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Abstract

Eurasian freight transportation is increasingly shaped by the need to balance transit effi-
ciency, economic performance, and environmental impacts. This study presents a compara-
tive carbon—cost-time assessment of alternative freight corridors between Shanghai and
Rotterdam. Three route configurations are evaluated: the rail-based Northern Corridor,
the multimodal Middle Corridor, the southern maritime route via the Suez Canal, and
an alternative maritime route via the Cape of Good Hope. A common functional unit of
100 TEU is adopted to enable consistent cross-modal comparison. The results reveal a
distinct trade-off between transit time and capacity-normalized environmental-economic
performance. The Northern Corridor provides the shortest transit time (237 h), whereas
the Suez route achieves the lowest CO, emissions (117,457 kg CO, /100 TEU) and fuel-
related cost (USD 24,160/100 TEU). Rerouting via the Cape increases distance, transit time,
emissions, and fuel-related cost by approximately 34.6% relative to the Suez route. Even
when an assumed USD 700,000 Suez Canal transit fee is included, the Cape route remains
approximately 17.0% more expensive. These findings provide a quantitative basis for
evaluating carbon—cost-time trade-offs in Eurasian freight corridor selection.

Keywords: Eurasian freight corridors; Northern Corridor; Middle Corridor; maritime
transportation; CO, emissions; carbon—cost-time trade-off

1. Introduction

The rapid expansion of international trade and the increasing geographical fragmen-
tation of production have made freight transportation networks a critical component of
global supply chains [1]. Trade between East Asia and Europe depends on a limited
number of long-distance transport corridors involving maritime [2], railway, and multi-
modal connections [3]. The performance of these corridors is no longer evaluated solely
in terms of geographical distance or transportation cost. Growing concerns about climate
change [4], energy consumption, geopolitical disruptions [5], and supply chain resilience
have shifted attention toward transport systems capable of providing economic efficiency,
environmental sustainability, and reliable transit times [6]. Consequently, the selection of
an international freight corridor has increasingly become a multi-dimensional decision
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involving trade-offs among transportation distance, delivery time, operating costs, energy
consumption, and greenhouse gas emissions [7,8].

The Eurasian transport network provides a particularly relevant setting for investigat-
ing these trade-offs [9]. China—Europe freight flows can be broadly transported through
three alternative geographical systems: the Northern Corridor, the Middle or Trans-Caspian
Corridor, and maritime routes connecting East Asia with Europe via the Indian Ocean and
the Mediterranean [10]. The Northern Corridor has traditionally provided an important rail
connection between Chinese and European markets through Kazakhstan, Russia, Belarus,
and Eastern Europe [11]. Rail freight can offer considerably shorter transit times than
conventional deep-sea shipping, making it particularly attractive for relatively high-value
and time-sensitive cargo [12]. However, the increasing exposure of international supply
chains to geopolitical uncertainty has highlighted the importance of route diversification
and has strengthened interest in alternative Eurasian transport connections [13].

Within this context, the Middle Corridor, also known as the Trans-Caspian Interna-
tional Transport Route (TITR), has gained considerable strategic importance. The corridor
connects China and Europe through Central Asia, the Caspian Sea, the South Caucasus,
and Tiirkiye, combining railway and maritime transport [14]. The World Bank identifies
the Middle Corridor as a multimodal rail-maritime system linking Chinese and European
markets through Kazakhstan, Azerbaijan, and Georgia, with onward connections to Eu-
rope, including routes through Tiirkiye. The corridor has attracted particularly strong
international attention as a means of improving route diversification and supply-chain
resilience against geopolitical disruptions. The World Bank estimates that coordinated
infrastructure improvements, logistics reforms, and operational measures could potentially
triple freight volumes and halve travel times along the corridor by 2030 [15].

The growing importance of the Middle Corridor is also reflected in European transport
policy. A European Commission-supported study, implemented by the European Bank
for Reconstruction and Development (EBRD), evaluated sustainable transport connections
between the European Union and the five Central Asian republics against environmental,
economic, social, fiscal, and political sustainability criteria [16]. Infrastructure bottlenecks
nevertheless remain a significant limitation on the operational efficiency of the Trans-
Caspian system. Recent investments have therefore focused on railway capacity, container
handling facilities, logistics hubs, ports, and intermodal connections. For example, the
EBRD has supported improvements in Kazakhstan to increase container-handling capacity
and alleviate congestion along the Trans-Caspian Corridor. Such developments indicate
that the Middle Corridor is increasingly being considered not merely as an alternative
transport route, but as a strategically important component of future Eurasian freight
networks [17].

Despite the increasing importance of overland corridors, maritime transport remains
the backbone of intercontinental containerized trade. Large container vessels benefit
from substantial economies of scale and can transport several thousand, or even tens of
thousands, of twenty-foot equivalent units (TEUs) in a single voyage [18]. Consequently,
maritime transportation can offer lower transportation costs and emissions per unit of
cargo despite substantially longer geographic distances and transit times than railway
alternatives [19]. This creates an important methodological distinction between evaluating
a corridor based on total vehicle emissions and evaluating its environmental performance
on a functional-unit basis. A high-capacity container vessel may consume substantially
more fuel and generate greater absolute emissions than a freight train during operation,
while its emissions allocated to 100 TEU may nevertheless be considerably lower because of
its much larger carrying capacity. Therefore, transport capacity and cargo allocation must
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be explicitly incorporated when comparing the environmental performance of railway and
maritime freight systems [20].

