Fig. 1 Performance of freight transport modes in the European 
Union-28 from 2000 to 2020, measured in millions of tonne-kilometers 

(Source: own editing based on Eurostat database (Eurostat, 2023))
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On the other hand, emissions from the freight transpor-
tation sector constitute a substantial portion of the world-
wide and local burden of greenhouse gases (GHGs) and 
significant air pollutants (David, 2024). Nowadays, trans-
portation via rail or road, air or water, primarily relies on 
fossil fuels and is a substantial source of GHGs, specif-
ically carbon dioxide (CO2 ) and air pollution. This has 
a direct impact on the health of thousands of individuals, 
particularly in urban centers and metropolitan regions 
(Matthias et al., 2020). The ecological sustainability of the 
freight transport sector is commonly assessed based on the 
reduction of CFP emissions it achieves. Unsurprisingly, 
life cycle assessment (LCA) is the most frequently utilized 
methodology applied for quantifying CFP emissions. This 
is due to its holistic approach, which enables the assess-
ment of a broader spectrum of environmental impacts. 
Nonetheless, even though lifecycle (LC) based meth-
ods are extensively employed to identify the significant 
sources of environmental effects within the life cycle of 
the evaluated system, they have limitations when it comes 
to serving as standalone approaches for verifying eco-ef-
ficiency and minimizing environmental impacts within 
intricate sectoral systems. To this end, data envelopment 
analysis (DEA) emerges as a linear optimization method 
utilized to assess the relative effectiveness of multiple sim-
ilar entities when the production process involves various 
inputs and outputs. DEA also enables the calculation of 
attainable target operating conditions that can transform 
inefficient entities into relatively efficient ones, making it 
a valuable tool for benchmarking objectives. DEA is now 
more frequently integrated with LC methods to estab-
lish LC-based benchmarks. These combined methodolo-
gies are broadly applicable and primarily depend on the 
accessibility of the input and the output data for a group of 
similar entities known as decision-making units (DMUs). 
In this context, the LCA + DEA approach was officially 
introduced in 2010 as a fusion of LCA and DEA for assess-
ing the operational and ecological efficiency of compara-
ble entities (Vázquez-Rowe and Iribarren, 2015).

This research aims to assess the efficiency of the freight 
transport sector of the top five industrial nations in Europe 
from a sustainability point of view. Therefore, a multi-re-
gion input-output (MRIO)-LCA approach and the DEA 
were integrated to scrutinize this sector in the selected 
countries. This integration offers a thorough comprehen-
sion of the total CFP emissions generated by the three 
freight transport modes: inland/surface transportation, air 
transportation, and waterborne transportation. The MRIO 

model was utilized to measure the carbon emissions pro-
duced by the freight transport industry. The paper assesses 
the environmental effect of freight transport activities in 
the chosen nations over nineteen years (2000–2018), tak-
ing into consideration their international trade connec-
tions with the global economy. Furthermore, the integra-
tion determines the economic, environmental, and social 
efficiency of the three modes for each country by using 
the CFP emissions values and other variables, including 
the number of employees in each mode (EMPE), total 
hours worked by employees (H-EMPE), nominal capi-
tal stock (K), freight carried by each mode, and the total 
economic output (TEO) of each mode. Data were sourced 
from the World Input-Output Database (WIOD), the 
Eurostat database (Eurostat, 2023), and the Organization 
for Economic Cooperation and Development (OECD) 
database. The novelty of the current study is that it eval-
uated the three dimensions of sustainability in the freight 
transport industry in the selected countries. In the liter-
ature, most research focused on one or two dimensions, 
especially economics. Furthermore, the freight transport 
industry is rarely studied separately since all studies gen-
erally analyze the transportation sector. Moreover, studies 
analyze one or two countries regarding the transportation 
sector, contrasting with the current study, which assessed 
five industrial countries in Europe.

The structure of the paper is as follows: Section 2 
shows a review of relevant work within the scientific lit-
erature, Section 3 addresses the structure of the proposed 
approach, Section 4 shows the outcomes and discussions, 
and Section 5 summarizes the findings of this paper and 
outlines potential avenues for future studies.

2 Literature review
The current work proposes an integration of MRIO analy-
sis and sustainable efficiency methods. As a result, the per-
tinent literature is scrutinized in two sections, aligning 
with these methods. The concluding section of the review 
addresses the research deficit and delineates the current 
study's contributions.

2.1 Utilizing MRIO analysis for evaluating the CFP 
emissions
Among the techniques employed in performing LCA, 
the input-output analysis (IOA) is a well-known and robust 
method. This is due to its effectiveness in assessing sustain-
ability impacts across entire industries without requiring 
extensive and exhaustive data collection (Suh et al., 2006). 
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Generally, it allows for broader system boundaries, such as 
incorporating supply chains at regional, national, or inter-
national levels. It offers a sturdy framework for examining 
any process or item, where the relating production pro-
cesses or service activities can be quantified in monetary 
term values that serve as input into an input-output (IO)-
LCA model (Miller and Blair, 2009). While IO-LCA was 
initially seen as an environmentally expanded version of 
IOA, it is currently employed for evaluating the social, 
economic, environmental, and ecological components of 
sustainable development (Ezici et al., 2020). Although 
IO-LCA methods provide valuable benefits for tracking 
direct and indirect (supply chain) effects at regional or 
national economic scales, past research has predominantly 
relied on a single-region IO-LCA approach with a domes-
tic technology assumption. This leads to significant con-
straints in assessing sustainability impacts on a worldwide 
economic scale (Park et al., 2016). As a result, the MRIO 
approach is increasingly used to address the constraints of 
single-region IO-LCA methods (Ezici et al., 2020).

Wiedmann et al. (2011) highlighted the reasons behind 
the current prevalence of MRIO analysis as the primary 
approach in IOA, including a discussion of its benefits and 
proposed directions for future research on the model. Here 
are a few of the identified benefits of MRIO: it supports 
tracking the effects associated with various activities within 
supply chains at local, national, and global levels, which 
often span across multiple industries or even countries; 
it can be expanded for use in proceeding forecasts and pre-
dictions; it serves as a solid foundation for in-depth exam-
ination of the intricate effects of products and processes on 
global supply chains. In their research, Zhang et al. (2015) 
analyzed energy usage by evaluating the realized energy 
consumption to illustrate how energy moves through the 
seven regions of China. Using monetary MRIO data and 
energy statistics from the years 2002 and 2007 for Chinese 
provinces, they considered both the direct and indirect 
energy consumption, as well as the overall input and output 
of energy within the examined regions. In a previous study, 
Abbood and Meszaros (2023) assessed the CFP emissions 
of the freight transportation industry in seven industry 
based countries during a fifteen-year period, considering 
the global trade connections with other regions worldwide. 
The study explored the correlation between the global CFP, 
the gross domestic product (GDP), the size of population, 
the urbanization level, and the size of country. Fifteen sto-
chastic model-based (SMB) MRIO-LCA were constructed 
across 35 pivotal industries for each country. Statistical 

modeling techniques were applied to evaluate the carbon 
emissions. Furthermore, Abbood and Mészáros (2023) 
conducted another analysis to evaluate the environmen-
tal footprint associated with transportation practices in 
Hungary in terms of carbon emissions and energy usage. 
This analysis considered Hungary's international trade 
connections with other countries. The Hungarian economy 
has been integrated into a MRIO-LCA framework, com-
prising forty key economies, such as Hungary, the United 
States, Russia, China and other countries, as well as the 
rest of the world countries.

2.2 The evaluation of sustainability efficiency using DEA
Manufacturing sectors utilize finite and sustainable energy 
sources to conduct their processes and manufacture goods 
for various industries and consumers. Sustainable effi-
ciency has been commonly employed to evaluate how par-
ticular industries, products, or services contribute eco-
nomically and socially in relation to their environmental 
effects. Sustainable efficiency is determined by compar-
ing the economic advantages of a DMU's action against 
the environmental consequences of that task (Egilmez 
et al., 2013). DEA is a commonly employed quantita-
tive method for conducting sustainable efficiency assess-
ments. DEA is commonly applied to evaluate and compare 
the performance of DMUs as it is a robust benchmarking 
technique rooted in linear programming (Sembill et al., 
2009). DEA has been employed in assessing various enti-
ties' performance, such as banks, healthcare facilities, pub-
licly traded companies, educational institutions, and more. 
DMUs can represent various entities, including countries, 
industries, universities, and others, with the goal of bench-
marking a specific DMU against the others in the studied 
set. The DEA trials provide an efficiency score for each 
DMU, which typically ranges from 0 to 1, indicating their 
relative performance based on the ratio of production (out-
put) to utilization (input) in a certain manufacturing process 
(Ezici et al., 2020). For instance, a MRIO model was inte-
grated with DEA to investigate the building sector's energy 
efficiency in China on a provincial scale (Wen et al., 2020).

Wang et al. (2022) introduced a novel approach to eval-
uate the ecological sustainability of supply chains. This 
method combines an MRIO model with DEA. By inte-
grating economic and environmental considerations 
within supply chains, the approach generates a green-de-
gree indicator while considering the limitations related to 
energy consumption structure. This technique allows for 
the assessment of the renewable and the non-renewable 
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energy consumption incorporated in global supply chains, 
ultimately quantifying the environmental sustainability 
of these supply chains. In another research while explor-
ing the potential impact of protectionist policies on the 
environment in developing nations, Wang et al. (2022) 
employed a comprehensive assessment model that com-
bines MRIO, DEA, and scenario analysis.

