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A B S T R A C T

Freight corridor evaluation typically focuses on operational CO2-equivalent emissions (CO2eq), costs, and travel 
time, often neglecting the upstream resource intensity of infrastructure and vehicle systems. This oversight limits 
strategic planning amid growing climate and material pressures. This study presents a multi-criteria framework 
that combines donor-side resource accounting (emergy), climate assessment (CO2eq), financial costs, and travel 
time within a deterministic additive decision structure. The framework was applied to three multimodal export 
corridors linking Brazil and China, using both infrastructure-oriented (km-year) and cargo-oriented (km-ton) 
functional units. Findings show that structure-based and freight-based evaluations yield different sustainability 
rankings. In the cargo-oriented analysis, Corridor 1 had the lowest upstream resource demand at 7.77 × 1011 sej/ 
km-ton and an operating cost of 0.40 USD/km-ton. In contrast, Corridor 3 recorded the lowest CO2-equivalent 
emissions (0.54 kgCO2eq/km-ton) and the shortest travel time (42.69 days), indicating that no single corridor 
optimizes all sustainability criteria. Scenario analyses indicated that balanced freight allocation could reduce 
emergy demand to 2.34 × 1012 sej/km-ton while achieving the top overall multi-criteria performance. These 
results underscore the need to incorporate upstream resource intensity into traditional transport metrics to 
enhance pre-emptive freight corridor planning. The proposed framework enriches conventional emission-focused 
assessments and offers a versatile decision-support model that can adapt to various commodities, regions, and 
infrastructure settings.

1. Introduction

Freight corridor selection is a strategic planning problem that in
fluences the long-term efficiency, competitiveness, and environmental 
performance of logistics systems. Governments and logistics operators 
routinely evaluate alternative corridors to improve access to ports, 
reduce transportation costs, increase network resilience, and support 
regional economic development. Corridor selection involves balancing 
multiple and often conflicting objectives, including transport cost, travel 
time, infrastructure availability, modal integration, service reliability, 
and investment requirements (Tehrani and Khavas, 2024). Because 
these decisions typically involve long-lived infrastructure, their conse
quences extend well beyond operational performance, affecting 
resource consumption and environmental impacts over several decades.

Freight corridor selection has evolved from a decision primarily 

based on transport cost, travel time, and network capacity to a more 
comprehensive process that also considers environmental performance, 
energy efficiency, and regional development objectives (Wang et al., 
2020). Recent studies have increasingly applied multi-criteria deci
sion-making approaches to evaluate alternative freight corridors by 
integrating economic, operational, and environmental indicators 
(Gohari et al., 2022; Kumar et al., 2022). However, these assessments 
remain largely focused on operational performance, particularly 
greenhouse gas emissions and energy consumption, while the upstream 
environmental support embodied in infrastructure, vehicles, and trans
port systems is seldom considered. Consequently, more comprehensive 
assessment methods are needed to support freight corridor selection by 
simultaneously accounting for environmental, economic, and opera
tional dimensions (Shaikh et al., 2016).

Freight transport depends heavily on fossil fuels and is a major 
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source of greenhouse gas (GHG) emissions, with freight activity repre
senting a significant portion of transport-related emissions (Adams et al., 
2020; ITF – International Transport Forum, 2021). Besides fuel con
sumption, freight systems rely on infrastructure such as roads, bridges, 
ports, and fleets, whose construction and maintenance demand signifi
cant inputs of steel, concrete, diesel, and labor. As policies for climate 
mitigation and energy transition advance, sustainable evaluation of lo
gistics corridors necessitates comprehensive approaches that account for 
structural and operational intensities under standardized annual con
ditions, independent of specific commodities or freight allocations. 
Historically, evaluations have prioritized operational and economic 
metrics, such as transport costs, travel time, and emissions. Recent 
multi-criteria decision-making methods now integrate environmental, 
economic, and operational factors to compare corridor alternatives 
(Octaviansyah et al., 2024; Rashidian et al., 2024; Gohari et al., 2022). 
However, most assessments still focus predominantly on operational 
emissions, overlooking the material and energy demands embedded in 
infrastructure, vehicle production, and maintenance (Lim et al., 2023). 
Consequently, corridors with low operational emissions may impose 
significant environmental burdens across their life cycle, underscoring 
the need for more inclusive evaluation frameworks.

Transport-environment research has advanced considerably through 
life cycle assessment (LCA), energy analysis, and carbon accounting 
applied to vehicles and infrastructure (Ribeiro et al., 2022; Mouette 
et al., 2019). Multi-criteria decision-making (MCDM) methods have 
also been widely used to compare alternative corridors and modal 
configurations across environmental and economic objectives 
(Agostinho et al., 2019; Gohari et al., 2022; Octaviansyah et al., 2024; 
Rashidian et al., 2024; Lerede et al., 2021).

These approaches have improved the understanding of trade-offs 
among emissions, cost, and operational performance in freight sys
tems. However, two limitations persist. First, most corridor evaluation 
studies adopt a consequence-based perspective, emphasizing down
stream impacts such as CO2 emissions and fuel consumption (Chen et al., 
2024; Huang et al., 2018). While essential for climate assessment, these 
metrics often underrepresent upstream material and energy inputs 
associated with infrastructure construction and long-term system 
maintenance. Research on infrastructure life cycles shows that perma
nent roadway commitments generate significant cumulative environ
mental and economic impacts (Fraser and Chester, 2016; Reza et al., 
2014). Excluding these inputs may bias corridor selection toward al
ternatives that appear emission-efficient but rely on resource-intensive 
infrastructure. Second, although LCA provides a comprehensive frame
work for environmental impact assessment, its integration into strategic 
corridor selection remains limited. In practice, freight corridor com
parisons often rely on aggregated emission factors without explicitly 
embedding infrastructure material flows into decision-support models. 
Consequently, most MCDM-based transport studies incorporate envi
ronmental indicators without capturing the total environmental support 
required to sustain logistics systems.

Emergy synthesis offers a complementary perspective to conven
tional LCA approaches. Developed by Odum (1996), emergy quantifies 
the cumulative energy required, both directly and indirectly, to produce 
goods, services, and infrastructure, and expresses these values in a 
common unit (sej). By accounting for both renewable and 
non-renewable resource flows, emergy provides a donor-side measure of 
environmental investment (Brown et al., 2016). In transport-related 
studies, emergy has been used to evaluate infrastructure expansion 
and modal systems, revealing hidden environmental burdens that are 
not evident from emission metrics alone (Federici et al., 2009; Cristiano 
and Gonella, 2019; Wu et al., 2021). Nevertheless, its application to 
international freight corridor evaluation remains limited, and it has not 
been systematically integrated into multicriteria corridor selection 
frameworks.

A further research gap concerns ex-ante assessment of corridors 
under development. Infrastructure expansion reshapes trade patterns, 

modal splits, and emission trajectories over long time horizons (Wang 
et al., 2024). Yet most transport-environment analyses focus on exist
ing systems, offering limited guidance for strategic prioritization of 
emerging corridors. In export-oriented economies such as Brazil, where 
logistics networks are expanding to support agricultural and livestock 
trade, this limitation is particularly relevant. Studies on Brazilian com
modity logistics highlight the importance of alternative corridors and 
intermodality for improving efficiency and reducing environmental 
impacts (Lopes et al., 2017; De Oliveira et al., 2022). However, 
comprehensive evaluations that integrate resource use, emissions, cost, 
and operational performance across competing export corridors remain 
limited.