The comparison becomes more complex for multimodal corridors. Whereas the North-
ern Corridor is predominantly railway-based and the conventional Southern Corridor is
predominantly maritime, the Middle Corridor combines railway operations with a Caspian
Sea crossing and multiple modal transfer points [21]. Such transfers can introduce addi-
tional time, cost, fuel consumption, and operational complexity. Conversely, the corridor
may provide substantial strategic benefits by shortening certain transport distances, by-
passing geopolitically sensitive regions, and improving access to Central Asian, Caucasian,
and Turkish markets. Accordingly, assessing Eurasian freight corridors solely by distance
may yield misleading conclusions. A shorter corridor does not necessarily yield the lowest
transportation cost or carbon intensity, and the environmentally preferable option may
involve longer transit times [22].

This issue is increasingly important in the context of international decarbonization
policies. Freight transport contributes to global energy consumption and greenhouse
gas emissions, while growing trade volumes may further increase transportation-related
environmental pressures unless improvements in vehicle efficiency, fuel carbon intensity,
modal allocation, and logistics management offset rising demand [23]. At the same time,
supply-chain decisions cannot generally be optimized solely on the basis of emissions.
Shippers must simultaneously consider transportation costs, cargo capacity, transit time,
reliability, and increasingly, geopolitical exposure. An integrated comparison of these
dimensions is therefore necessary to identify the conditions under which different Eurasian
corridors become preferable [24].

Against this background, the novelty of the present study lies in the integrated and
capacity-normalized comparison of alternative Eurasian freight corridors within a common
carbon—cost-time framework. Prior studies have generally relied on a single evaluation
criterion, most commonly distance or cost alone, and have rarely addressed cost, carbon
emissions, and transit time simultaneously within a normalized and internally consistent
framework. Rather than evaluating individual routes or transport modes in isolation,
the present study addresses this gap by providing a consistent basis for comparing rail-
dominated, multimodal rail-sea, and maritime transport systems while explicitly account-
ing for differences in transport distance, vehicle capacity, specific fuel consumption, engine
power, fuel cost, and operating time.

Accordingly, this study aims to comparatively assess the Northern, Middle, and South-
ern freight corridors between Shanghai and Rotterdam in terms of transportation distance,
transit time, cost, and CO, emissions. To ensure comparability across transport modes with
substantially different carrying capacities, the economic and environmental indicators were
normalized to a common functional unit of 100 TEU. In addition, alternative configurations
of the Southern maritime route were examined to assess how route selection affects overall
performance. By revealing the trade-offs among carbon emissions, transportation cost,
and transit time, the proposed framework provides a quantitative basis for identifying the
relative advantages and limitations of alternative Eurasian freight corridors and supports
more informed corridor selection and low-carbon freight transportation planning across
Eurasian trade networks.

Beyond extending the comparison to the Northern, Middle, and Southern Eurasian cor-
ridors between Shanghai and Rotterdam, the principal contribution of this study is therefore
methodological: it provides a generalizable, capacity-normalized, and allocation-sensitive
analytical framework that can be applied to other transport corridors and cost/policy
parameters beyond those examined here.
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2. Materials and Methods
2.1. Study Framework and Transportation Corridors

This study develops a comparative framework for evaluating alternative Eurasian
freight transportation corridors in terms of distance, transit time, transportation cost, and
carbon emissions. Shanghai, China and Rotterdam, the Netherlands were selected as the
common origin and destination, respectively, to ensure a consistent geographical basis
for the comparison. The analysis considers three principal transportation systems: the
Northern Corridor, the Middle Corridor, and the Southern Corridor. Figure 1 illustrates
the geographical layout of the Northern and Middle Corridors within the Eurasian freight
transportation corridors.
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Figure 1. Geographical configuration of the Northern and Middle Eurasian freight corridors between
Shanghai and Rotterdam.

The Northern Corridor was modeled as a predominantly rail-based transportation system
connecting China with Northwestern Europe through Central Asia, Russia, Belarus, Poland,
and Germany. The route consists of the Shanghai—Xi’an-Urumgi-Alashankou/Dostyk—
Novosibirsk—-Yekaterinburg-Moscow-Minsk-Warsaw-Berlin—Rotterdam segments.

The Middle Corridor was modeled as a multimodal transportation system that com-
bines rail and maritime transport. The route extends from Shanghai through Xi’an and
Urumgi to Dostyk and Aktau, then crosses the Caspian Sea between Aktau and Baku/Alat.
Freight is subsequently transported by rail through Tbilisi, Kars, Istanbul, and Kapikule
before reaching Rotterdam. The Aktau-Baku/Alat segment was represented by a river
vessel performed in an inland waterway, whereas the remaining segments were modeled
as rail transportation.

The Southern Corridor illustrated in Figure 2 represents maritime container transporta-
tion between East Asia and Northwestern Europe. Unlike the predominantly rail-based
Northern Corridor and the multimodal Middle Corridor, this route is characterized by
high-capacity container shipping. Two alternative maritime routing configurations were
considered under the Southern Corridor: (i) the conventional route through the Suez Canal,
and (ii) a longer route bypassing the Suez Canal via the Cape of Good Hope. In particular,
the Cape of Good Hope alternative route has gained considerable popularity in recent
years, primarily as a means of avoiding the waiting times and associated costs at the Suez
Canal, as well as circumventing the political tensions and conflicts along that route. Thus,
several shipping companies have redirected their routes toward this alternative and are
conducting their freight operations accordingly. However, the Cape of Good Hope route
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has the potential to increase sailing distance, transit time, fuel-related transportation costs,
and CO, emissions due to its longer distance compared to the conventional route. By
assessing these two alternative routes within the Southern Corridor, it becomes possible
to evaluate the impact of route deviations on the corridor’s overall performance. The
geographical configurations of the Southern Corridor are presented in Figure 2.
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Figure 2. Southern maritime route between Shanghai and Rotterdam through the Suez Canal and via
the Cape of Good Hope.