Egilmez et al. (2016) developed a hybrid method for 
evaluating the sustainability performance of thirty-three 
food production businesses in the United States of America 
by integrating fuzzy DEA with an IO-based LC evalua-
tion. First, the impacts of energy, forestland footprint, 
fishery footprint, the total released carbon dioxide, and 
total quantity of water consumed were assessed using the 
economic input-output (EIO)-LCA. Then, the outcomes of 
the EIO-LCA model were employed as inputs of the DEA 
method with the output (total economic output) to assess 
the eco-efficiency. Moreover, they also established a hier-
archical methodology consisting of two phases to evalu-
ate the environmental effects of a country's food manu-
facturing industries. First, the EIO-LCA model was used 
to identify the effects of land footprint, water extraction, 
energy usage, and CFP. Later, the EIO-LCA model out-
comes were utilized as inputs for the DEA, with the quan-
tity of food products generated by each food industry rep-
resenting the output (Egilmez et al., 2014).

Based on the literature review of integrating MRIO 
and DEA, as indicated in Table 1, no research has been 
conducted to assess the efficiency of the European freight 
transport industry from a sustainability viewpoint. Thus, 
this current work evaluates the efficiency of the three pillars 
(environment, society, and economics) of sustainability in 

the freight transport industry in Europe during a nine-
teen-year study period. The scope of sustainability aspects 
involved the CFP emissions, number of employees in each 
mode, price levels of intermediate input, compensation 
of employees, freight carried by each mode, and the total 
economic output of each mode.

3 Methodology
Section 3 addresses the integrated method of MRIO and 
DEA in detail. In addition, the process of collecting and 
preparing data is described. Fig. 2 illustrates the three 
theoretical phases involved in the suggested method. 
The MRIO outputs were used as inputs in the DEA phase.

3.1 Collection of data
The data utilized in this study were gathered from diverse 
official sources like the World Input-Output Database 
(WIOD), the Eurostat database (Eurostat, 2023), and the 

Table 1 Studies that used the output of MRIO and EIO as inputs of the DEA tool

Study Methodology Scope Input Output

1 Ezici et al. (2020) MRIO and DEA "US manufacturing 
industries"

"Renewable and non-renewable energy 
consumption"

"Overall economic 
production"

2 Egilmez et al. (2013) EIO-LCA and DEA "The 53 major U.S. 
manufacturing sectors" 

"Environmental impacts include 
greenhouse gas emissions, energy 

consumption, water withdrawals, hazardous 
waste, and toxic discharges"

"Overall economic 
production"

3 Egilmez et al. (2016) EIO-LCA and DEA
"The 33 sectors of 

food production in the 
United States"

"Energy, forestland, and fishery footprint, 
the total emitted carbon dioxide, and the 

total amount of water used"

"Total economic 
output"

4 Egilmez et al. (2014) EIO-LCA and DEA "The 33 US food 
manufacturing sectors"

"Land footprint, water withdrawal, energy 
consumption, and carbon footprint"

"The quantity of food 
items generated by 
each food industry"

5 Wen et al. (2020) MRIO and DEA "China's construction 
sector" "Amount of total embodied energy used"

"The gross product 
of the provincial 

construction sector"

6 Wang, et al. (2022) MRIO and DEA "Global supply chain" "Energy consumption" "The economic 
output"

Fig. 2 The theoretical approach of the suggested method
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Organization for Economic Cooperation and Development 
(OECD). The WIOD and OECD are current and extensive 
MRIO databases that comprise a time series of symmetrical 
IO tables spanning from 2000 to 2014 and 2000 to 2018, 
respectively (Abbood et al., 2023). These tables encompass 
the global economy, including forty major nations (based 
on their gross domestic product) and the rest of the world. 
Within each country's economy, there are thirty-five indus-
tries, with sixteen falling under the manufacturing category 
(Ezici et al., 2020). The analysis assumes a fixed product 
sales structure, meaning every industry has its own sales 
structure accounting for the output of products sold to inter-
mediate and final users (Abbood et al., 2023). The Eurostat 
database (Eurostat, 2023) contains huge statistical informa-
tion about all sectors of all European countries. The authors 
collected the other variables, such as the number of employ-
ees in each mode, total hours worked by employees, freight 
carried by each mode, and nominal capital stock, which 
were involved in the integrated method of this study from 
the Eurostat database website (Eurostat, 2023).

3.2 The MRIO model framework
The MRIO model was used to measure the effects of the 
freight transport industry of the selected nations at differ-
ent levels, including those related to production, domestic, 
and international supply chain impacts. The economies of 
the selected countries were integrated into a multi-region 
input-output (MRIO) life cycle assessment framework 
in which 40 major economies, including the US, China, 
Russia, and others, as well as the rest of the world (ROW), 
were modeled to analyze global carbon footprint impli-
cations. The WIOD and OECD database classification 
assumes that each country's economy comprises 35 vital 
industries. A total of 1,435 (41 × 35 = 1,435) industries 
make up the worldwide structure of the international 
economy of each country that was studied in this research. 
The technique is innovative in that the MRIO model was 
constructed in a stochastic manner, taking into account 
global trade-related risks. The top carbon generated by 
industries and nations was examined using data analyt-
ics and statistical modeling techniques. The three steps of 
developing the MRIO model are further explained.

3.2.1 Mathematical background of deterministic MRIO
In the deterministic MRIO framework, the matrix Aij

rs

t
� �  

serves as the main requirement matrix. Each row of this 
matrix Aij

rs

t
� �  depicts the inputs required from various 

local and international industries during producing one 
output unit. In the applied MRIO model, i represents the 

input from nation r to industry j in country s. Remark: 
both i and j are identical, with each being thirty-five and 
representing the entire number of industries inside a given 
country. The model also includes forty-one nations, and 
the rest of the globe, designated by r and s, with uni-
form values. Based on the core premise of linearity for 
the MRIO framework, the total output vector for a certain 
economic output can be computed.

x A ft
r

ij
rs

t i
t
t� � � �� � � ��

I
1  (1)

The variable fi
t
t� �  is a vector containing just produc-

tion in monetary terms from manufacturing sector i in 
region r, with all other components set to 0. Furthermore, 
I represents the identity matrix, where all elements are 
zeros except for the diagonal entries, that are one. The vec-
tor xt

r  shows the total output caused by changes in the final 
production within nation r. This concept, I � � �� ��Aij

rs

t

1

,  
is also known as Leontief's inverse. After determining the 
overall output vector, carbon emissions may be calculated 
by multiplying each sector's production by the correspond-
ing carbon emissions per output in monetary terms (Bt ).

C B A ft t ij
rs

t i
t
t� � � �� � � ��

I
1

 (2)

In this scenario, Ct represents the vector encompassing 
the comprehensive environmental consequences, such as 
GHG emissions. The multiplier for environmental impact 
is denoted as B, which constitutes a matrix having diago-
nal components that represent measures such as the global 
warming potential (GWP) per economic production in 
monetary terms. The GWP is computed by aggregating 
the total GHG emissions from individual sectors and sub-
sequently applying conversion coefficients acquired from 
the US Environmental Protection Agency (EPA).

3.2.2 Mathematical background of stochastic MRIO
In the stochastic MRIO framework, both the total require-

ment matrix Aij
rs

t
� �� �� ���1

 and the final demand variable
 

fi
r
t� � �  are regarded as random variables characterized by 

defined mean and standard deviation values. The mean val-
ues are adjusted to correspond with the data points acquired 
from the WIOD and OECD datasets. Furthermore, the 
standard deviation values are generated from the means 
by scaling them with a factor known as k, which is initially 
set to 10%. This first assumption assumes a 10% fluctua-

tion. Given the total requirement matrix I Aij
rs

t
� � �� �� ���

�
1
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and the final demand (in this study, represented by the 
economic production of each manufacturing industry), 
denoted as fi

r
t� � �  below, where xt

r′  denotes the stochas-
tic total economic output, which includes both direct and 
global supply chain contributions, see Eq. (3).

x I A ft
r

ij
rs

t i
r
t

� �� �� �� �� �� � ��
�

1  (3)

Once the stochastic total economic output, denoted as 
xt
r′,  is calculated, it becomes straightforward to deter-

mine the collective CFP of all sectors across the 41 coun-
tries, as shown in Eq. (4). In the deterministic MRIO 
model, these totals were determined by multiplying the 
total economic production with a matrix Bt (diagonal 
entries reflecting the GWP per million dollars of economic 
activity). In the stochastic scenario, where both factors are 
subject to uncertainty, Monte Carlo simulation is utilized 
to determine the mean and the standard deviation values 
for the resultant total impacts on GWP.