To address these gaps, this study develops a systematic multi-criteria 
framework for evaluating international export logistics corridors from a 
transport-environment perspective. The framework integrates four in
dicators: (i) CO2-equivalent emissions based on LCA characterization 
factors; (ii) financial operating costs; (iii) travel time; and (iv) emergy, 
which captures upstream resource use embedded in infrastructure and 
operations. By embedding emergy within a deterministic additive mul
ticriteria model (Almeida, 2013), the approach bridges 
consequence-based (emission) and donor-side (resource) accounting 
within a unified decision-support structure. The framework is applied to 
three export corridors connecting Campo Grande, Brazil, to Shanghai, 
China: two established Atlantic corridors and one emerging Pacific 
corridor. The analysis proceeds in three stages. First, corridors are 
compared structurally, independent of specific cargo, to assess infra
structure and operational intensity. Second, a product-based evaluation 
is conducted using beef exports, a strategically important commodity in 
Brazilian trade (Hötzel and Vandresen, 2022).

This study advances transport-environment research by proposing a 
systemic framework that integrates upstream resource accounting and 
consequence-based emission assessment for freight corridor selection. 
Unlike traditional methods that focus on operational CO2 metrics, it 
incorporates infrastructure and vehicle material intensity through 
emergy synthesis and combines them with economic and service in
dicators within a multi-criteria structure. Applied to Brazil–China export 
corridors, the framework enables ex-ante multimodal comparisons 
under carbon and resource constraints, offering a transferable tool for 
sustainable transport planning across contexts.

2. Development of a systemic multi-criteria framework for 
freight corridors evaluation

2.1. General framework for freight corridor evaluation

This study develops a systemic multi-criteria framework for evalu
ating alternative freight corridors under environmental, economic, and 
operational constraints. The framework integrates upstream resource 
accounting, consequence-based emissions, and transport performance 
indicators within a unified decision-support structure (Fig. 1). 

• The overall architecture (Fig. 1) follows five sequential steps:

Step 1 – Definition of scope and functional unit.

The first step defines the assessment objective, system boundaries, 
and the functional unit for comparing alternative freight corridors. The 
framework can be applied from two complementary perspectives. The 
infrastructure-oriented functional unit (km-year) evaluates the corri
dor's intrinsic characteristics independently of freight demand, whereas 
the cargo-oriented functional unit (km-ton) incorporates transported 
volume and reflects freight-specific operational performance. The 
choice of functional unit determines how inventory data are normalized 
while preserving the same analytical structure for subsequent calcula
tions. For the illustrative application presented in this study, the cargo- 
oriented functional unit (km-ton) was selected because the objective is 
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to compare the efficiency of alternative freight corridors that differ in 
length, modal composition, and infrastructure characteristics. Express
ing the results per ton-kilometer normalizes transport work while pre
serving the influence of transport distance, enabling meaningful 
comparisons among corridors. A functional unit based solely on tons 
transported would not account for differences in transport effort and 
would therefore be less appropriate for evaluating corridor efficiency. 

Step 2 – Freight corridor modeling and system boundary definition.

The second step involves representing each freight corridor as an 
integrated transport system comprising infrastructure construction and 
transport operations. The system boundaries include upstream resource 
requirements for the construction and maintenance of roads, bridges, 
ports, vehicles, and vessels, as well as operational activities such as fuel 
consumption and freight transport. A synthetic energy systems diagram 
is developed to define the relationships among these components and to 
ensure consistent allocation of material and energy flows while avoiding 
double counting. 

Step 3 – Material and energy inventory compilation.

Once the system boundaries are established, an inventory is 
compiled for all relevant construction and operational processes. Con
struction inventories include materials such as steel, concrete, aggre
gates, asphalt, diesel, machinery, and labor, while operational 
inventories include vehicle and vessel materials, fuel consumption, and 
labor requirements. Construction inputs are annualized over the infra
structure lifetime, operational inputs are quantified annually, and all 
flows are normalized to the selected functional unit to ensure compa
rability among corridor alternatives. 

Step 4 – Performance indicator calculation.

The inventory is then translated into four performance indicators 
that capture complementary dimensions of corridor sustainability. 
Emergy quantifies the upstream environmental support embodied in 
materials, infrastructure, and operations, providing a donor-side mea
sure of resource use. CO2-equivalent emissions quantify climate impacts 
using life-cycle characterization factors and represent the consequence- 
based perspective. Operating cost reflects the corridor's direct economic 
performance, including fuel, tolls, and labor, while travel time repre
sents the operational service level. Together, these indicators provide a 
comprehensive characterization of each corridor before decision- 
making. 

Step 5 – Multi-criteria aggregation and ranking.

In the final step, the four indicators are integrated into a determin
istic additive multi-criteria decision model. Because all criteria are 
minimization objectives, the original values are first transformed using 
an inverse function and then normalized using min–max normalization 
to produce dimensionless scores. The normalized indicators are then 
aggregated using criterion weights to calculate a global performance 
value for each corridor. This procedure enables transparent comparison 
among alternatives and allows decision-makers to adjust criterion 
weights to reflect different planning priorities and policy objectives.

System boundaries include upstream resource use—materials and 
energy embodied in infrastructure construction and vehicle/vessel 
manufacturing—and operational processes such as fuel combustion and 
freight services. This boundary expansion addresses a known limitation 
in freight corridor assessment, where construction-related inputs are 
often excluded, potentially underestimating environmental burdens 
(Fraser and Chester, 2016; Reza et al., 2014).

Fig. 1. Integrated analytical framework for freight corridors evaluation.
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2.2. Synthetic energy diagram and system representation

To support framework development, a synthetic energy diagram 
(Fig. 2) was constructed using the principles of emergy systems diagrams 
proposed by Odum (1996). The diagram provides a conceptual repre
sentation of the freight corridor as an integrated socio-environmental 
system, identifying the major resource flows, system components, and 
interactions considered in the assessment. Unlike conventional process 
flowcharts, the energy diagram emphasizes the origin and trans
formation of environmental and economic resources throughout the 
logistics system, thereby establishing the conceptual basis for inventory 
compilation and subsequent indicator calculations.

Fig. 2 distinguishes two major subsystems: the construction phase 
and the operational phase. The construction subsystem includes the 
resources required to establish transport infrastructure, such as roads, 
bridges, engineering structures, construction equipment, materials, fuel, 
and labor. These investments provide long-term environmental support 
and are annualized over the infrastructure's lifetime. The operational 
subsystem comprises freight transport activities, including trucks, ves
sels, fuel consumption, and labor, representing the recurring resource 
requirements necessary to maintain logistics services.