For each corridor, the route was divided into individual transportation segments.
Calculations were initially performed at the segment level and subsequently aggregated to
obtain corridor-level performance indicators. The overall methodological framework is
based on four principal indicators: total transportation distance, transit time, transportation
cost, and CO, emissions.

2.2. Operational and Technical Parameters

The calculations were based on the technical and operational characteristics of the
transportation mode assigned to each segment. The principal parameters included trans-
portation distance, vehicle carrying capacity, specific fuel consumption (SFC), engine power,
fuel price, and average operating speed.

The carrying capacity was expressed in twenty-foot equivalent units (TEUs). Because
rail and maritime transportation systems have substantially different cargo capacities,
a direct comparison of total fuel consumption, cost, or emissions would not provide a
representative assessment of their relative performance. Therefore, all economic and
environmental results were subsequently normalized to a common functional unit of
100 TEU. Table 1 shows the main parameters.

The calculations were based on mode-specific technical and operational parameters
assigned to each transportation segment. The principal input parameters included cargo
capacity, engine or traction power, specific fuel consumption (SFC), fuel type, fuel price,
and average or service speed. Representative technical characteristics were adopted sep-
arately for rail, inland waterway, and deep-sea transportation to account for substantial
differences in vehicle capacity and propulsion systems among these modes. The technical
and operational input parameters used in the analysis are summarized in Table 2.
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Table 1. The main parameters used in the analysis.

Parameter Unit Description

D; km Distance of transportation segment (i)
v; km/h Average transportation speed
b; kW Engine/traction power

SFC; g/kWh Specific fuel consumption
Ci TEU Carrying capacity

FP; USD/t Fuel price
t; H Transit time

FC; kg Fuel consumption
E; kgCO, Carbon emissions

Table 2. Technical and operational input parameters used in the analysis [25-28].

Parameter Unit Rail River Vessel Sea
Transportation mode - Railway Inland De.ep-.s ca
waterway shipping
Cargo capacity TEU 100 294 19,224
Engine/traction kW 3300 2700 75,570
power
Engine/propulsion 3 Diesel . MAN
configuration locomotive 2 x Caterpillar 3512 11G95ME-C10.5-GI
Specific fuel
consumption (SFC) g/kWh 205 191.7 164.5
. Marine gas oil .
Fuel type - Diesel (MGO) Heavy fuel oil (HFO)
Fuel price USD/t 1900 1900 650
Average/service km/h or kn 50 km/h Route-specific 19 kn
speed
Functional unit TEU 100 100 100

Although the rail, river vessel, and deep-sea vessel segments employ different fuel
types including diesel, MGO, and HFO, respectively, a common CO, emission factor of
3.16 t CO, /t fuel was applied across all three fuels. This is because CO, emissions from
combustion are primarily determined by the carbon content of the fuel rather than by other
compositional differences, and the carbon content of diesel, MGO, and HFO is sufficiently
similar according to the IPCC/IMO guidelines that a common factor of 3.16 t CO, /t fuel is
widely adopted in the transport emissions literature for distillate and residual petroleum-
based fuels. This assumption was applied intentionally and consistently across all modes
to ensure comparability of results, rather than resulting from a data limitation.

2.3. Transit-Time Calculation

The transportation time for each segment was determined from the corresponding
route distance and assumed average operating speed [29]. For the segment, transit time
was calculated as Equation (1):

i
. 1
b= M
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where t; is the transit time (h), D; is the segment distance (km), and v; is the average
operating speed (km/h). The total transportation time for corridor j was subsequently
calculated by summing the individual segment transit times as in Equation (2):

T]' = Z t; 2)

where n represents the number of transportation segments included in the corresponding
corridor. Similarly, the total corridor distance was calculated as Equation (3):

~

D; = iDi 3)

This segment-based approach enables an explicit representation of differences in route
configuration and transportation mode within each corridor.

2.4. Fuel Consumption and Transportation Cost Assessment

Fuel consumption was estimated using an activity-based, bottom-up approach in
which engine power, specific fuel consumption, and operating time are the principal
parameters that determine segment-level fuel demand. Similar power- and activity-based
approaches have been widely applied in transportation emission assessments, particularly
for estimating fuel consumption and emissions from marine transportation [30]. The hourly
fuel consumption for the transportation segment was determined as Equation (4):

. PiSEG
17 71000

(4)

where, ¢ ; is the hourly fuel consumption (kg/h). Total fuel consumption over a trans-
portation segment was determined in Equation (5):

FCi=my;t; ®)

The corresponding fuel cost was calculated with Equation (6):

_ FC;
TC; = 1000-FP1 (6)

where TC; represents the fuel-based transportation cost (USD). Because vehicle capacities
differ considerably between transportation modes, the calculated cost was normalized to

100 TEU as per Equation (7):
100

TCij0 = TC;- <C1> (7)
The total capacity-normalized cost of corridor j was subsequently determined as
Equation (8):
n
TCr00 = ) TCiz00 (8)
i=1
This normalization allows the fuel-related transportation cost of rail, Ro-Ro, and
container shipping operations to be compared using an identical freight basis.