C B I A ft t ij
rs

t i
r
t

� � �� � � �� � � �� ��1  (4)

3.2.3 Monte Carlo simulation
The Monte Carlo simulation is a strategy for forecasting 
outcomes that combines repetitive random sampling with 
statistical analysis. It is associated with simulating random 
experiments for specific scenarios where the exact out-
comes are unknown (Raychaudhuri, 2008). In this study, 
Monte Carlo experiments were conducted to estimate con-
fidence intervals for the total CFP of the European freight 
transport industry. To achieve this, we used the Monte 
Carlo Simulation Method to construct thirty replications of 
the stochastic MRIO model for CFP for each year between 
2000 and 2018. In total, we conducted 570 experiments 
by simulating for all nineteen years, repeating the pro-
cess thirty times (Abbood et al., 2023). Subsequently, we 
estimated the average and standard deviation of the thirty 
samples for each year of the CFP. The stages involved in 
the Monte Carlo simulation are as follows:

1. Compute the overall CFP impact for every year from 
2000 to 2018.

2. Generate thirty separate replications for each year.
3. Conduct thirty replications for each analyzed year, 

covering the period from 2000 to 2018, with a CFP 
focus.

4. Determine the mean and standard deviation by ana-
lyzing data from the thirty samples.

3.3 Normalizing data and the proposed DEA method
3.3.1 Data normalization
After running the MRIO and calculating the CFP emis-
sions values for each freight transport mode in each coun-
try, the values of the CFP as well as the values of other 
variables, including the number of employees in each 
mode, total hours worked by employees, nominal capital 
stock, freight carried by each mode, and the total economic 
output of each mode, were normalized, because there is 
a disparity in the data's scale resulting from various units. 
For example, the CFP emissions are measured in million 
tons, while the number of employees is measured in num-
bers. Thus, the dataset generated by the MRIO model 
and other collected variables were normalized using the 
mean normalization approach. Table 2 displays normal-
ized statistics for each nation's three types of freight trans-
port during the first period (2000–2004). This normaliza-
tion procedure has been utilized extensively in prior DEA 
investigations (Raychaudhuri, 2008). Mean normalization 
was accomplished by computing each input's and out-
put's mean and dividing each input or output by its aver-
age (Egilmez et al., 2013). For instance, the freight carried 
by the three modes, inland transport, water transport, and 
air transport, of the German freight transport sector in the 
2000–2004 period is 2,240,634, 1262, and 36,711 (thou-
sands of tons), respectively, and the average is 759,536. 
Thus, the normalized number of these values is calculated 
by dividing each value on the average, and the results are 
2.95, 0.0017, and 0.0483, respectively.

3.3.2 The developed DEA method
DEA is a mathematical method introduced by Charnes 
et al. (1978) that blends linear programming and pro-
duction theory. DEA's purpose is to evaluate compara-
ble parts using specified inputs and outputs. Charnes 
et al. (1978) observed that this assessment should priori-
tize "decision-making efficiency". As a result, the object 
evaluated in this comparison is a DMU. DMUs might take 
the form of schools, manufacturing units, nations, hos-
pitals, or states. The objective of DEA is to evaluate the 
efficiency with which chosen DMUs produce specified 
outputs using chosen inputs as the basis for comparison 
(Egilmez and McAvoy, 2013). Drawing inspiration from 
the productivity equation, Ramanathan defined the effec-
tiveness or proficiency of a DMU as the quotient of over-
all outputs divided by overall inputs (Ramanathan, 2003). 
DEA aims to evaluate efficiency by either maximizing 
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outputs or minimizing inputs using linear programming 
optimization. Its key advantage lies in avoiding subjective 
weighting when benchmarking similar units. It calculates 
an overall performance score termed "efficiency", indicat-
ing how effectively inputs are used to generate predefined 
outputs (Hermans et al., 2008).

In the current research, an input-oriented DEA model 
utilizes the findings from MRIO analysis to pinpoint 
the sustainable efficiency of the European freight trans-
port sector. Many researchers have employed combina-
tions of EIO-LCA, MRIO, and DEA to address diverse 
ecological and ecological sustainability issues. This com-
bined approach arises from the necessity of establish-
ing sustainability standards while conducting life cycle 
impact assessments. For instance, Ezici et al. (2020) used 
a cradle-to-gate MRIO and DEA technique to investigate 
the US manufacturing industries' global dependency on 
renewable and non-renewable energy from 1995 to 2014. 
The MRIO models were developed to assess the impacts 
of worldwide energy consumption and economic output 
on manufacturing industries. The energy-related conse-
quences were then combined into aggregate totals for the 
renewable and the non-renewable energy use. The MRIO 
data used as inputs in the second phase (DEA) were com-
pared to output (total economic output) to assess the US 
companies' environmental efficiency.

Moreover, the EIO-LCA and DEA models were com-
bined to evaluate the environmental efficiency of the 
industrial sectors in the US. First, the EIO-LCA assessed 
the consequences of GHG emissions, energy consumption, 

water extraction, hazardous waste creation, and toxic 
chemical discharge using each sector's total economic out-
put. The EIO-LCA results were then employed as inputs 
in the DEA model together with the overall economic 
production, which served as the DEA's output (Egilmez 
et al., 2013). In addition, Egilmez et al. (2016) utilized the 
output of the EIO-LCA, which are the impacts of energy, 
forestland, and Fishery footprint, the total emitted carbon 
dioxide, and the total amount of water, as inputs of the 
DEA to evaluate the sustainability performance of thir-
ty-three food manufacturing industries in the US.

The current study utilized the MRIO to calculate the 
CFP emissions of the three modes in the selected coun-
tries. This MRIO model is different since it employs a sto-
chastic method while factoring in uncertainties associ-
ated with global trade connections. After calculating these 
CFP values, they were used as inputs for the second phase 
of the method, which calculates sustainable efficiency by 
applying the DEA tool. The proposed method in this study 
is unique since:

1. it uses a deterministic and stochastic MRIO model 
to identify the CFP emissions, and the Monte Carlo 
experiments were also conducted to estimate confi-
dence intervals for the overall CFP;

2. the study focuses on analyzing the freight transport 
industry solely in the biggest industrial European 
countries;

3. it combines the CFP with other economic and social 
variables to have a comprehensive understanding of 
the sustainability performance in this sector;

Table 2 The normalized CFP and other variables of the freight transport sectors in each country between 2000 and 2004

Country DMU's name CFP EMPE H-EMPE K Freight carried TEO

France

Inland transport mode 2.763 2.659 2.659 2.596 2.939 2.456

Water transport mode 0.075 0.045 0.044 0.078 0.004 0.221

Air transport mode 0.162 0.297 0.296 0.325 0.057 0.323

Germany

Inland transport mode 2.772 2.714 2.713 2.119 2.950 1.949

Water transport mode 0.124 0.083 0.082 0.597 0.002 0.412

Air transport mode 0.104 0.204 0.203 0.284 0.048 0.639

Spain

Inland transport mode 2.460 2.682 2.690 2.522 2.982 2.349

Water transport mode 0.115 0.075 0.074 0.109 0.005 0.168

Air transport mode 0.424 0.241 0.235 0.369 0.013 0.482

Italy

Inland transport mode 2.833 2.632 2.632 2.552 2.973 2.499

Water transport mode 0.077 0.193 0.193 0.225 0.006 0.216

Air transport mode 0.090 0.175 0.174 0.222 0.020 0.285

Netherlands

Inland transport mode 1.829 2.433 2.486 2.042 2.858 1.985

Water transport mode 1.008 0.193 0.180 0.399 0.012 0.552

Air transport mode 0.162 0.373 0.332 0.559 0.129 0.462
CFP = Total carbon footprint, EMPE = employees in each mode, H-EMPE = Total hours spent by workers, K = Nominal capital stock, 
TEO = Total economic output.
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4. the method uses the latest input-output tables from 
2000 to 2018 that were provided in both WIOD and 
OECD.

In this context, since the input (total CFP, number of 
employees in each mode, total hours worked by employees, 
nominal capital stock, and freight carried by each mode) 
categories represent environmental, economic, and social 
effects and the output (total economic output) is the eco-
nomic value added, the term used to describe production 
efficiency is known as the "sustainable efficiency" score. 
Therefore, this research incorporates DEA as a bench-
marking approach, consolidating freight transport sectors' 
environmental, social, and economic impacts into a unified 
sustainability performance score. In this context, the exist-
ing literature contains numerous similar techniques that 
have employed DEA models for measuring sustainability 
performance, such as (Egilmez and McAvoy, 2013; Ezici 
et al., 2020; Korhonen and Luptacik, 2004; Kuosmanen 
and Kortelainen, 2005). The representation for the gen-
eral input-oriented DEA multiplier model, as suggested by 
(Egilmez et al., 2014), is presented in Eq. (5).
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In this model, μr stands for the output multiplier, vi is 
the input multiplier, o represents the specific DMU in 
focus, k signifies the count of outputs, m denotes the num-
ber of inputs, j is the total number of DMUs, yrj corre-
sponds to the quantity of output r generated by DMU j, 
and xij represents the amount of input i utilized by DMU j. 
The weighted outputs for the DMU under evaluation are 
summed by the objective function.

The DEA combines several inputs and outputs with the 
goal of reducing inputs while achieving a given outcome. 
When the combined input from the other DMUs fails to 
produce the intended output, the DMU under evaluation 
is regarded as being on the efficient frontier. When inputs 

from other DMUs can create the output of the DMU under 
assessment, the DMU is considered inefficient because the 
inputs from other DMUs were able to generate greater out-
put for the DMU in issue.