The left-hand side of the diagram represents the environmental 
donor system, in which renewable and non-renewable resources sup
plied by the geobiosphere ultimately support material extraction and 
energy production. Economic inputs supplied by society complement 
these environmental resources through labor, equipment, and manu
factured goods. Together, these inputs sustain infrastructure construc
tion and transport operations. The right-hand side represents the 
corridor's productive function, in which the integrated transport system 
delivers exported products while generating environmental emissions 
associated with transport activities.

The diagram also defines the system boundaries used throughout the 
study. Upstream processes, including infrastructure construction, 
vehicle and vessel manufacturing, and operational fuel consumption, 
are included in the analysis, whereas downstream processes occurring 
after cargo delivery are excluded. This boundary definition ensures 
consistent allocation of material and energy flows, prevents double 
counting between construction and operation, and provides the con
ceptual basis for compiling the life-cycle inventory presented in the 
following section.

An inventory is compiled for the construction and operation phases. 
Construction inputs include steel, concrete, aggregates, asphalt, diesel, 
machinery, and labor. Operational inputs include structural materials 
for vehicles and vessels, fuel consumption, and labor. Construction flows 
are amortized over the infrastructure's lifespan and annualized. All flows 
are normalized to the selected functional unit. Four indicators are 

calculated: 

• Emergy, quantifying upstream resource demand using Unit Emergy 
Values (UEVs) () and a 12.00E+24 sej/year baseline (Brown et al., 
2016);

• CO2-equivalent emissions, calculated using global warming po
tential, GWP (ReCiPe Midpoint, Ecoinvent v3.8) (Mouette et al., 
2019; Gohari et al., 2022; Ribeiro et al., 2022);

• Operating cost, based on fuel, tolls, and labor (Grant, 2013);
• Travel time, representing service performance.

To integrate the four indicators into a unified assessment, a deter
ministic additive multi-criteria model was applied. This approach en
ables comparison of corridor alternatives across multiple, potentially 
conflicting criteria. For each alternative a, a consequence vector v(a) is 
defined under certainty. For each corridor alternative ai, the original 
criterion values are first transformed using an inverse function because 
all criteria are to be minimized. The transformed values are subse
quently normalized to the interval [0,1] using min-max normalization. 
The normalized scores (nij) are then aggregated using a weighted ad
ditive value function (Almeida, 2013). 

v(ai)=
∑J

j=1
kjni,j (1) 

where kj is the weight of criterion j, nij is the normalized value of cri
terion j for alternative ai, and J is the total number of criteria – emergy, 
CO2-equivalent emissions, operating cost, and travel time in this study. 
The weights satisfy Eq. (2). 

∑n

j=1
kj =1, kj ≥ 0 (2) 

Since all criteria are minimized, an inverse transformation is first 
applied (Eq. (3)), and followed by min-max normalization (Eq. (4)). 

rij =
1
xij

(3) 

nij =
rij− min rj

max rj − min rj
(4) 

where min(rj) and max(rj) denote the minimum and maximum trans
formed values for criterion j.

After normalization, the indicators are aggregated through the 
weighted additive model. Equal weights (0.25) were adopted in this 
illustrative application, although alternative weighting schemes can be 
specified according to stakeholder preferences.

Fig. 2. Energy diagram of export logistics corridors.
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2.3. Illustrative application: Brazil–China export corridors

To demonstrate the operationalization of the framework, three 
multimodal export corridors connecting Mato Grosso do Sul (Brazil) to 
Shanghai (China) are analyzed as an illustrative case (Fig. 3). The 
objective is not to assess a specific commodity flow but to test the 
framework under realistic long-distance logistics conditions.

Corridors 1 and 2 connect Campo Grande to the Brazilian ports of 
Santos (1057.52 km) and Paranaguá (1096.44 km), respectively. 
Corridor 3 extends 2465.04 km across Brazil, Paraguay, Argentina, and 
Chile to the port of Iquique. Segment-level details are provided in 
Supplementary Material (Appendices A–C).

Corridor mapping was performed using Google Earth, 2021 and 
Sentinel-2 L2A imagery (2023), enabling identification of structural el
ements (bridges, viaducts, interchanges, tunnels) and measurement of 
segment characteristics.

Operational parameters were derived from Scania R-450 truck 
specifications and transport company data. Maritime modeling used the 
Emma Maersk (2006) as the reference vessel, with corridor distances 
obtained from sea-distances.org (Supplementary Material, Appendix K). 
Detailed inventory values for each corridor are reported in Table 1 and 
Supplementary Material.

The complete inventory structure is summarized in Table 1, while 
detailed data and allocation procedures are provided in Supplementary 
Material (Appendices A–I).

3. Application of the framework in export logistics corridors

To exemplify its analytical versatility, the proposed framework is 
applied from two complementary perspectives: an infrastructure- 
oriented assessment (km-year) that captures intrinsic corridor in
tensity independent of freight volume, and a cargo-oriented assessment 
(km-ton) that evaluates performance per transported unit. This dual 
application enables a systematic comparison of structural and opera
tional sustainability dimensions. An additional utility of the framework 

is its ability to examine alternative freight allocation scenarios under 
consistent boundary conditions, as demonstrated in the cargo-oriented 
application.

3.1. Utilizing the framework as infrastructure-oriented

To illustrate the infrastructure-oriented application of the proposed 
framework, emergy synthesis is first conducted for Corridor 1 using the 
km-year functional unit. This perspective isolates intrinsic corridor in
tensity independent of transported cargo, enabling evaluation of struc
tural resource commitments embedded in infrastructure and logistics 
assets.

Table 2 presents the emergy accounting results for Corridor 1, 
expressed in sej/km-year. The construction and operational phases were 
assessed separately to distinguish long-term infrastructure investment 
from service delivery processes. Partial and total percentage contribu
tions identify dominant inputs within and across system components. 
The complete Tab.s for Corridors 2 and 3 are available in the Supple
mentary Materials, Appendix I.

Total emergy investment for Corridor 1 is 6.70E+17 sej/km-year. 
Road operation is the dominant contributor, accounting for 69.98% 
(4.69E+17 sej/km-year), followed by infrastructure construction at 
26.13% (1.75E+17 sej/km-year) and maritime operation at 3.89% 
(2.60E+16 sej/km-year). These results indicate that embedded vehicle 
and fuel intensity outweigh infrastructure material inputs in this 
corridor configuration. Within road operation, steel embodied in vehi
cles accounts for 84.76% of operational emergy and 59.32% of total 
corridor emergy, making it the principal driver of upstream resource 
demand. Diesel consumption contributes 10.66% of total emergy. Labor 
inputs are negligible in emergy terms.

In the construction phase, concrete represents 56.21% of construc
tion emergy and 14.69% of total corridor emergy, reflecting the material 
intensity of pavement and structural works. Gravel contributes 8.42% of 
total emergy, while other mineral aggregates and diesel inputs remain 
comparatively minor.

Fig. 3. Alternative maritime export routes considered in the study for transporting beef from Campo Grande (Brazil) to Shanghai (China).
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Maritime operations contribute 3.89% of total emergy despite long 
transport distances. Within this phase, marine diesel accounts for 
86.21% of maritime emergy and 3.35% of total corridor emergy, while 
vessel steel contributes 0.54%. This distribution reflects the relative 
material and energy efficiency of maritime freight per functional unit.