2.5. Carbon Emission Assessment

Carbon emissions were estimated using a fuel-based approach, whereby the fuel
consumption of each transportation segment was multiplied by the corresponding fuel-
specific CO; emission factor. Accordingly, only combustion-based, tank-to-wake emissions
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were considered in this study. This approach is consistent with established activity-based
emission assessment methods, in which fuel consumption is first estimated from engine
operating parameters and subsequently converted into CO, emissions using fuel-specific
conversion factors [31]. Carbon emissions were estimated from fuel consumption using
the corresponding fuel-specific CO, emission factor [29]. The hourly CO, emission rate for
transportation was calculated as per Equation (9):

Eco,i = my,;-EF; 9

where ECOZ,i represents the CO, emission rate (kg CO,/h) and is the fuel-specific CO,
emission factor (kg CO, kg fuel). Total emissions generated during transportation segment
were then determined as per Equation (10):

Eco,;i = Ecoz,i'fi (10)

To ensure comparability between transportation modes with different carrying ca-
pacities, segment-level emissions were normalized to 100 TEU as per Equation (11). A
functional unit of 100 TEU was adopted, as it constitutes a standard and comparable refer-
ence load widely employed in container shipping and intermodal freight research, thereby
enabling meaningful comparisons across different corridors including different segments
and transport modes.

100
Eco,,ii00 = Eco,,i (C) (11)
1

Finally, total capacity-normalized emissions for each corridor were calculated as per
Equation (12):
n
Eco, 100 = Y_ Eco,ijo0 (12)
i=1
The use of a capacity-normalized indicator is particularly important when comparing
rail and maritime transportation. Although large container vessels have considerably
higher installed engine power and absolute fuel consumption, their substantially greater
carrying capacity can result in lower emissions per unit of transported cargo. Therefore,
the use of kg CO, /100 TEU provides a more appropriate basis for cross-modal comparison
than absolute vehicle-level emissions.

2.6. Capacity Normalization and Corridor-Level Comparison

The functional unit adopted in this study was defined as the transportation of 100 TEU
from Shanghai to Rotterdam. This functional unit was consistently applied to the economic
and environmental indicators, whereas distance and transit time remained route-level
characteristics and were therefore not capacity-normalized [3]. The performance of each
corridor was consequently characterized by using four principal indicators as per Equa-
tion (13):

Iy = [Dy, T}, TCy,100, Eco,izi00] (13)

where Dj represents total corridor distance, T} represents total transit time, TCj 1o repre-
sents fuel-based transportation cost per 100 TEU, and Ecp, ; 100 represents CO, emissions
per 100 TEU.

Rather than defining a single corridor as universally optimal, the comparison was de-
signed to reveal the trade-offs among geographical distance, transportation time, economic
performance, and carbon emissions. This approach enables the relative advantages and
disadvantages of rail-dominated, multimodal, and maritime transportation systems to be
evaluated within a consistent analytical framework.
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3. Results
3.1. Performance of the Northern Corridor

Table 3 illustrates the segment-based performance indicators of the Northern Corridor,
spanning from Shanghai to Rotterdam. This corridor traverses a cumulative distance of
11,852 km, connecting East Asia to Western Europe through China, Kazakhstan, Russia,
Belarus, Poland, and Germany before reaching the port of Rotterdam. Based on an assumed
average operational rail speed of 50 km/h, the estimated total transit time for the entire
route is approximately 237.04 h, corresponding to nearly 9.88 days. The corresponding
fuel-related transportation cost and CO, emissions are estimated at USD 304,679/100 TEU
and 506,730 kg CO, /100 TEU, respectively. This segment-level breakdown enables a more
granular assessment of transportation efficiency along the corridor, facilitating comparison
with the performance metrics reported for the other corridors examined in this study.

Table 3. Segment-level performance of the Northern Corridor.

Segment Mode Distance Transit Time CO; Emissions Fuel-Related Cost
(km) (h) (kg/100 TEU) (USD/100 TEU)

Shanghai-Xi'an Rail 1380 27.60 59,002 35,476
Xi’an-Urumgqi Rail 2616 52.32 111,847 67,250
Urumgi-Alashankou/Dostyk Rail 517 10.34 22,104 13,291
Alashankou/Dostyk- Rail 1431 28.62 61,182 36,787
Novosibirsk

Novosibirsk—Yekaterinburg Rail 1604 32.08 68,579 41,234
Yekaterinburg—-Moscow Rail 1780 35.60 76,104 45,758
Moscow—-Minsk Rail 716 14.32 30,612 18,406
Minsk—Warsaw Rail 545 10.90 23,301 14,010
Warsaw-Berlin Rail 571 11.42 24,413 14,679
Berlin—Rotterdam Rail 692 13.84 29,586 17,789
Total - 11,852 237.04 506,730 304,679

The segment-level results indicate that the environmental and economic burdens of
the Northern Corridor are primarily determined by the length of individual rail sections.
Since a common locomotive configuration, specific fuel consumption, operating speed,
and carrying capacity were assumed for most rail segments, both fuel-related costs and
CO2 emissions increase approximately in proportion to transportation distance. The
Xi’an-Urumgi section, extending over 2616 km, therefore represents the largest individual
contribution, generating approximately 111,847 kg CO, /100 TEU and a fuel-related cost of
USD 67,250/100 TEU. In contrast, the relatively short Urumgi-Alashankou/Dostyk section
contributes only 22,104 kg CO, /100 TEU and USD 13,291/100 TEU.