This research uses an input-oriented DEA multiplier 
model, as the major objective is to decrease negative eco-
nomic, environmental, and social consequences while 
maintaining an equal level of overall economic produc-
tion. The developed DEA model is described as follows.
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vi ≥ 0,  (10)

where j indicates the overall economic output of the DMUs 
(freight transportation modes) under consideration. This 
mathematical approach is computed using linear optimi-
zation techniques, and the sustainable efficiency ratio is 
calculated by determining the inverse of the variable z. 
The linearized model ran three times (number of modes) 
in each period for each nation to determine the most ben-
eficial long-term efficiency values across all modes of 
freight transport.

4 Results and discussion
The current study is unique because it focuses on investigat-
ing the efficiency of the three modes of the freight transport 
sector (inland transport, water transport, and air transpor-
tation) in the top five European industrial nations: France, 
Germany, Spain, Italy, and the Netherlands. The DEA 
method and MRIO model are integrated to draw a clear 
understanding of how sustainable these three modes are in 
the selected countries. The MRIO model is utilized to esti-
mate the CFP emissions caused by these modes in the men-
tioned countries. This approach examined the LC-based CFP 
emissions associated with freight transport activities within 
the selected countries from 2000 to 2018, considering their 
international trade connections worldwide. Specifically, 
nineteen stochastic model-based MRIO assessments were 
constructed for each examined country, encompassing thir-
ty-five major industries. Statistical modeling tools were uti-
lized to evaluate and quantify the CFP emissions. The out-
comes of the MRIO were applied as inputs for the DEA 
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model, as well as the number of employees in each mode, 
total hours worked by employees, and nominal capital stock 
of each mode of the freight transport industry of these five 
nations. The DEA method analyzes the ratio of the outputs 
to inputs to examine the efficiency. Therefore, the economic 
output of each mode was considered outputs of the DEA. 
In this regard, the scope of the study is divided into four 
phases, which are 2000–2004, 2005–2009, 2010–2014, 
and 2015–2018. The DEA model ran three times (for each 
mode) in each period for each country to examine the effi-
ciency of the selected modes.

In the reviewed literature, many studies used the output 
of the MRIO model as inputs of the DEA, such as Egilmez 
et al. (2013), who identified the eco-efficiency score of US 
manufacturing by:

1. calculating the GHG emissions, energy use, water 
withdrawals, hazardous waste generation, and toxic 
releases of each sector;

2. evaluating the eco-efficiency of these sectors by 
comparing the inputs to the economic output, which 
was considered the output of the DEA model, of US 
manufacturing sectors.

The findings are explained in two phases. The first 
round shows the outcomes of the MRIO model, and the 
second phase addresses the sustainable efficiency of each 
country’s freight transport industry.

4.1 MRIO results
In Section 4.1, the outcomes of each mode of the freight 
transport industry for the selected nations are presented. 
The total impacts of CFP on inland, water, and air trans-
port are shown in Figs. 3 to 5, respectively. The expression 
"total impacts" pertains to the combined effects of on-site 
and supply-related impacts in each country.

4.1.1 Inland transport mode
Italy is identified as having the most significant share of 
CFP emissions in the inland sectors, accounting for a sub-
stantial 46.17% of the total emissions among the countries 

studied during the research period. This significant share 
suggests that Italy's inland sectors, such as transporta-
tion, manufacturing, and other industrial activities, are 
major contributors to carbon emissions in Europe. In addi-
tion, France is the second most significant contributor to 
CFP in the inland sectors, with 35.09% of the total share. 
Although lower than Italy's contribution, France's share is 
still considerable, highlighting its impact on inland sec-
tor emissions. The remaining countries have much smaller 
shares of CFP emissions, ranging from 1.05% to 14.23%. 
This indicates a wide disparity in the carbon footprint 
among the studied nations, with Italy and France dominat-
ing the emissions in inland sectors while other countries 
contribute less significantly.

Fig. 4 shows that the CFP emissions from Italy and 
France were inconsistent throughout the study period. 
Instead, these emissions fluctuated, showing periods of 
increase and decrease. Italy and France experienced a rise 
in CFP emissions from 2000 to 2008. This upward trend 
suggests that inland sector activities, possibly driven by 
economic growth or increased industrial activities, con-
tributed increasingly to carbon emissions during this 
period. Also, there was a decrease in CFP emissions in 
both countries in 2009 and 2010. This decline could be 
attributed to several factors, such as the global financial 
crisis of 2008 and 2009, which reduced industrial activity 

Fig. 3 The realization of the integrated method

Fig. 4 The entire share of CFP by the inland transportation mode

Fig. 5 The entire share of CFP by the water transportation mode
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and, consequently, lowered emissions. It might also reflect 
the implementation of more stringent environmental poli-
cies or advancements in energy efficiency within these sec-
tors. Moreover, in 2011, Italy and France saw an increase 
in CFP emissions, potentially indicating a recovery in eco-
nomic activity and a corresponding rise in industrial out-
put. However, this increase was followed by a decrease 
in 2012, suggesting a possible reintroduction of emission 
control measures or fluctuations in industrial activity. 
The CFP emissions in these two countries rose again in 
2014, followed by a decrease in 2015. This pattern of alter-
nating increases and decreases highlights the volatility and 
sensitivity of inland sector emissions to various factors, 
such as economic conditions, regulatory changes, or tech-
nological advancements. From 2015 to 2018, the total share 
of CFP emissions from Italy and France increased steadily, 
reaching the highest levels in Italy by the end of the study 
period. This steady rise could be due to sustained eco-
nomic recovery, increased industrial activity, or perhaps 
a slower adoption of green technologies during these years. 
Fig. 4 explains that, in contrast to the fluctuations seen 
in Italy and France, the other countries studied had rela-
tively stable contributions to CFP emissions throughout the 
research period. This stability suggests that these countries 
had more consistent industrial activity, possibly due to bet-
ter-managed energy efficiency or smaller overall industrial 
bases compared to Italy and France.

As Table 3 shows, the correlation analysis for the inland 
transportation mode reveals that the CFP is positively 
correlated with TEO (r = 0.274, p < 0.01) and H-EMPE 
(r = 0.234, p < 0.05), indicating that as economic out-
put and labor intensity increase, so do carbon emissions. 
The EMPE is strongly correlated with both H-EMPE 
(r = 0.741, p < 0.01) and K (r = 0.750, p < 0.01), highlighting 
the interconnectedness of labor and capital in driving oper-
ational capacity. Freight carried is highly correlated with 
EMPE (r = 0.707, p < 0.01), H-EMPE (r = 0.980, p < 0.01), 
and TEO (r = 0.714, p < 0.01), underscoring the critical role 

of labor in freight operations and its significant contribu-
tion to economic output. However, the lack of correlation 
between CFP and K suggests that capital investments do 
not directly impact carbon emissions, potentially due to 
efficiencies in technology or operations.

4.1.2 Water transport mode
Fig. 5 demonstrates that Italy has the highest share of 
CFP emissions in the water transport sector, accounting 
for 40.72% of the total emissions among the studied coun-
tries. Italy's CFP peaked in 2008, decreased in 2010, rose 
again in 2015, experienced a sharp drop in 2017, and then 
saw a slight increase towards the end of the study period. 
In addition, Germany is the next largest contributor, with 
24.23% of the total CFP in water transport. Germany's 
CFP steadily increased throughout the period from 2000 
to 2018, reaching its peak at the end of the study period 
in 2018. Moreover, France contributes 18.15% of the total 
CFP in water transport. France's CFP emissions rose from 
2000 to 2007, dipped in 2009 to their lowest point, slightly 
increased between 2010 and 2012, decreased again in 
2013, and then rapidly increased to reach their highest 
level in 2018. Also, the Netherlands accounts for 14.59% of 
the total CFP in water transport. The Netherlands saw an 
increase in CFP from 2000 to 2011, followed by a signif-
icant drop to the lowest levels in 2014 and 2015. The CFP 
share then rose again from 2016 to 2018. Spain has the 
lowest share of CFP emissions in the water transport sec-
tor, contributing just 2.29% of the total. Spain's CFP emis-
sions are characterized by minimal variation and consis-
tently low levels throughout the study period.

The CFP emissions in Italy's water transport sector 
show significant variability over the years, with notable 
peaks and troughs. The peak in 2008 suggests a possible 
period of increased water transport activity or less efficient 
practices, followed by a dip that might indicate economic 
or policy changes. The fluctuations highlight the instabil-
ity in Italy's contribution to CFP in this sector. In contrast 

Table 3 Correlation matrix in the inland transportation mode

CFP EMPE H-EMPE K Freight carried TEO

CFP 1.000 0.077 0.234* −0.152 0.143 0.274**

EMPE 0.077 1.000 0.741** 0.750** 0.707** 0.486**

H-EMPE 0.234* 0.741** 1.000 0.346** 0.980** 0.730**

K −0.152 0.750** 0.346** 1.000 0.299** 0.307**

Freight Carried 0.143 0.707** 0.980** 0.299** 1.000 0.714**

TEO 0.274** 0.486** 0.730** 0.307** 0.714** 1.000
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
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to Italy, Germany's CFP emissions show a steady upward 
trend, indicating a consistent increase in water transport 
activity or possibly higher emissions from this sector. 
The peak in 2018 suggests that Germany's water transport 
sector had its most significant environmental impact at the 
end of the study period. France's trend reveals periods of 
both growth and decline in CFP emissions. The initial rise 
followed by a significant dip in 2009 might reflect eco-
nomic downturns, shifts in transport policies, or changes 
in energy efficiency. The rapid increase towards 2018 indi-
cates a resurgence in water transport activity or decreased 
emission control effectiveness. The Netherlands experi-
enced a steady rise in CFP until 2011, after which there 
was a sharp decrease, particularly in 2014 and 2015. This 
drop could be due to technological improvements, a reduc-
tion in water transport activity, or effective environmental 
policies. The subsequent rise in CFP suggests a recovery 
or increased activity in the sector. Spain's water transport 
sector shows the least variation and the lowest CFP emis-
sions, indicating stable, low-impact operations in this sec-
tor across the study period.