The emergy synthesis shows how the framework isolates upstream 

material drivers and distinguishes between infrastructure- and 
operation-driven resource demand. In this case, vehicle material 
composition and road-based fuel use dominate corridor resource in
tensity, a pattern that operational emission metrics alone would not fully 
capture.

Table 3 shows that export logistics Corridor 1 has the highest total 

Table 1 
Annualized material and energy inventory for the three illustrative export freight corridors used to operationalize the proposed framework. Values are normalized to 
the selected functional unit.

item unit Corrridor 1 Corridor 2 Corridor 3

Quant. unit/km-year Quant. unit/km-year Quant. unit/km-year

Construction phase - road system
Steel kg 5.14E+07 2.59E+03 9.52E+06 5.85E+02 1.70E+07 5.05E+02

Steel (infrastructure) kg 4.99E+07 2.36E+03 7.99E+06 3.64E+02 1.33E+07 2.70E+02
Steel (equipment) kg 1.53E+06 2.29E+02 1.53E+06 2.21E+02 3.68E+06 2.35E+02

Concrete m3 4.74E+05 2.24E+01 7.61E+04 3.47E+00 1.27E+05 2.58E+00
Diesel l 1.06E+07 5.01E+02 9.32E+06 4.25E+02 1.55E+07 3.14E+02
Crushed stone ton 1.63E+06 7.71E+01 1.43E+06 6.52E+01 2.57E+06 5.21E+01
Sand ton 1.85E+05 8.75E+00 1.62E+05 7.39E+00 2.92E+05 5.92E+00
Filler ton 3.71E+04 1.75E+00 3.25E+04 1.48E+00 5.86E+04 1.19E+00
Cement ton 1.03E+05 4.87E+00 8.99E+04 4.10E+00 1.62E+05 3.29E+00
Gravel ton 9.39E+06 4.44E+02 1.23E+07 5.61E+02 1.27E+07 2.58E+02
Water ton 6.57E+05 3.11E+01 8.63E+05 3.94E+01 8.86E+05 1.80E+01
CM-30 l 2.19E+07 1.04E+03 1.88E+07 8.57E+02 3.40E+07 6.90E+02
Labor person 1.10E+02 1.04E-01 1.05E+02 9.58E-02 2.81E+02 1.14E-01

Operation phase - road system
Vehicles Steel kg - 1.98E+05 - 5.38E+04 - 6.33E+03
Diesel l - 1.40E+04 - 3.94E+03 - 1.04E+03
Labor person - 3.71E+01 - 1.01E+01 - 1.18E+00

Operation phase - marine systemb

Ships' steel kg - 1.79E+03 - 5.17E+02 - 1.51E+02
Diesel l - 4.40E+03 - 1.28E+03 - 3.34E+02
Labor person - 5.02E-02 - 1.45E-02 - 4.24E-03

Detailed data in Supplementary Material, Appendices F and G.

Table 2 
Calculation of the invested emergy (in sej/km-year) for the export freight corridor 1.

Item Quantitya Unit/km-year UEVb Unit Emergy (seJ/km-year) Partial % % total

Construction phase - road system
Steel 2.59E+03 kg 2.01E+12 sej/kg 5.20E+15 2.97 0.78

Steel (bridges, viaducts and intersection) 2.36E+03 kg 2.01E+12 sej/kg 4.74E+15 ​ ​
Steel (equipment) 2.29E+02 kg 2.01E+12 sej/kg 4.60E+14 ​ ​

Concrete 2.24E+01 m3 4.39E+15 sej/m3 9.84E+16 56.21 14.69
Diesel 5.01E+02 l 5.10E+12 sej/l 2.56E+15 1.46 0.38
Crushed stone 7.71E+01 ton 1.27E+14 sej/ton 9.79E+15 5.59 1.46
Sand 8.75E+00 ton 1.42E+14 sej/ton 1.24E+15 0.71 0.19
Filler 1.75E+00 ton 1.27E+14 sej/ton 2.23E+14 0.13 0.03
Test 4.87E+00 ton 2.50E+14 sej/ton 1.22E+15 0.70 0.18
Gravel 4.44E+02 ton 1.27E+14 sej/ton 5.64E+16 32.22 8.42
Water 3.11E+01 ton 7.29E+11 sej/ton 2.26E+13 0.01 0.00
CM-30 1.04E+03 l 4.41E+08 sej/l 4.57E+11 0.00 0.00
Labor 1.04E-01 person 1.54E+07 sej/person 1.60E+06 0.00 0.00

Total Economy invested in the construction of the highway (CR) 1.75E+17 100.00 26.13

Operation phase - road system
Vehicles Steel 1.98E+05 kg 2.01E+12 sej/kg 3.97E+17 84.76 59.32
Diesel 1.40E+04 l 5.10E+12 sej/l 7.14E+16 15.24 10.66
Labor 3.71E+01 person 1.54E+07 sej/person 5.71E+08 0.00 0.00

Total Surge invested in highway operation (OR) 4.69E+17 100.00 69.98

Operation phase - maritime system
Ships' steel 1.79E+03 kg 2.01E+12 sej/kg 3.59E+15 13.79 0.54
Diesel 4.40E+03 l 5.10E+12 sej/l 2.25E+16 86.21 3.35
Labor 5.02E-02 person 1.54E+07 sej/person 7.72E+05 0.00 0.00

Total Surge invested in the maritime operation (OM) 2.60E+16 100.00 3.89

Emergy investment (CR + OR + OM) 6.70E+17 ​ 100.00

a Data are available in Table 1.
b UEVs are in the current Earth Baseline (12.00E+24 sej/yr); details available in Appendix H, Tab. H1. The proposed proposal aims to evaluate only the biophysical 

data of the system. The UEVs used in the calculation of the emergy do not consider services that were not included in the accounting. The decision was based on the 
calculation of 'services', as it uses the (Emergy Money Ratio) of the countries where they are offered, causing variations in the indicator.
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emergy investment (6.70E+17 sej/km-year) among the three corridors. 
The operational stage of Corridor 1 accounts for 69.98% of the total 
emergy, significantly exceeding Corridor 2 (54.30%) and Corridor 3 
(24.01%). Across all three corridors, the road operation phase domi
nates, and when combined with the road construction phase, it repre
sents approximately 97% of the total emergy investment, while the 
maritime operation contributes only a minor fraction.

Export logistics Corridor 1 had the highest emergy investment, with 
steel in vehicles and containers dominating the road operation stage 
(59.32%), followed by concrete in highway infrastructure (14.69%) and 
diesel in road operation (10.66%). In Corridor 2, steel also led the 
emergy contribution (45.79%), followed by gravel (30.16%) in road 
construction. For Corridor 3, gravel accounted for the largest input 
(43.54%), followed by steel (16.93%) and concrete (15.05%). In con
struction stages, concrete had the highest impact in Corridor 1, while 
gravel dominated Corridors 2 and 3. Corridor 1's elevated concrete 
consumption is linked to its greater number and longer length of special 
engineering works, such as viaducts, bridges, and interchanges, 
compared with Corridors 2 and 3 (Supplementary Material, Appendix 
E). Concrete was primarily used for the decks of these structures, 
while gravel was used for base and sub-base layers but excluded from 
reinforced concrete paving. Overall, Corridor 1 involved three times the 
emergy investment of Corridor 2 and nine times that of Corridor 3. 
Corridor 3 emerges as a lower environmental load alternative based on 
emergy, but additional factors, such as operational performance, must 
be further analyzed.