An important characteristic of the Northern Corridor is its relatively short transit
time. The estimated total transportation time of 237.04 h, corresponding to approximately
9.9 days of continuous operating time under the assumptions adopted in the model,
makes it the fastest of the four route configurations evaluated in this study. However,
this time advantage is accompanied by comparatively high capacity-normalized fuel cost
and CO, emissions. This outcome is strongly influenced by the substantially lower carrying
capacity of the rail system relative to deep-sea container shipping. As emphasized in
the methodological framework, the functional unit of 100 TEU is therefore particularly
important for interpreting these results, because vehicle-level fuel consumption alone
would not provide an appropriate basis for cross-modal comparison.
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3.2. Performance of the Middle Corridor

Table 4 presents the segment-level performance results for the Middle Corridor, which
extends from Shanghai to Rotterdam via China, Kazakhstan, Azerbaijan, Georgia, Turkey,
and continental Europe, including a Bulgaria/Poland-Germany route through Kapikule,
incorporating a maritime crossing of the Caspian Sea between Aktau and Baku/Alat in
addition to rail transport. In contrast to the predominantly rail-based Northern Corridor,
this multimodal configuration reflects the Middle Corridor’s distinct routing structure. The
total length of this route is 13,992 km, and the corresponding estimated transportation time
is approximately 304.17 h (12.67 days), based on the assumed operating speeds for each
transport mode. The corresponding capacity-normalized CO; emissions and fuel-related
transportation cost were estimated at 597,530 kg CO, /100 TEU and USD 359,274 /100 TEU,
respectively.

Table 4. Segment-level performance of the Middle Corridor.

Segment Mode Distance Transit Time CO; Emissions Fuel-Related Cost
(km) (h) (kg/100 TEU) (USD/100 TEU)

Shanghai-Xi’an Rail 1380 27.60 59,002 35,476
Xi’an-Urumgqi Rail 2616 52.32 111,847 67,250
Urumgi-Dostyk Rail 517 10.34 22,104 13,291
Dostyk-Aktau Rail 4113 82.26 175,851 105,733
Aktau-Baku/Alat River vessel 450 33.33 18,544 11,150
Baku/ Alat-Tbilisi Rail 497 9.94 21,249 12,776
Thilisi—-Kars Rail 314 6.28 13,425 8072
Kars-Istanbul Rail 1427 28.54 61,011 36,684
Istanbul-Kapikule Rail 257 5.14 10,988 6607
Kapikule-Rotterdam Rail 2421 48.42 103,509 62,237
Total - 13,992 304.17 597,530 359,274

The results show that the Dostyk—Aktau rail section constitutes the largest individual
contributor to both environmental and economic performance along the Middle Corridor.
With a distance of 4113 km and a calculated transit time of 82.26 h, this segment accounts for
approximately 175,851 kg CO, /100 TEU and USD 105,733/100 TEU. The Shanghai—Xi’an
and Xi’an-Urumgi sections also make substantial contributions because of their relatively
long rail distances. Together, these results demonstrate that the overall performance of the
Middle Corridor is strongly influenced by its long overland rail sections.

The Aktau-Baku/Alat crossing represents the principal modal transition within the
corridor. Although its geographical distance is limited to 450 km, the segment requires
approximately 33.33 h under the route-specific operating conditions adopted in the analysis.
Nevertheless, its larger carrying capacity and different propulsion characteristics result
in approximately 18,544 kg CO, /100 TEU and a fuel-related cost of USD 11,150/100 TEU.
This illustrates the importance of considering not only the transportation distance, but also
the operating speed, carrying capacity, engine power, and specific fuel consumption when
assessing multimodal freight corridors.

Compared with the Northern Corridor, the Middle Corridor is approximately 18.1%
longer in distance and requires approximately 28.3% more transit time. Its capacity-
normalized CO, emissions and fuel-related transportation cost were also approximately
17.9% and 16.4% higher, respectively. These differences indicate that under the technical
and operational assumptions adopted in this study, the multimodal configuration of the
Middle Corridor does not provide an immediate carbon, cost, or time advantage over the
Northern Corridor. Nevertheless, the Middle Corridor should not be evaluated solely on
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these operational indicators, as its strategic value also arises from route diversification and
reduced dependence on the predominantly Russia-oriented Northern Corridor.

3.3. Performance of the Southern Corridor via the Suez Canal

The segment-level results for the Southern Corridor via the Suez Canal are presented
in Table 5. In contrast to the Northern and Middle Corridors, this route relies entirely on
deep-sea container transport and covers a total distance of 20,189 km. Under the assumed
service speed, the corresponding transit time is approximately 574.09 h, equivalent to
23.92 days. Despite its substantially longer distance and transit time, the route results in
considerably lower capacity-normalized environmental and economic indicators, with total
CO; emissions of 117,457 kg CO, /100 TEU and a fuel-related transportation cost of USD
24,160/100 TEU.

Table 5. Segment-level performance of the Southern Corridor via the Suez Canal.