Table 4. shows that in the water transportation mode, 
CFP is strongly correlated with EMPE (r = 0.805, p < 0.01), 
H-EMPE (r = 0.662, p < 0.01), K (r = 0.765, p < 0.01), and 
Freight Carried (r = 0.573, p < 0.01), indicating that higher 
labor and capital inputs lead to increased carbon emis-
sions. EMPE shows significant correlations with H-EMPE 
(r = 0.601, p < 0.01) and K (r = 0.607, p < 0.01), suggesting 
a strong link between labor, capital, and operational effi-
ciency. Freight carried is highly correlated with H-EMPE 
(r = 0.955, p < 0.01) and K (r = 0.861, p < 0.01), reflect-
ing the labor and capital intensity required to maximize 
freight capacity. However, the weaker correlation between 
CFP and TEO (r = 0.397, p < 0.01) suggests that while eco-
nomic output influences emissions, its impact is less pro-
nounced compared to labor and capital factors.

4.1.3 Air transport mode
Fig. 6 shows that Italy has the largest share of CFP emis-
sions in the air transport sector, accounting for 61.88% of 
the total emissions among the studied European industrial 
countries. This overwhelming share indicates that Italy's 
air transport sector is a substantial contributor to the over-
all carbon footprint in Europe. Italy's CFP emissions in the 
air transport sector increased steadily, indicating grow-
ing air transport activity or possibly less efficient prac-
tices from 2000 to 2008. There was a rapid decrease in 
CFP emissions in 2009, possibly due to economic down-
turns (e.g., the global financial crisis) or improvements 
in air transport efficiency. The CFP emissions increased 
again, reaching high levels in 2011, suggesting a recovery 
in air transport activity. After a decrease in 2012, emis-
sions peaked in 2014, likely driven by increased air traf-
fic or less stringent emissions controls. There was a rapid 
decline in emissions in 2015 and 2016, possibly due to pol-
icy interventions or advancements in technology. A slight 
increase towards the end of the study period suggests 
a minor resurgence in CFP contributions from Italy's air 
transport sector in 2017 and 2018. In addition, France is 
the second major contributor to CFP emissions in the air 
transport sector, accounting for 18.75% of the total emis-
sions. Although significantly lower than Italy, France's 

Table 4 Correlation matrix in the water transportation mode

CFP EMPE H-EMPE K Freight carried TEO

CFP 1.000 0.805** 0.662** 0.765** 0.573** 0.397**

EMPE 0.805** 1.000 0.601** 0.607** 0.437** 0.099

H-EMPE 0.662** 0.601** 1.000 0.840** 0.955** 0.190

K 0.765** 0.607** 0.840** 1.000 0.861** 0.506**

Freight carried 0.573** 0.437** 0.955** 0.861** 1.000 0.360**

TEO 0.397** 0.099 0.190 0.506** 0.360** 1.000
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

Fig. 6 The entire share of CFP by the air transportation mode
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contribution is still notable. France's CFP emissions rose 
steadily from 2000 to 2007, indicating increased air trans-
port activity or emissions during these years. Like Italy, 
France experienced a decrease in emissions, with the low-
est point in 2009, possibly due to economic factors or 
increased efficiency in air transport. Emissions increased 
again, peaking in 2013, suggesting a period of high air 
transport activity or reduced efficiency. A slight decline 
occurred, indicating stabilization or a modest reduction 
in emissions from 2014 to 2016. A slight increase in 2018 
points to a small rise in air transport activity or emissions. 
The remaining countries (likely Germany, Spain, and the 
Netherlands) had much smaller shares of CFP emissions 
in the air transport sector, with contributions ranging from 
2.41% to 8.42%. Their contributions were described as 
minimal and stable throughout the study period. Germany 
and Spain contributed almost identical CFP emissions in 
the air transport sector, suggesting similar levels of air 
transport activity or comparable emissions control mea-
sures. The Netherlands is noted as the lowest contributor 
among the studied countries, indicating that its air trans-
port sector had the smallest impact on CFP emissions.

The trend in Italy's air transport CFP emissions shows 
significant fluctuations over time, reflecting periods of 
growth, decline, and recovery in air transport activity. 
The sharp rise in emissions until 2008 could be linked to 
increased air traffic, economic growth, or less efficient air-
craft technologies. The rapid decline in 2009 likely reflects 
the impact of the global financial crisis, leading to reduced 
air travel and, consequently, lower emissions. The subse-
quent peaks and declines suggest a cyclical pattern influ-
enced by economic factors, policy changes, and possibly 
technological improvements in the sector. In addition, 
France's CFP trends also show periods of increase and 
decrease, with similar dynamics to Italy's but on a smaller 
scale. The increase until 2007 reflects growing air traf-
fic, while the dip in 2009 mirrors the economic downturn 
and its effects on air travel. The peak in 2013 indicates 

a resurgence in air transport activity, followed by a period 
of stabilization. However, the other countries' stable and 
minimal contributions suggest that their air transport sec-
tors were either less active or more efficient in managing 
CFP emissions compared to Italy and France. The simi-
lar contributions of Spain and Germany imply that these 
countries had comparable levels of air traffic or emissions 
control measures in place. The Netherlands, being the 
lowest contributor, likely had a smaller air transport sec-
tor or more effective emissions management.

Table 5 depicts that for the air transportation mode, CFP 
is highly correlated with EMPE (r = 0.905, p < 0.01), sug-
gesting that labor is a major driver of carbon emissions. 
CFP also shows moderate correlations with K (r = 0.479, 
p < 0.01) and Freight carried (r = 0.284, p < 0.01), indicating 
that both capital investments and freight operations con-
tribute to emissions, though to a lesser extent than labor. 
EMPE is strongly correlated with K (r = 0.531, p < 0.01) 
and Freight Carried (r = 0.421, p < 0.01), emphasizing the 
role of labor in operational efficiency. The moderate cor-
relation between CFP and TEO (r = 0.567, p < 0.01) sug-
gests that while economic output impacts emissions, labor 
remains the most significant factor in driving carbon foot-
print in air transport.

4.2 The DEA results
The study aims to assess the efficiency of different modes 
of freight transport in various countries. Efficiency, in this 
context, is defined not just by economic performance but 
also by environmental and social considerations, making 
the assessment more holistic and aligned with the princi-
ples of sustainability. The study uses six variables to eval-
uate efficiency, which are grouped into three categories:

1. Environmental Impact: This includes variables like the 
CFP emissions. The focus here is on how much pollu-
tion or environmental harm each mode of freight trans-
port causes. Lower CFP emissions generally indicate 
a more environmentally efficient mode of transport.

Table 5 Correlation matrix in the air transportation mode

CFP EMPE H-EMPE K Freight carried TEO

CFP 1.000 0.905** 0.214* 0.479** 0.284** 0.567**

EMPE 0.905** 1.000 0.330** 0.531** 0.421** 0.539**

H-EMPE 0.214* 0.330** 1.000 0.504** 0.956** 0.471**

K 0.479** 0.531** 0.504** 1.000 0.504** 0.395**

Freight carried 0.284** 0.421** 0.956** 0.504** 1.000 0.352**

TEO 0.567** 0.539** 0.471** 0.395** 0.352** 1.000
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
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2. Social Impact: This category includes the number 
of employees involved in each mode of transport 
and the total hours worked. These variables reflect 
the human element of the transport industry, high-
lighting how many jobs are supported by each mode 
and the amount of labor required. This could indi-
cate the social sustainability of the mode, where 
higher employment might be seen as beneficial, but 
extremely high labor hours could suggest ineffi-
ciency or labor exploitation.

3. Economic Impact: The study considers economic 
outputs such as the nominal capital stock and the 
amount of freight carried by each mode. Nominal 
capital stock represents the investment in physi-
cal assets (e.g., vehicles, infrastructure), while the 
freight carried reflects the economic value gener-
ated by the transport mode. These indicators help in 
understanding the economic sustainability and pro-
ductivity of each transport mode.

First, inland, water, and air transport modes are evalu-
ated and ranked according to their sustainable efficiency. 
As shown in Table 6, the sustainable efficiency scores 
for these three types of freight transport vary from 0.38 
to 1. Within the freight transport sector, the study identi-
fied certain modes in specific countries as fully efficient. 
Specifically, France's water transport, Germany's air and 
water transport, Italy's water transport, and both water 
and air transport in the Netherlands achieved a 100% 

efficiency rating when compared to other transport modes 
across the selected countries.