Table 4 presents CO2-equivalent emissions for the three export lo
gistics corridors, expressed in kgCO2eq/km-year (complete data in the 
Supplementary Material, Appendix J). Corridor 1 recorded the highest 
emissions at 9.47E+05 kgCO2eq/km-year, 3.7 times higher than 
Corridor 2 (2.57E+05 kgCO2eq/km-year) and 27 times higher than 
Corridor 3 (3.45E+04 kgCO2eq/km-year). The analysis indicates that 
Corridor 1 requires priority interventions due to its significant envi
ronmental impact, with approximately 95% of emissions from the road 
operation stage (9.06E+05 kgCO2eq/km-year), primarily from steel use 
in vehicles and containers (9.00E+05 kgCO2eq/km-year). Recom
mended actions include replacing steel with less polluting or recycled 
materials, modernizing the fleet, and improving loading logistics to 
reduce vehicle demand, thereby reducing steel-related emissions.

Export logistics corridors 2 and 3 followed patterns similar to 
Corridor 1, with steel in the operation phase accounting for approxi
mately 95% of total emissions in Corridor 2, underscoring its significant 
environmental impact. Although proportionally smaller, direct CO2- 
equivalent emissions from diesel combustion in vehicle engines were the 
second-largest contributor in Corridors 1 and 2. When mitigating the 
primary contributor is not feasible, efforts should target the next-highest 
impact, such as improving fuel efficiency through advanced vehicle 
technologies, lower-emission biofuels, hybrid or electric engines, fleet 
maintenance, or driver training for economical driving. For Corridor 3, 
which had the lowest environmental impact, steel in the operation phase 

accounted for 83% of total emissions, followed by steel used in highway 
construction (7%), underscoring the material's overall importance in the 
logistics cycle. These findings emphasize the critical role of modal 
choice in reducing greenhouse gas emissions, with lower-emission cor
ridors supporting environmental goals and sustainable transport and 
export infrastructure policies. Road transport consistently showed 
higher CO2eq impacts than maritime transport.

Table 5 summarizes economic costs (USD/km-year) for each export 
Corridor, including highway construction, truck fuel and tolls, and ship 
fuel. Corridor 2 had the highest construction cost, followed by Corridors 
1 and 3, with Corridor 3's lower costs attributed to segments with 
reduced paving standards. Corridors 1 and 2, being similarly long, 
incurred higher costs due to higher-standard highways. Despite span
ning multiple countries, Corridor 3 had the lowest operating costs, 
driven by reduced vehicle and ship traffic despite its length.

Two key aspects stand out: (a) Corridors 1 and 2 are entirely within 
Brazilian territory, whereas Corridor 3 crosses multiple borders, posing 
operational, regulatory, and customs challenges; and (b) Corridor 3's 
infrastructure is still under development, with sections under con
struction, which may limit short-term feasibility but suggest future po
tential for improvement. The operational stage of Corridor 1 accounts 
for 69.98% of the total emergy, significantly exceeding Corridor 2 
(54.30%) and Corridor 3 (24.01%). Road operation is therefore the 
dominant contributor in Corridors 1 and 2, whereas Corridor 3 is 
dominated by road construction, which represents 73.32% of the total 
emergy investment. In all three corridors, maritime operation contrib
utes only a minor fraction of the total emergy.

Table 6 presents travel times and distances for the three export lo
gistics corridors from Campo Grande/MS to ports in Brazil and Chile, 
followed by sea transport to China. The travel time indicator remains 
constant regardless of the 'km-year' unit. Corridors 1 and 2 have similar 
total travel times due to the geographical proximity of the ports of 
Santos/SP and Paranaguá/PR, resulting in comparable distances. In 
contrast, Corridor 3 stands out for its longer road segment, with an 

Table 3 
The overall result for the emergy invested in each Corridor.

Corridorsa Emergy (sej/ 
km-year)

Road 
construction 
(%)

Road 
operation 
(%)

Maritime 
operation 
(%)

Export 
logistic 
corridor 1

6.70E+17 26.13 69.98 3.89

Export 
logistic 
corridor 2

2.36E+17 42.50 54.30 3.21

Export 
logistic 
corridor 3

7.51E+16 73.32 24.01 2.67

a For the complete Tab.s of each corridor, see Supplementary Material, 
Appendix I.

Table 4 
Direct and indirect CO2eq emissions for each corridor.

Item Global Warming Potential (in kgCO2eq./km- 
year)

Corridor 1 Corridor 2 Corridor 3

Indirect emissions
Construction phase - road system 1.81E+04 3.96E+03 3.27E+03
Aço 1.18E+04 2.66E+03 2.30E+03
Concrete 5.84E+03 9.04E+02 6.71E+02
Diesel 2.33E+02 1.98E+02 1.46E+02
Crushed stone 5.89E-04 4.99E-04 3.99E-04
Sand 6.69E-05 5.65E-05 4.53E-05
Filler 6.55E-05 5.53E-05 4.44E-05
Cement 4.19E-03 3.52E-03 2.82E-03
Gravel 3.40E-03 4.29E-03 1.97E-03
CM-30 2.33E+02 1.93E+02 1.55E+02
Operation phase - road system 9.06E+05 2.46E+05 2.92E+04
Vehicles Steel 9.00E+05 2.45E+05 2.88E+04
Diesel 6.51E+03 1.83E+03 4.85E+02
Operation phase - maritime system 1.02E+04 2.95E+03 8.42E+02
Ships' steel 8.13E+03 2.35E+03 6.87E+02
Diesel 2.05E+03 5.96E+02 1.55E+02

Total indirect emissions 9.34E+05 2.53E+05 3.33E+04

Direct emissionsa

CH4 1.83E+01 5.37E+00 1.70E+00
CO2 1.28E+04 3.74E+03 1.18E+03
N2O 1.23E+02 3.60E+01 1.14E+01

Total direct emissions 1.29E+04 3.78E+03 1.20E+03

CO2 emissions (kgCO2eq/km-year) 9.47Eþ05 2.57Eþ05 3.45Eþ04

Procedure for calculating CO2eq emissions is available in Supplementary Mate
rial, Appendix J.

a Emissions due to diesel combustion in engines.
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estimated travel time of 30 h and 30 min. However, navigation from the 
Port of Iquique/Chile reduces total transport time by approximately 4 
days compared with Corridors 1 and 2. The new Pacific Ocean Corridor 
offers Brazil a strategic advantage by reducing transport time to the 
Asian market, particularly to the Port of Shanghai, and enhancing lo
gistics efficiency.