Segment Mode Distance Transit Time CO; Emissions Fuel-Related Cost
(km) (h) (kg/100 TEU) (USD/100 TEU)

Shanghai-Ningbo Sea 333.92 9.50 1942.7 399.61
Ningbo-Singapore Sea 3868.27 110.00 22,505.4 4629.28
Singapore-Colombo Sea 2902.45 82.53 16,886.3 3473.45
Colombo-Jeddah Sea 5181.00 147.33 30,142.8 6200.26
Jeddah-Piraeus Sea 2460.01 69.95 14,312.2 2943.97
Piraeus-Le Havre Sea 4965.58 141.20 28,889.5 5942 .46

Le Havre-Rotterdam Sea 477.45 13.58 2777.8 571.37

Total - 20,188.68 574.09 117,456.7 24,160.41

At the segment level, the Colombo-Jeddah section represents the largest individual
contribution to the Suez-based maritime route. This 5181 km section requires approximately
147.33 h and generates 30,142.8 kg CO, /100 TEU, with a corresponding fuel-related cost of
approximately USD 6200/100 TEU. The Piraeus-Le Havre and Ningbo-Singapore sections
are the next major contributors, reflecting their relatively long sailing distances. Conversely,
the short Shanghai-Ningbo and Le Havre-Rotterdam sections make comparatively small
contributions to the corridor-level environmental and economic burdens.

The comparatively low capacity-normalized CO, emissions of the maritime route are
primarily associated with the large carrying capacity of the container vessel considered in
the analysis. While the vessel has a substantially greater installed engine power than the
rail system, this energy demand is distributed over a much larger container capacity. Con-
sequently, normalization to the common functional unit of 100 TEU considerably reduces
the environmental and economic burden allocated to a given quantity of transported cargo.
This result demonstrates why comparisons based solely on vehicle-level fuel consumption
or engine power can lead to misleading conclusions when evaluating transportation modes
with substantially different carrying capacities. The use of a common functional unit is
therefore essential for the cross-modal comparison performed in this study.

Although the Suez-based Southern Corridor is approximately 70.3% longer than
the Northern Corridor, its capacity-normalized CO, emissions were approximately 76.8%
lower. An even more pronounced difference was observed for fuel-related costs, which were
approximately 92.1% lower than those of the Northern Corridor. Similar reductions were
obtained relative to the Middle Corridor, with the maritime route producing approximately
80.3% lower CO, emissions and 93.2% lower fuel-related cost. These results reveal a
clear operational trade-off: the environmental and economic advantages of high-capacity
maritime transportation are achieved at the expense of substantially longer transit time.
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The principal disadvantage of the maritime route is transit time. The estimated 574.09 h
required by the Suez configuration is approximately 142.2% greater than the 237.04 h es-
timated for the Northern Corridor and 88.7% greater than the 304.17 h estimated for the
Middle Corridor. Accordingly, the results indicate that no single corridor simultaneously
minimizes transportation time, fuel-related cost, and CO, emissions. Instead, route selec-
tion involves a distinct trade-off between the speed advantage of rail transportation and
the capacity-related environmental and economic efficiency of maritime shipping.

3.4. Performance of the Southern Corridor via the Cape of Good Hope

To examine the sensitivity of maritime transportation performance to major route
deviations, the Southern Corridor was additionally evaluated using a routing configuration
via the Cape of Good Hope. The segment-level results are presented in Table 6. The Cape
configuration increases the total Shanghai—Rotterdam sailing distance to 27,178 km and
the corresponding transit time to approximately 772.84 h (32.20 days). Total capacity-
normalized CO, emissions and fuel-related transportation cost increased to 158,121 kg
CO,/100 TEU and USD 32,525/100 TEU, respectively.

Table 6. Segment-level performance of the Southern Corridor via the Cape of Good Hope.

Segment Mode Distance Transit Time CO; Emissions Fuel-Related Cost
& (km) (h) (kg/100 TEU) (USD/100 TEU)

Shanghai-Ningbo Sea 333.92 9.50 1942.7 399.61

Ningbo-Singapore Sea 3868.27 110.00 22,505.4 4629.28

Singapore-Colombo Sea 2902.45 82.53 16,886.3 3473.45

Colombo-Le Havre via Sea 19,596.01 557.23 114,008.6 23,451.14

Cape of Good Hope

Le Havre-Rotterdam Sea 477.45 13.58 2777.8 571.37

Total - 27,177.70 772.84 158,120.8 32,524.85

The principal source of this increase is the extended Colombo-Le Havre section via
the Cape of Good Hope. At approximately 19,596 km, this segment alone requires 557.23 h
of sailing time and accounts for 114,008.6 kg CO, /100 TEU and USD 23,451/100 TEU in
fuel-related cost. Thus, the additional environmental and economic burden of the Cape
configuration is concentrated primarily in the large geographical deviation required to
bypass the Suez Canal.

Compared with the conventional Suez Canal route, rerouting via the Cape of Good
Hope increases the total distance by approximately 6989 km, corresponding to an increase
of about 34.6%. Under the common vessel and operating assumptions adopted in the
model, this increase is directly reflected in the calculated transit time, CO, emissions, and
fuel-related cost, all of which increased by approximately 34.6%. The additional sailing
distance therefore resulted in approximately 198.75 h (8.28 days) of additional transit time,
40,664 kg CO, /100 TEU of additional emissions, and USD 8365/100 TEU of additional
fuel-related cost.

The nearly proportional increases observed across these indicators are a consequence
of the modeling assumptions rather than an indication that these variables are universally
proportional under real-world operating conditions. In the present framework, the same
vessel characteristics, specific fuel consumption, service speed, and fuel price are applied to
both maritime configurations. Consequently, route distance becomes the dominant factor
governing the differences between the two maritime alternatives.
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3.5. Comparative Carbon—Cost—Time Performance of the Alternative Corridors

Following the segment-level assessment, the results were aggregated at the corridor
level to provide a direct comparison of the four alternative Shanghai—Rotterdam freight
configurations. Table 7 summarizes the total distance, transit time, capacity-normalized
CO, emissions, and fuel-related transportation cost for the Northern Corridor, Middle
Corridor, Southern Corridor via the Suez Canal, and Southern Corridor via the Cape of
Good Hope.