In contrast, the efficiency of air transport in France, 
Spain, and Italy showed significant fluctuations. The find-
ings indicate that France's air transport sector was partic-
ularly inefficient during the 2005–2009 and 2010–2014 
periods, with sustainable efficiency scores of 0.76 and 
0.55, respectively. Additionally, Spain's air transport sec-
tor recorded the lowest sustainable efficiency score of 0.38 
during the 2005–2009 period. Italy's air transport also 
struggled, posting its lowest score of 0.47 between 2015 and 
2018. The primary cause of these low sustainable efficiency 
scores is linked to a decline in the economic output of the 
air transport industry in these countries over the analyzed 
periods. Meanwhile, the carbon footprint (CFP) contribu-
tion from this sector remained relatively unchanged from 
previous years, and other influencing factors maintained 
their impact. Given that sustainable efficiency scores are 
determined by the ratio of outputs to inputs, the decreased 
economic output relative to the constant inputs resulted in 
lower efficiency scores during these periods.

Moreover, for the remaining periods, all other transport 
modes in these countries were found to have efficiency 
scores ranging from 0.99 to 1. The authors suggest that, 
except for the Netherlands, the studied countries' air trans-
port sectors lack efficiency and require improvements, par-
ticularly in reducing their CFP. On the other hand, water 
transport emerged as the most efficient mode, character-
ized by low CFP emissions and minimal capital costs. 

Table 6 The sustainable efficiency of the three modes in the selected countries

Country DMU's name
The sustainable efficiency score

2000–2004 2005–2009 2010–2014 2015–2018 Mean Min. Max. ST. Dev. Median

France

Inland 1 1 0.99 0.99 0.995 0.99 1 0.005 0.995

Water 1 1 1 1 1 1 1 0 1

Air 1 0.76 0.55 1 0.8275 0.55 1 0.1878 0.88

Germany

Inland 0.99 1 1 1 0.9975 0.99 1 0.0043 1

Water 1 1 1 1 1 1 1 0 1

Air 1 1 1 1 1 1 1 0 1

Spain

Inland 0.99 0.99 1 1 0.995 0.99 1 0.005 0.995

Water 0.99 1 1 1 0.9975 0.99 1 0.0043 1

Air 0.99 0.38 1 0.99 0.84 0.38 1 0.2656 0.99

Italy

Inland 0.99 1 1 0.99 0.995 0.99 1 0.005 0.995

Water 1 1 1 1 1 1 1 0 1

Air 1 1 1 0.47 0.8675 0.47 1 0.2295 1

Netherlands

Inland 1 1 0.99 1 0.9975 0.99 1 0.0043 1

Water 1 1 1 1 1 1 1 0 1

Air 1 1 1 1 1 1 1 0 1
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Although inland transport generates a substantial amount 
of CFP and demands significant capital investment, it is 
still considered sustainable across all countries. This is 
because inland transport positively contributes to the eco-
nomic output of these countries, balancing its environ-
mental and financial impacts with its economic benefits.

It is crucial to note that most freight transport modes 
analyzed in the selected countries achieved efficiency 
scores of 99% or 100%, according to the DEA. Although 
these modes are associated with significant adverse 
impacts, such as CFP emissions, they are still regarded 
as highly efficient. This is mainly because they contrib-
ute substantially to the economic output of the countries 
involved, despite their notable environmental and social 
effects. DEA evaluates these modes by integrating their 
environmental and social impacts with the economic 
value they generate. As a result, while the freight transport 
modes substantially affect social, economic, and envi-
ronmental aspects, they can still achieve high sustain-
able efficiency scores. When considering their combined 
economic, social, and environmental performance, these 
modes may even achieve 100% sustainable efficiency. 
Figs. 7 to 9 show the variety of the efficient scores between 
the modes of the studied countries.

4.3 Comparison of transportation modes across 
countries
Section 4.3 presents the results of non-parametric statisti-
cal tests used. The Kruskal-Wallis test was conducted to 
determine if there are statistically significant differences 
among the three transportation modes across all six vari-
ables in the five countries. As shown in Table 7, the results 
indicate that substantial differences exist for all variables 
across the three modes (  p < 0.01). This suggests that the 
characteristics of each transportation mode vary sub-
stantially in terms of their carbon footprint, labor, capital 
investment, freight capacity, and economic output. These 
differences highlight the distinct operational and environ-
mental profiles of inland, water, and air transport, which 
are critical for developing targeted policies to improve 
sustainability in the freight transport sector.

Following the Kruskal-Wallis test, the Mann-Whitney 
U test was employed to perform pairwise comparisons 
between the countries for each transportation mode. 
Table 8 provides the results of these comparisons, which 
reveal several significant differences in the variables 
across the country pairs. For the inland transport mode, 

significant differences were found in all variables between 
Germany and Spain, with the exception of Nominal 
Capital Stock (  p=0.42), and between Germany and 
France, with notable differences in EMPE (  p = 0.02) and 
TEO (  p = 0.01). Additionally, Spain and France showed 
no significant differences in CFP (  p = 0.49), while Spain 
and Italy, as well as Germany and Italy, showed significant 
differences across all variables.

In the water transport mode, significant differences 
were observed between Germany and the Netherlands for 
freight carried (  p = 0.01), while Italy and the Netherlands 
differed significantly in CFP (  p = 0.01) and freight carried 

Fig. 7 The sustainable efficiency score of inland transport mode

Fig. 8 The sustainable efficiency score of the water transport mode

Fig. 9 The sustainable efficiency score of the air transport mode
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(  p = 0.03). These results indicate variability in the envi-
ronmental and operational efficiency of water transport 
between these countries.

For the air transport mode, nearly all country pairs showed 
significant differences across the variables, particularly in 
labor-related metrics (EMPE and H-EMPE) and Nominal 
Capital Stock, underscoring the distinct operational char-
acteristics of air transport across Europe. These findings 
emphasize the need for tailored strategies in each country 
to enhance the sustainability of freight transportation.

4.4 Comparison across countries for transportation 
modes
Section 4.4 examines the differences across France, 
Germany, Spain, Italy, and the Netherlands in terms of 
six specified variables for the three transportation modes. 
The analysis also employs the Kruskal-Wallis test to iden-
tify significant differences across countries, followed 
by the Mann-Whitney U test to compare the transpor-
tation modes within each country. The Kruskal-Wallis 
test results, presented in Table 9, indicate significant 

Table 7 Kruskal-Wallis test results for transportation modes across the six countries

DMU's name CFP EMPE H-EMPE K Freight carried TEO

Inland transport mode 0.00 0.00 0.00 0.00 0.00 0.00

Water transport mode 0.00 0.00 0.00 0.00 0.00 0.00

Air transport mode 0.00 0.00 0.00 0.00 0.00 0.00

Table 8 Mann-Whitney U test results for country pair comparisons across transportation modes

Country DMU CFP EMPE H-EMPE K Freight carried TEO

Germany-Spain

Inland 0.00 0.00 0.00 0.42 0.00 0.00

Water 0.00 0.00 0.00 0.00 0.27 0.00

Air 0.00 0.00 0.00 0.00 0.00 0.00

Germany-France

Inland 0.00 0.02 0.71 0.00 0.00 0.01

Water 0.00 0.00 0.00 0.00 0.00 0.00

Air 0.00 0.00 0.00 0.00 0.00 0.00

Germany-Italy

Inland 0.00 0.00 0.00 0.00 0.00 0.30

Water 0.00 0.00 0.00 0.00 0.00 0.00

Air 0.00 0.00 0.00 0.00 0.00 0.00

Germany-Netherlands

Inland 0.00 0.00 0.00 0.00 0.00 0.00

Water 0.00 0.00 0.00 0.00 0.01 0.00

Air 0.00 0.00 0.00 0.00 0.00 0.00

Spain-France

Inland 0.49 0.00 0.00 0.00 0.22 0.00

Water 0.00 0.00 0.02 0.04 0.00 0.00

Air 0.00 0.00 0.00 0.39 0.00 0.00

Spain-Italy

Inland 0.00 0.00 0.00 0.00 0.00 0.00

Water 0.00 0.00 0.00 0.00 0.00 0.00

Air 0.00 0.00 0.00 0.15 0.13 0.00

Spain-Netherlands

Inland 0.00 0.00 0.00 0.00 0.00 0.00

Water 0.00 0.00 0.00 0.00 0.06 0.00

Air 0.00 0.00 0.00 0.00 0.00 0.05

France-Italy

Inland 0.51 0.00 0.00 0.00 0.00 0.00

Water 0.03 0.00 0.00 0.00 0.00 0.21

Air 0.62 0.00 0.00 0.03 0.00 0.35

France-Netherlands

Inland 0.00 0.00 0.00 0.00 0.00 0.00

Water 0.00 0.00 0.00 0.00 0.00 0.02

Air 0.00 0.00 0.00 0.03 0.86 0.00

Italy-Netherlands

Inland 0.00 0.00 0.00 0.00 0.00 0.00

Water 0.01 0.00 0.00 0.00 0.03 0.03

Air 0.00 0.01 0.00 0.62 0.00 0.00
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differences among the five countries across all variables 
for the inland, water, and air transport modes (  p < 0.05). 
Notably, Italy shows a marginally higher p-value for CFP 
(  p = 0.027), suggesting that its carbon footprint differs 
slightly less from the other countries compared to the other 
variables, which uniformly present significant differences 
(  p = 0.000). These results highlight the varying opera-
tional and environmental characteristics of the transporta-
tion modes across the countries, underscoring the need for 
country-specific policies to address the unique challenges 
and opportunities in each region's freight transport sector.