When evaluated jointly across emergy, CO2-equivalent emissions, 
financial cost, and travel time, the infrastructure-oriented assessment 
reveals distinct structural trade-offs among the corridors. Corridor 1 
exhibits the highest intrinsic resource demand and CO2 intensity per km- 
year, driven primarily by road vehicle steel and fuel use, and also incurs 
the highest overall cost, reflecting higher infrastructure standards and 
toll intensity. Corridor 2 performs intermediate across environmental 
and economic indicators, while Corridor 3 shows the lowest emergy and 
CO2 intensity and the lowest cost per km-year, despite its longer road 
segment and transnational configuration. In contrast, travel time results 
diverge from resource and cost patterns: although Corridor 3 involves 
longer road travel, its shorter maritime distance reduces total transit 
time relative to Corridors 1 and 2.

Taken together, these results show that no single corridor simulta
neously minimizes structural resource demand, emissions, cost, and 
time. The infrastructure-oriented perspective therefore reveals inherent 
trade-offs embedded in corridor design, material composition, modal 
structure, and distance configuration. By isolating intrinsic corridor in
tensity independent of freight allocation, this assessment establishes a 
structural baseline for subsequent cargo-oriented comparison and multi- 
criteria aggregation, reinforcing the importance of evaluating freight 
corridors under simultaneous material, carbon, economic, and service 
constraints.

3.2. Cargo-oriented application of the framework: beef exports

This section applies the framework from a cargo-oriented perspec
tive (km-ton functional unit), incorporating beef exports as an illustra
tive product. Unlike the infrastructure-oriented analysis, which isolates 
intrinsic corridor intensity, the cargo-oriented assessment evaluates 
environmental, economic, and operational performance per unit of 
transported freight. This perspective captures how product volume, 
modal allocation, and logistics configuration influence corridor 
efficiency.

Product characteristics can substantially alter corridor performance 
rankings. Evaluating corridors solely on structural indicators may 
overlook freight-specific sensitivities related to perishability, time 

constraints, and cost exposure. By expressing results per ton of trans
ported beef, the framework reveals how resource demand, emissions, 
cost, and transit time interact when freight allocation is explicitly 
considered.

Table 7 presents the decision matrix for the three corridors. Detailed 
data and calculations are provided in the Supplementary Materials, 
Appendix F.

In emergy terms, Corridor 1 has the lowest upstream resource de
mand (7.77E+11 sej/km-ton), followed by Corridor 2 (9.72E+11 sej/ 
km-ton), while Corridor 3 has the highest emergy intensity (1.17E+12 
sej/km-ton), reflecting a lower transported volume. Financial perfor
mance follows a similar pattern: Corridor 1 records the lowest cost (0.40 
USD/km-ton), Corridor 2 more than doubles this value (0.98 USD/km- 
ton), and Corridor 3 has the highest cost (2.28 USD/km-ton). In 
contrast, environmental and operational indicators favor Corridor 3. It 
records the lowest CO2-equivalent emissions (0.54 kgCO2eq/km-ton), 
approximately half those of Corridors 1 and 2 (1.10 and 1.06 kgCO2eq/ 
km-ton, respectively), and the shortest total travel time (42.69 days/ 
trip). Corridors 1 and 2 have similar transit durations (46.54 and 46.79 
days/trip).

The multi-criteria analysis (Table 7) assesses corridor performance 
per km-ton, while the scenario analysis evaluates total export system 
performance based on predefined cargo shares across corridors. Aggre
gated indicators, detailed in Appendix M, reflect cargo allocation, 
transport distances, and unit performance, meaning total scenario per
formance may differ from individual corridor rankings.

With equal weighting across the four indicators, the multi-criteria 
aggregation ranks Corridor 1 as the preferred alternative (global 
value = 0.514), driven by its superior performance in emergy and 
operating cost, which compensates for its comparatively poorer per
formance in CO2-equivalent emissions and travel time. Corridor 3 fol
lows closely (global value = 0.500), achieving the best performance in 
emissions and travel time but being penalized by its higher upstream 
resource demand and operating cost. Although Corridor 3 outperforms 
Corridor 1 in two of the four criteria, equal weighting across all in
dicators yields a slightly lower overall score because its disadvantages in 
emergy and cost offset these gains.

The cargo-oriented application demonstrates how freight allocation 
reshapes sustainability outcomes. Unlike the infrastructure-oriented 
assessment, which identified Corridor 3 as structurally less resource- 
intensive, the km-ton analysis reveals trade-offs between resource in
tensity, emissions, cost, and service performance. This shift underscores 
the importance of integrating structural and freight-dependent 

Table 5 
Costs in 'km-year' per export logistics corridor.

Logistics alternatives Unid. Road constructiona Road operationb Maritime operationc Total

Fuel Trucks Toll Fuel Vessels

Corridor 1 USD/km-year 33,600 15,102 8946 4572 62,460
Corridor 2 USD/km-year 37,080 4248 443 1381 43,152
Corridor 3 USD/km-year 24,120 1125 666 360 26,271

a Details in Supplementary Material, Tab. G5, Appendix G;
b Details in Tab. G6, Appendix G.
c Details in Tab. L1, Appendix L.

Table 6 
Travel time to Shanghai, China.

Destination Port in China Travel time Distance (km) Total

Maritimea Highwayb Total Maritimea Highwayb (km)

Corridor 1 46d02h 11h 46d13h 20,476 1057 21,533
Corridor 2 46d07h 12h 46d19h 20,578 1096 21,674
Corridor 3 41d10h 30.5h 42d16.5h 18,409 2465 20,874

a Maritime Modal, simulated by https://sea-distances.org/.
b Road modal, simulated by https://qualp.com.br.
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perspectives within corridor planning, as optimal selection depends on 
both infrastructure characteristics and cargo-specific dynamics.

Fig. 4 shows four simulated scenarios for beef export allocation 
across the three logistics corridors, representing alternative freight dis
tribution strategies. The scenarios were designed to assess how cargo 
allocation patterns affect environmental, economic, and operational 
performance under consistent boundary conditions. This exercise dem
onstrates the framework's ability to test planning alternatives and 
evaluate the sensitivity of corridor performance to freight volume dis
tribution. It is important to distinguish between the corridor-level in
dicators presented in Table 7 and the scenario-level indicators presented 
in Fig. 4. Table 7 reports the unit performance (km-ton) of each corridor 
individually, whereas Fig. 4 presents the aggregated performance of the 
entire export system after reallocating the total freight demand among 
the three corridors according to each simulated scenario.

The results indicate that corridor performance is strongly influenced 
by cargo allocation. Scenario 2, with a more balanced distribution of 
beef exports across the three corridors, achieves the best overall 

performance, with the lowest emergy demand (2.34E+12 sej/km-ton) 
and financial cost (1.94 USD/km-ton). In contrast, Scenario 1, reflect
ing the current concentration of exports on Corridor 1, exhibits the 
highest operational cost (3.67 USD/km-ton) and the second-highest 
emergy intensity (2.92E+12 sej/km-ton), indicating reduced efficiency 
under concentrated flows.