Table 7. Baseline comparison of the carbon—cost-time performance of alternative Shanghai-
Rotterdam freight corridors.

Route Confieuration Distance Transit Time CO; Emissions Fuel-Related Cost
8 (k) (h) (kg/100 TEU) (USD/100 TEU)
Northern Corridor 11,852 237.04 506,730 304,679
Middle Corridor 13,992 304.17 597,530 359,274
Southern Corridor—Suez Canal 20,189 574.09 117,457 24,160
Southern Corridor—Cape of Good 27178 7784 158,121 32,505

Hope

The corridor-level results reveal a clear divergence between time performance and
capacity-normalized environmental-economic performance. The Northern Corridor pro-
vides the shortest transportation distance and transit time, covering 11,852 km in approx-
imately 237 h. The Middle Corridor ranks second in terms of both distance and transit
time, whereas the two maritime alternatives require considerably longer transportation
distances and sailing times. In particular, the Cape of Good Hope configuration represents
the longest alternative, with a total distance of 27,178 km and an estimated transit time of
approximately 773 h.

However, the ranking changes substantially when CO, emissions and fuel-related
costs are considered on the common functional basis of 100 TEU. Despite traveling a
considerably greater distance, the Suez-based Southern Corridor produces the lowest
capacity-normalized CO; emissions, at 117,457 kg CO, /100 TEU, followed by the Cape
of Good Hope route at 158,121 kg CO, /100 TEU. In contrast, the Northern and Middle
Corridors generate 506,730 and 597,530 kg CO, /100 TEU, respectively. A similar pattern
is observed for fuel-related transportation cost, with the Suez and Cape configurations
yielding USD 24,160 and USD 32,525/100 TEU compared with USD 304,679 and USD
359,274/100 TEU for the Northern and Middle Corridors, respectively.

The results therefore demonstrate that geographical distance alone is not sufficient
to characterize the environmental or economic performance of competing freight corri-
dors. Although the maritime routes are substantially longer, the high carrying capacity of
container vessels spreads propulsion-related fuel consumption and associated CO, emis-
sions over a much larger cargo volume. Conversely, the rail-dominated corridors offer a
pronounced time advantage but exhibit substantially higher impacts when normalized to
the same 100-TEU functional unit. The observed ranking should therefore be interpreted
within the operational assumptions adopted in the present model, particularly the assumed
vehicle capacities, engine loads, SFC values, service speeds, and fuel prices.

To facilitate interpretation of the magnitude of these differences, Table 8 expresses
each indicator relative to the minimum value observed for that criterion. Accordingly, the
Northern Corridor is used as the reference for distance and transit time, whereas the Suez-
based Southern Corridor serves as the reference for CO, emissions and fuel-related cost.
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Table 8. Percentage differences are calculated relative to the minimum value for each performance

criterion.
Segment Distance Transit Time CO; Emissions Fuel-Related Cost
8 (km) (h) (kg/100 TEU) (USD/100 TEU)
Northern 11,852 (0%) 237.04 (0%) 506,730 (+331.4%) 304,679 (+1161.1%)
Middle 13,992 (+18.1%) 304.17 (+28.3%) 597,530 (+408.7%) 359,274 (+1387.1%)
Southern—Suez 20,189 (+70.3%) 574.09 (+142.2%) 117,457 (0%) 24,160 (0%)
Southern—Cape 27,178 (+129.3%) 772.84 (+226.0%) 158,121 (+34.6%) 32,525 (+34.6%)

The relative comparison further highlights the magnitude of the carbon—cost-time trade-
off. From a time-oriented perspective, the Northern Corridor represents the most favorable
alternative. The Middle Corridor requires approximately 28.3% more transit time than the
Northern Corridor, whereas the Suez and Cape maritime configurations require approximately
142.2% and 226.0% more time, respectively. Thus, rail transportation offers a substantial
advantage where delivery speed represents the dominant route-selection criterion.

The opposite pattern emerges for capacity-normalized environmental performance.
Relative to the Suez-based Southern Corridor, CO, emissions are approximately 331.4%
higher for the Northern Corridor and 408.7% higher for the Middle Corridor. Even the
Cape of Good Hope route, despite its considerable additional sailing distance, produces
only 34.6% higher CO, emissions than the Suez alternative under the adopted operating
conditions.

The economic findings reveal an even more pronounced disparity. As described in
Table 8, fuel-related costs for the Northern and Middle Corridors exceeded the Suez-based
maritime reference by approximately 1161% and 1387%, respectively. This substantial gap
stems primarily from the combined effect of transport capacity constraints and the fuel-price
assumptions applied to each transportation mode. Consequently, the reported cost figures
should be understood as fuel-related operational costs rather than comprehensive door-to-
door freight rates, since factors such as terminal handling, transshipment, infrastructure
access charges, customs procedures, insurance, inventory holding costs, and other logistics-
related expenditures fall outside the scope of the present system boundary.

Taken together, the results indicate that none of the investigated corridors simulta-
neously minimizes all three principal performance dimensions. The Northern Corridor
minimizes transit time, whereas the Suez-based Southern Corridor minimizes both capacity-
normalized CO, emissions and fuel-related cost. Under the baseline assumptions, the
Middle Corridor does not outperform the Northern Corridor on any of the four operational
indicators considered. Nevertheless, it retains considerable strategic value by offering
geographical diversification, reducing dependence on a single route, and alleviating the
transport load carried by alternative corridors. Similarly, the Cape of Good Hope route is
inferior to the Suez configuration in terms of distance, transit time, CO; emissions, and
fuel-related cost under normal operating assumptions; however, this route gains consider-
able strategic importance under conditions that render Suez Canal transit unfavourable,
namely geopolitical instability or armed conflict that restricts passage through the canal, or
substantial increases in transit tariffs.