The Mann-Whitney U test results provide a more gran-
ular view of the differences between transportation modes 
within each country, as shown in Table 10. In France, sig-
nificant differences were observed between inland and 
water transport modes for CFP (  p = 0.030) and between 
water and air transport modes for CFP (  p = 0.000), indi-
cating that the environmental impact of different trans-
port modes varies significantly. However, the comparison 
between inland and air transport modes did not yield sig-
nificant differences in CFP (  p = 0.470), suggesting that 
these modes have similar carbon footprints.

Germany exhibited significant differences across all 
comparisons for CFP, with the most notable difference 
between inland and water transport (  p = 0.000). This indi-
cates substantial variability in carbon emissions between 
these modes. The significant differences in TEO between 
water and air transport (  p = 0.015) suggest that these 
modes also differ in their economic contributions.

In Spain, the results were consistent across all trans-
portation mode comparisons, with significant differences 
for all variables (  p = 0.000). This suggests a clear distinc-
tion between the environmental and economic impacts of 
each transport mode in Spain. Italy's results, on the other 
hand, show some variations; significant differences were 
observed between inland and water transport for CFP 
(  p = 0.020) and between water and air transport for both 
CFP (  p = 0.020) and TEO (  p = 0.708). The high p-value 
for the TEO comparison between water and air transport 
suggests that, while there is a significant difference in 
CFP, the economic output of these modes is more similar.

In the Netherlands, the Mann-Whitney U test revealed 
significant differences in CFP across all transporta-
tion modes, particularly between water and air transport 

Table 9 Kruskal-Wallis test results for countries based on the transport modes

Country CFP EMPE H-EMPE K Freight carried TEO

France 0.000 0.000 0.000 0.000 0.000 0.000

Germany 0.000 0.000 0.000 0.000 0.000 0.000

Spain 0.000 0.000 0.000 0.000 0.000 0.000

Italy 0.027 0.000 0.000 0.000 0.000 0.000

Netherlands 0.000 0.000 0.000 0.000 0.000 0.000

Table 10 Mann-Whitney U test results for transportation mode comparisons within countries

Country DMUs name CFP EMPE H-EMPE K Freight carried TEO

France

Inland - Water 0.030 0 0 0 0 0

Inalnd - Air 0.470 0 0 0 0 0

Water - Air 0 0 0 0 0 0.212

Germany

Inland - Water 0 0 0 0 0 0

Inalnd - Air 0 0 0 0 0 0

Water - Air 0.053 0 0 0 0 0.015

Spain

Inland - Water 0 0 0 0 0 0

Inalnd - Air 0 0 0 0 0 0

Water - Air 0 0 0 0 0 0

Italy

Inland - Water 0.020 0 0 0 0 0

Inalnd - Air 0.580 0 0 0 0 0

Water - Air 0.020 0 0 0 0 0.708

Netherlands

Inland - Water 0 0 0 0 0 0

Inalnd - Air 0 0 0 0 0 0

Water - Air 0.012 0 0 0 0 0.012
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(  p = 0.012), indicating diverse environmental impacts. 
However, the similarity in other variables suggests that 
while CFP differs, operational aspects such as labor and 
capital investment are consistent across modes.

5 Conclusion and future work
The social, environmental, and economic efficiency of the 
freight transport sector's modes (inland, water, and air) of 
the top five European industrial countries were evaluated 
by integrating the MRIO and the DEA models.

The first phase of the evaluation method was to esti-
mate the CFP emissions of the freight transport modes 
of the selected nations over nineteen years from 2000 to 
2018. The findings of the inland transportation mode show 
that Italy has the greatest percentage of CFP, account-
ing for 46.17% of the total share of the analyzed nations 
for the study period. Furthermore, France is regarded as 
the second greatest contributor to CFP's overall share, 
accounting for 35.09%. The remaining countries' carbon 
footprints varied from 1.05% to 14.23%. Regarding the 
total CFP share by the water transport mode, the results 
show that Italy is the dominant country, with 40.72 % of 
the total share. Germany is the second highest contribu-
tor, accounting for 24.23% of the total effect. France and 
the Netherlands were responsible for 18.15% and 14.59% 
of the CFP in the water transport sector, respectively. 
Finally, the results of the air transport mode show that 
Italy is the main contributor, accounting for 61.88% of 
total CFP emissions. France is the second greatest con-
tributor to CFP emissions, accounting for 18.75% of the 
total effect. The CFP in the remaining nations ranges 
from 2.41% to 8.42%.

The second phase of the evaluation process was to ana-
lyze the sustainable efficiency of these three modes of the 
freight transport industry in the selected nations. To accom-
plish this goal, five inputs, the CFP emissions that were 
calculated in the first phase of each mode, the number of 
employees in each mode, total hours worked by employees, 
nominal capital stock, and freight carried by each mode, 
and one output, which is the total economic output pro-
duced by these three modes in each country, were utilized 
to run the DEA model. The outcomes demonstrated that 
the sustainable efficiency score of the three modes of the 
freight transport sector ranged from 0.38 to 1. Among the 
freight transport sector modes, France's water transport, 

Germany's air and water transport, Italy's water transport, 
and the Netherlands' water and air transport were found to 
be 100% efficient in the study with respect to other modes 
in the selected countries. On the contrary, the efficiency 
of the air transport mode of France, Spain, and Italy was 
unsteady. The results reveal that France's air transport was 
inefficient during 2005–2009 and 2010–2014, with sustain-
able efficiency scores of 0.76 and 0.55, respectively. In addi-
tion, Spain's air transport recorded a low sustainable effi-
ciency score of 0.38 in the 2005–2009 period, while Italy's 
air transport reported a low sustainable efficiency score of 
0.47 in the 2015–2018 period.

The statistical analyses further elucidated the dif-
ferences across countries and transportation modes. 
The Kruskal-Wallis and Mann-Whitney U tests revealed 
significant variations in carbon footprint, labor inputs, 
capital stock, and economic outputs across the five coun-
tries and between the three transportation modes. These 
findings highlighted the unique environmental and eco-
nomic profiles of each country's transportation sector, 
emphasizing the need for country-specific strategies to 
enhance efficiency and reduce carbon emissions.

The authors believe that the current study provides 
an extensive understanding of the sustainable efficiency 
of the three modes of the freight transport industry in 
the selected nations. This efficiency evaluation can offer 
essential guidance for decision-makers to improve this 
sector. Sustainable efficiency explains that even though 
some transport modes have social and environmental 
impacts, they positively contribute to the economy and can 
be efficient. In contrast, others can be less efficient because 
they significantly impact these countries' environment and 
economies despite enhancing the total economic output. 

One of the study's drawbacks is a lack of data identify-
ing additional social and economic variables that may be 
included in the current investigation. Also, no recent data 
can be used in the MRIO and DEA models to understand 
the behavior of this sector efficiently to date. To analyze 
this sector more precisely, the authors plan to expand the 
study by considering more variables such as taxes, acci-
dents caused by each mode, income, and others. Also, this 
integration of the MRIO and DEA models can be applied 
to assess any industry. Finally, a comprehensive study can 
be done by investigating the efficiency of the freight trans-
port sector globally and extending the period.



48|Abbood et al.
Period. Polytech. Transp. Eng., 53(1), pp. 31–49, 2025

References
Abbood, K., Egilmez, G., Meszaros, F. (2023) "Multi-region Input-

Output-based Carbon and Energy Footprint Analysis of U.S. 
Manufacturing", Periodica Polytechnica Social and Management 
Sciences, 31(2), pp. 91–99.

 https://doi.org/10.3311/PPso.19554
Abbood, K., Meszaros, F. (2023) "Carbon Footprint Analysis of the 

Freight Transport Sector Using a Multi-Region Input–Output 
Model (MRIO) from 2000 to 2014: Evidence from Industrial 
Countries", Sustainability, 15(10), 7787.

 https://doi.org/10.3390/su15107787
Abbood, K., Mészáros, F. (2023) "Carbon and energy footprint analysis of 

Hungarian transportation activities using a multi-region input-out-
put model", Current Research in Environmental Sustainability, 5, 
100208.

 https://doi.org/10.1016/j.crsust.2023.100208
Boldizsár, A., Mészáros, F., Torok, E. (2022) "Social and Economic 

Analysis of the EU Road Freight Transport Fleet", Cognitive 
Sustainability, 1(2). 

 https://doi.org/10.55343/cogsust.16
Charnes, A., Cooper, W. W., Rhodes, E. (1978) "Measuring the effi-

ciency of decision making units", European Journal of Operational 
Research, 2(6), pp. 429–444.

 https://doi.org/10.1016/0377-2217(78)90138-8
David, A. (2024) "Sustainable freight forwarding–inland navigation", 