Scenario 4, which reallocates 80% of Corridor 1's cargo to Corridor 3, 
results in the highest emergy demand (2.95E+12 sej/km-ton), suggest
ing that unilateral redistribution toward a single alternative does not 
necessarily improve systemic performance. Scenario 3 presents inter
mediate results and achieves the most favorable reduction in CO2- 
equivalent emissions, illustrating trade-offs between resource intensity 
and climate impact.

The scenario analysis demonstrates that freight allocation strategies 
significantly influence sustainability outcomes and that balanced dis
tribution may enhance overall corridor efficiency compared to concen
trated or unilateral configurations.

The multicriteria analysis presented (Table 8) confirmed Scenario 2 

Table 7 
Decision matrix with the indicators' results and the application of the multicriteria approach for the beef exports.

Logistics alternatives Emergy (sej/km-ton) CO2eq (kg CO2eq/km-ton) Operating cost (USD/km-ton) Travel time (days/trip) Global value (V(a_i)) Ranking

Raw criterion values
Corridor 1 7.77E+11 1.10 0.40 46.54 – –
Corridor 2 9.72E+11 1.06 0.98 46.79 – –
Corridor 3 1.17E+12 0.54 2.28 42.69 – –
Normalized criterion values

Corridor 1 1.00 0.00 1.00 0.06 0.514 1st
Corridor 2 0.41 0.04 0.28 0.00 0.182 3rd
Corridor 3 0.00 1.00 0.00 1.00 0.500 2nd
Criterion weight 0.25 0.25 0.25 0.25 ​ ​

* Raw criterion values correspond to the original indicator values. Since all criteria are minimization objectives, the original values were first transformed using Eq. (3) 
and then normalized using Eq. (4), yielding the normalized criterion values (nij). The global value v(ai) was calculated according to Eq. (1). Equal weights (kj = 0.25) 
were adopted for all four criteria in this illustrative application and this point, and it is explicitly noted that the framework allows decision-makers to specify alternative 
weighting schemes depending on planning priorities.

Fig. 4. Comparative performance of freight corridors under alternative beef export allocation scenarios (cargo-oriented assessment, km-ton). Travel time remains 
unchanged because the physical routes are identical across the simulated allocation scenarios.
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as the most sustainable alternative (global score: 0.500), combining low 
resource use and cost. Scenario 3 followed (0.374), supported by strong 
emissions performance. Scenario 1 ranked third (0.228), and Scenario 4 
was least favorable (0.186). These results reinforce that balanced cargo 
distribution yields better environmental and economic outcomes than 
configurations concentrated in a single corridor. Although travel time is 
one of the four criteria considered in the proposed decision framework, 
it is not reported in Table 8 because the simulated scenarios modify only 
the distribution of cargo among the predefined corridors. Because the 
physical routes and transport modes remain unchanged, travel time is 
identical across all scenarios and therefore does not affect the relative 
ranking of the alternatives. It is nevertheless retained in the framework 
because it is an essential decision criterion when comparing freight 
corridors under different operational conditions.

4. Discussion

This study advances freight corridor evaluation by integrating donor- 
side resource accounting (emergy) with consequence-based climate 
assessment (CO2eq), financial cost, and travel time within a unified 
deterministic multi-criteria structure. While MCDM approaches are 
increasingly used in corridor selection (Octaviansyah et al., 2024; 
Rashidian et al., 2024; Hasan et al., 2024), they typically prioritize 
operational emissions and economic indicators. By internalizing up
stream material intensity embedded in infrastructure and fleets, the 
present framework addresses a persistent limitation in freight planning 
identified in infrastructure life-cycle studies (Fraser and Chester, 2016; 
Reza et al., 2014).

4.1. Infrastructure-oriented contribution: structural sustainability

The infrastructure-oriented (km-year) application isolates intrinsic 
corridor intensity independent of cargo volume, revealing the long-term 
structural resource commitments embedded in road and maritime sys
tems. Results show that upstream material flows—particularly steel and 
concrete—are decisive drivers of corridor intensity, confirming that 
operational emission metrics alone do not capture full environmental 
burden (Cristiano and Gonella, 2019; Meng et al., 2017). This finding 
aligns with evidence that infrastructure expansion can lock in 
resource-intensive development trajectories (Fraser and Chester, 2016).

By explicitly quantifying structural resource demand, the framework 
contributes to the Sustainable Development goals (SDG). SDG 9 (In
dustry, Innovation and Infrastructure) by enabling infrastructure eval
uation that internalizes environmental support requirements rather than 
focusing solely on economic growth metrics. The emergy dimension also 
supports SDG 12 (Responsible Consumption and Production), as it re
veals hidden material dependencies within freight systems and informs 
strategies for resource efficiency.

4.2. Cargo-oriented assessment: climate and efficiency trade-offs

The cargo-oriented (km-ton) analysis demonstrates that freight 
allocation substantially reshapes sustainability outcomes. Once beef 
exports are incorporated, corridor rankings shift, illustrating that 
structural efficiency does not necessarily translate into freight effi
ciency. This distinction supports findings that logistics performance is 

highly sensitive to load factor and network configuration (Du Plessis 
et al., 2023; Chen et al., 2024).

The integration of CO2eq emissions within the multi-criteria struc
ture directly contributes to SDG 13 (Climate Action) by enabling 
transparent comparison of climate impacts across corridor alternatives. 
At the same time, incorporating cost and time indicators ensures 
alignment with economic feasibility and service performance, rein
forcing the balanced decision-making approach advocated in sustain
able transport literature (Khurshid et al., 2023; Cheng et al., 2024).

The dual functional-unit approach (km-year and km-ton) therefore 
represents a methodological contribution: it separates intrinsic infra
structure intensity from freight-dependent performance, enhancing 
transparency in policy trade-offs and supporting more coherent sus
tainable transport planning.

4.3. Ex-ante evaluation and scenario capability

A key innovation of the framework lies in its capacity for ex-ante 
assessment and scenario testing under consistent system boundaries. 
Infrastructure projects and corridor developments often have multi- 
decadal implications (Wang et al., 2024), yet decision tools rarely 
integrate upstream resource demand, emissions, and economic perfor
mance in a single structure. By enabling prospective comparison of 
operational and emerging corridors, the framework supports 
forward-looking planning under simultaneous climate and material 
constraints.

Scenario simulations further demonstrate that balanced freight 
allocation may improve systemic performance relative to concentrated 
flows. This finding reinforces research emphasizing the importance of 
network diversification and modal integration in sustainable logistics 
(Lopes et al., 2017; De Oliveira et al., 2022). Importantly, results show 
that unilateral redistribution strategies may shift burdens among costs, 
emissions, and resource intensity, highlighting the need for a systemic 
evaluation rather than single-indicator optimization.

The scenario capability contributes to SDG 11 (Sustainable Cities and 
Communities) and SDG 13, as it enables planners to anticipate envi
ronmental and infrastructural impacts before long-term commitments 
are made.