Cognitive Sustainability, 3(1).
 https://doi.org/10.55343/cogsust.101
Egilmez, G., Gumus, S., Kucukvar, M., Tatari, O. (2016) "A fuzzy 

data envelopment analysis framework for dealing with uncer-
tainty impacts of input–output life cycle assessment models on 
eco-efficiency assessment", Journal of Cleaner Production, 129, 
pp. 622–636.

 https://doi.org/10.1016/j.jclepro.2016.03.111
Egilmez, G., Kucukvar, M., Tatari, O. (2013) "Sustainability assessment 

of U.S. manufacturing sectors: an economic input output-based 
frontier approach", Journal of Cleaner Production, 53, pp. 91–102.

 https://doi.org/10.1016/j.jclepro.2013.03.037
Egilmez, G., Kucukvar, M., Tatari, O., Bhutta, M. K. S. (2014) "Supply 

chain sustainability assessment of the U.S. food manufactur-
ing sectors: A life cycle-based frontier approach", Resources, 
Conservation and Recycling, 82, pp. 8–20.

 https://doi.org/10.1016/j.resconrec.2013.10.008
Egilmez, G., McAvoy, D. (2013) "Benchmarking road safety of U.S. 

states: A DEA-based Malmquist productivity index approach", 
Accident Analysis & Prevention, 53, pp. 55–64.

 https://doi.org/10.1016/j.aap.2012.12.038
Eurostat (2023) "Eurostat", [online] Availabe at: https://ec.europa.eu/

eurostat [Accessed: 31 December 2023]
Ezici, B., Eğilmez, G., Gedik, R. (2020) "Assessing the eco-efficiency 

of U.S. manufacturing industries with a focus on renewable vs. 
non-renewable energy use: An integrated time series MRIO and 
DEA approach", Journal of Cleaner Production, 253, 119630.

 https://doi.org/10.1016/j.jclepro.2019.119630
Hermans, E., Van den Bossche, F., Wets, G. (2008) "Combining road 

safety information in a performance index", Accident Analysis & 
Prevention, 40(4), pp. 1337–1344.

 https://doi.org/10.1016/j.aap.2008.02.004

Korhonen, P. J., Luptacik, M. (2004) "Eco-efficiency analysis of power 
plants: An extension of data envelopment analysis", European 
Journal of Operational Research, 154(2), pp. 437–446.

 https://doi.org/10.1016/S0377-2217(03)00180-2
Kuosmanen, T., Kortelainen, M. (2005) "Measuring Eco‐efficiency of 

Production with Data Envelopment Analysis", Journal of Industrial 
Ecology, 9(4), pp. 59–72.

 https://doi.org/10.1162/108819805775247846
Matthias, V., Bieser, J., Mocanu, T., Pregger, T., Quante, M., Ramacher, 

M. O. P., Seum, S., Winkler, C. (2020) "Modelling road trans-
port emissions in Germany – Current day situation and scenar-
ios for 2040", Transportation Research Part D: Transport and 
Environment, 87, 102536.

 https://doi.org/10.1016/j.trd.2020.102536
Miller, R. E., Blair, P. D. (2009) "Input-Output Analysis: Foundations and 

Extensions", Cambridge University Press. ISBN 9780511626982
 https://doi.org/10.1017/CBO9780511626982
Park, Y. S., Egilmez, G., Kucukvar, M. (2016) "Emergy and end-point 

impact assessment of agricultural and food production in the 
United States: A supply chain-linked Ecologically-based Life 
Cycle Assessment", Ecological Indicators, 62, pp. 117–137.

 https://doi.org/10.1016/j.ecolind.2015.11.045
Ramanathan, R. (2003) "An Introduction to Data Envelopment Analysis: 

A Tool for Performance Measurement", Sage Publications. ISBN 
0-7619-9760-1

Raychaudhuri, S. (2008) "Introduction to Monte Carlo simulation", In: 
2008 Winter Simulation Conference, Miami, FL, USA, pp. 91–100. 
ISBN 978-1-4244-2707-9

 https://doi.org/10.1109/WSC.2008.4736059
Sembill, D., Dreyer, K. (2009) "Granting Time – Restricting Time – 

Wasting Time? Subtle Patterns in Vocational Schooling", In: 
Oser, F. K., Renold, U., John, E. G., Winther, E., Weber, S. (eds.) 
VET Boost: Towards a Theory of Professional Competencies: 
Essays in Honor of Frank Achtenhagen, Brill, pp. 233–244. ISBN 
978-90-8790-737-2

 https://doi.org/10.1163/9789087907389_017
Suh, S., Lenzen, M., Treloar, G. J., Hondo, H., Horvath, A., Huppes, G., 

Jolliet, O., Klann, U., Krewitt, W., Moriguchi, Y., Munksgaard, J., 
Norris, G. (2006) "System Boundary Selection in Life-Cycle 
Inventories Using Hybrid Approaches", Environmental Science & 
Technology, 38(3), pp. 657–664.

 https://doi.org/10.1021/es0263745
Vázquez-Rowe, I., Iribarren, D. (2015) "Review of Life-Cycle Approaches 

Coupled with Data Envelopment Analysis: Launching the CFP 
+ DEA Method for Energy Policy Making", The Scientific World 
Journal, 2015, 13921.

 https://doi.org/10.1155/2015/813921
Wang, Q., Jiang, F., Li, R. (2022) "Assessing supply chain greenness 

from the perspective of embodied renewable energy – A data 
envelopment analysis using multi-regional input-output analysis", 
Renewable Energy, 189, pp. 1292–1305.

 https://doi.org/10.1016/j.renene.2022.02.128

https://doi.org/10.3311/PPso.19554
https://doi.org/10.3390/su15107787
https://doi.org/10.1016/j.crsust.2023.100208
https://doi.org/10.55343/cogsust.16
https://doi.org/10.1016/0377-2217(78)90138-8
https://doi.org/10.55343/cogsust.101
https://doi.org/10.1016/j.jclepro.2016.03.111
https://doi.org/10.1016/j.jclepro.2013.03.037
https://doi.org/10.1016/j.resconrec.2013.10.008
https://doi.org/10.1016/j.aap.2012.12.038
https://ec.europa.eu/eurostat
https://ec.europa.eu/eurostat
https://doi.org/10.1016/j.jclepro.2019.119630
https://doi.org/10.1016/j.aap.2008.02.004
https://doi.org/10.1016/S0377-2217(03)00180-2
https://doi.org/10.1162/108819805775247846
https://doi.org/10.1016/j.trd.2020.102536
https://doi.org/10.1017/CBO9780511626982
https://doi.org/10.1016/j.ecolind.2015.11.045
https://doi.org/10.1109/WSC.2008.4736059
https://doi.org/10.1163/9789087907389_017
https://doi.org/10.1021/es0263745
https://doi.org/10.1155/2015/813921
https://doi.org/10.1016/j.renene.2022.02.128


Abbood et al.
Period. Polytech. Transp. Eng., 53(1), pp. 31–49, 2025 |49

Wang, Q., Jiang, F., Li, R., Wang, X. (2022) "Does protectionism 
improve environment of developing countries? A perspective of 
environmental efficiency assessment", Sustainable Production and 
Consumption, 30, pp. 851–869.

 https://doi.org/10.1016/j.spc.2022.01.011
Wen, Q., Hong, J., Liu, G., Xu, P., Tang, M., Li, Z. (2020) "Regional effi-

ciency disparities in China's construction sector: A combination 
of multiregional input–output and data envelopment analyses", 
Applied Energy, 257, 113964.

 https://doi.org/10.1016/j.apenergy.2019.113964

Wiedmann, T., Wilting, H. C., Lenzen, M., Lutter, S., Palm, V. (2011) 
"Quo Vadis MRIO? Methodological, data and institutional 
requirements for multi-region input-output analysis", Ecological 
Economics, 70(11), pp. 1937–1945.

 https://doi.org/10.1016/j.ecolecon.2011.06.014
Zhang, Y., Zheng, H., Yang, Z., Su, M., Liu, G., Li, Y. (2015) "Multi-

regional input–output model and ecological network analysis for 
regional embodied energy accounting in China", Energy Policy, 
86, pp. 651–663.

 https://doi.org/10.1016/j.enpol.2015.08.014

https://doi.org/10.1016/j.spc.2022.01.011
https://doi.org/10.1016/j.apenergy.2019.113964
https://doi.org/10.1016/j.ecolecon.2011.06.014
https://doi.org/10.1016/j.enpol.2015.08.014

	1 Introduction
	2 Literature review
	2.1 Utilizing MRIO analysis for evaluating the CFP emissions
	2.2 The evaluation of sustainability efficiency using DEA

	3 Methodology
	3.1 Collection of data
	3.2 The MRIO model framework
	3.2.1 Mathematical background of deterministic MRIO
	3.2.2 Mathematical background of stochastic MRIO
	3.2.3 Monte Carlo simulation

	3.3 Normalizing data and the proposed DEA method
	3.3.1 Data normalization
	3.3.2 The developed DEA method


	4 Results and discussion
	4.1 MRIO results
	4.1.1 Inland transport mode
	4.1.2 Water transport mode
	4.1.3 Air transport mode

	4.2 The DEA results
	4.3 Comparison of transportation modes across countries
	4.4 Comparison across countries for transportation modes

	5 Conclusion and future work
	References