4.4. Theoretical integration: bridging accounting paradigms

The study bridges two analytical paradigms that are rarely combined 
in corridor evaluation: donor-side accounting (emergy), measuring cu
mulative environmental support required to sustain systems (Odum, 
1996; Brown et al., 2016); and consequence-based assessment 
(LCA/GWP), quantifying climate impacts of operational and material 
flows (Mouette et al., 2019; Ribeiro et al., 2022). Embedding both 
within a deterministic MCDM architecture (Almeida, 2013) preserves 
transparency of trade-offs while enabling decision-support function
ality. This integration responds to calls for systemic sustainability tools 
capable of addressing infrastructure resilience, resource efficiency, and 
decarbonization simultaneously (Mahdinia et al., 2018; Gohari et al., 
2022).

Table 8 
Multicriteria evaluation and ranking of the freight allocation scenarios using equal criterion weightsa.

Scenario Emergy (normalized) CO2eq emissions (normalized) Cost (normalized) Global score Rank

Scenario 1 (Current) 0.039 0.872 0.000 0.304 3
Scenario 2 1.000 0.000 1.000 0.667 1
Scenario 3 0.235 1.000 0.260 0.498 2
Scenario 4 0.000 0.307 0.438 0.248 4

a Travel time was assigned a weight of 0.25 in the decision framework but is omitted here because it assumes the same value for all cargo-allocation scenarios.
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4.5. Transferability and broader implications

Although illustrated through Brazil–China freight corridors, the 
framework is commodity-neutral and geographically transferable. Its 
modular structure allows adaptation to alternative freight systems, 
modal configurations, and infrastructure contexts. By separating struc
tural and freight-dependent dimensions and enabling scenario explora
tion, the framework contributes a replicable analytical architecture for 
sustainable corridor planning.

From a policy perspective, the proposed framework provides a 
practical basis for supporting strategic freight corridor planning by 
integrating environmental, economic, and operational criteria within a 
single decision-support structure. The results suggest that infrastructure 
investment decisions should consider not only transport capacity and 
travel time but also the upstream material and energy requirements 
embedded in corridor construction and long-term operation. Fleet 
renewal policies should prioritize technologies and vehicle designs that 
reduce both operational emissions and the embodied impacts associated 
with vehicle manufacturing, including the increased use of recycled or 
lower-impact materials where technically feasible. Similarly, infra
structure planning can benefit from selecting construction materials and 
engineering solutions that minimize life-cycle resource demand while 
maintaining operational performance. Finally, the scenario analysis 
demonstrates that freight-allocation policies promoting a more balanced 
distribution of cargo among available corridors can improve overall 
environmental and economic performance without requiring major 
infrastructure expansion. Together, these findings highlight the impor
tance of combining infrastructure planning, fleet modernization, mate
rial selection, and freight management policies to support more 
sustainable logistics systems.

4.6. Limitations and further studies

Some limitations should be acknowledged. First, although system 
boundaries explicitly include upstream material flows and operational 
processes, certain service-related and indirect economic activities were 
excluded to maintain boundary consistency and avoid double counting. 
While this approach preserves methodological coherence, it may un
derestimate broader supply-chain effects. Second, the cargo-oriented 
application relies on assumed freight volumes and operational param
eters representative of current logistics conditions. Changes in load 
factors, fleet composition, fuel technology, or modal shifts (e.g., elec
trification or rail integration) could alter performance rankings. While 
the framework accommodates such adjustments, results should be 
interpreted as scenario-dependent rather than predictive. Third, travel 
time and cost indicators do not fully internalize regulatory, geopolitical, 
or border-related risks, particularly for transnational corridors. These 
institutional dimensions may influence real-world feasibility beyond the 
quantified indicators.

The illustrative application also relies on representative truck and 
vessel models to characterize freight operations. Although these refer
ence vehicles provide a consistent basis for comparing corridor alter
natives, the actual fleet composition may vary across corridors and over 
time, potentially influencing the calculated indicator values.

Despite these limitations, the framework's modular architecture, 
transparent boundary definition, and dual functional-unit structure 
provide a robust foundation for systematic corridor comparison. Future 
research may further enhance the proposed framework by incorporating 
methodological extensions that increase its robustness and applicability. 
For example, uncertainty and sensitivity analyses could be integrated to 
evaluate the influence of inventory assumptions, indicator values, and 
weighting schemes on corridor rankings, thereby improving the reli
ability of decision support under different planning conditions. The 
framework could also be expanded to include additional sustainability 
dimensions, such as infrastructure resilience, social impacts, and 
regional economic development, providing a more comprehensive 

assessment of freight corridor performance. Furthermore, coupling the 
framework with dynamic freight demand forecasting, network optimi
zation, or transport simulation models would enable the evaluation of 
future logistics scenarios under changing trade patterns and infrastruc
ture investments. Finally, applying the framework to different com
modities, transport systems, and geographical contexts would support 
its validation across diverse logistics environments, increasing its 
transferability and demonstrating its potential as a general decision- 
support tool for sustainable freight corridor planning.

5. Conclusions

This study develops and operationalizes a systemic framework for 
freight corridor evaluation that integrates upstream resource accounting 
(emergy), consequence-based climate assessment (CO2-equivalent 
emissions), financial cost, and travel time within a deterministic multi- 
criteria structure. By combining donor-side and consequence-based 
metrics under consistent system boundaries, the framework advances 
corridor assessment beyond emission-centric and cost-driven models.

A key methodological contribution is the dual functional-unit 
approach. The infrastructure-oriented perspective (km-year) isolates 
intrinsic corridor intensity and reveals long-term structural resource 
commitments embedded in infrastructure and vehicle systems. The 
cargo-oriented perspective (km-ton) captures freight-dependent effi
ciency and shows how allocation strategies reshape sustainability out
comes. Together, these complementary views distinguish structural 
from operational performance and enhance transparency in corridor 
trade-offs.

The empirical application shows that corridors that minimize oper
ational emissions do not necessarily minimize upstream material in
tensity or cost, and vice versa. Scenario analysis further demonstrates 
that freight distribution strategies significantly influence environmental 
and economic performance, underscoring the importance of systemic 
evaluation before long-term infrastructure commitments. The frame
work's capacity for ex-ante and scenario-based analysis offers a practical 
contribution to strategic transport planning under climate and resource 
constraints.

Although illustrated using Brazil–China freight corridors, the 
modeling structure is transferable across commodities, regions, and 
modal configurations. Its modular design allows adaptation to emerging 
corridors, alternative fuels, and evolving trade patterns. Future research 
may extend the framework through uncertainty analysis, integration of 
social and resilience indicators, and application to rail-integrated or 
decarbonized freight systems. Beyond its methodological novelty, the 
framework contributes to the SDGs by supporting (UN, 2024): (i) SDG 9 
through environmentally informed infrastructure planning; (ii) SDG 12 
by internalizing material resource intensity into logistics decisions; and 
(iii) SDG 13 by enabling transparent comparison of climate impacts 
across corridor alternatives. By linking infrastructure design, freight 
allocation, and climate mitigation within a unified analytical architec
ture, the approach strengthens the evidence base for sustainable trans
port policy.

The study provides a replicable, decision-oriented tool for evaluating 
freight corridors under simultaneous constraints on materials, carbon, 
economics, and services. In doing so, it advances sustainable transport 
assessment toward a more systemic and forward-looking paradigm.
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