The baseline comparison, however, does not account for route-specific canal charges.
Since the Suez configuration incurs a substantial transit fee while the Cape of Good Hope
route avoids this cost, an additional scenario analysis was performed to determine whether
the inclusion of the Suez Canal charge alters the economic ranking of the two maritime
alternatives.
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3.6. Effect of the Suez Canal Transit Fee

The baseline analysis presented above considers fuel-related transportation costs
and therefore does not incorporate route-specific charges. This distinction is particularly
relevant when comparing the two Southern Corridor configurations, since the Suez-based
route is subject to a canal transit charge, whereas the Cape of Good Hope route avoids this
cost. To examine the potential influence of this additional expenditure on route selection, a
supplementary economic scenario was therefore evaluated.

For this scenario, a representative Suez Canal transit charge of USD per vessel passage
was assumed. Since the analysis was based on a common functional unit of 100 TEU, the
vessel-level canal charge was allocated according to the carrying capacity of the container
vessel considered in the study. The normalized canal cost was calculated as Equation (14):

100
CCanal,lOO = CCanal,vessel (I\,TEU) (14)

where Ccgpal vessel TePresents the assumed canal transit charge and Nty represents the
vessel carrying capacity. Based on a vessel capacity of 19,224 TEU, the assumed transit fee
of US$700,000 depends on the following parameters.

The resulting economic comparison between the Suez Canal and Cape of Good Hope
configurations is presented in Table 9.

Table 9. Comparison of the Southern maritime routes with and without the Suez Canal transit charges.

Segment With Suez Canal With the Cape of Good Hope Difference % Increase
Distance (km) 20,189 27,178 +6989 +34.6%
Transit time (h) 574.09 772.84 +198.75 +34.6%
Transit time (days) 23.92 32.20 +8.28 +34.6%
CO; emissions o
(kg CO, /100 TEU) 117,457 158,121 +40,664 +34.6%
Fuel-related cost 0
(USD/100 TEU), 24,160 32,525 +8365 +34.6%
Suez Canal fee
(USD/100 TEU) 3641 0 —3641 -
Total route cost o
(USD/100 TEU) 27,802 32,525 +4723 +17.0%

Table 9 demonstrates that the inclusion of the assumed canal charge reduces, but does
not eliminate, the economic advantage of the Suez-based route. Before considering the
canal fee, the fuel-related cost of the Cape of Good Hope route is approximately 34.6%
higher than that of the Suez route. After allocating the assumed USD 700,000 canal charge
to the transported cargo, the total cost of the Suez route increases from USD 24,160 to
approximately USD 27,802/100 TEU. Consequently, the cost difference between the two
maritime alternatives decreases from approximately USD 8365 to USD 4723/100 TEU.
Further sensitivity analysis reveals that this cost differential is highly sensitive to the
magnitude of the canal charge: should the assumed charge increase to approximately USD
1.6 million, the cost gap between the two maritime alternatives would be entirely eliminated,
rendering both routes economically equivalent in terms of total transportation cost.

Nevertheless, the Cape of Good Hope configuration remains approximately 17.0%
more expensive than the Suez-based alternative under the adopted scenario. Moreover,
avoidance of the canal charge is accompanied by a substantial operational penalty: the Cape
route requires approximately 6989 km of additional sailing distance and 198.75 h (8.28 days)
of additional transit time while generating approximately 40,664 kg CO,/100 TEU of

https://doi.org/10.3390/su18199893


https://doi.org/10.3390/su18199893

Sustainability 2026, 18, 9893

16 of 20

additional emissions. Thus, under the assumptions considered, the savings associated
with avoiding the Suez Canal transit charge are insufficient to offset the additional fuel
consumption associated with the longer Cape routing.

From a route-selection perspective, these findings demonstrate that canal charges
should not be evaluated independently of the additional distance and fuel consumption
required by alternative routing. Although bypassing the Suez Canal eliminates the canal
transit charge, this financial benefit is partly or fully offset by the additional propulsion
energy required for the longer voyage. The relative economic attractiveness of the two
routes therefore depends on the interaction between canal charges, fuel prices, vessel
characteristics, and additional sailing distance rather than on the canal fee alone.

3.7. Overall Discussion and Practical Implications

The comparative results demonstrate that the selection of a Eurasian freight corridor
cannot be determined by geographical distance alone. Instead, the relative attractiveness
of each route depends strongly on the performance criterion considered. In the present
analysis, the rail-dominated Northern Corridor provides the shortest distance and transit
time, whereas the maritime Southern Corridor via the Suez Canal provides the lowest
capacity-normalized CO, emissions and fuel-related transportation cost. The Middle
Corridor occupies an intermediate position in terms of distance and transit time, but under
the adopted technical and operational assumptions, does not outperform the Northern
Corridor in terms of either CO, emissions or fuel-related cost. These findings confirm the
existence of a distinct trade-off between transportation speed and capacity-normalized
environmental and economic performance.

The substantial environmental advantage of maritime transportation should primarily
be interpreted in terms of carrying capacity. The large container vessel considered in this
study transports substantially more TEU than the rail configuration, allowing propulsion-
related fuel consumption and emissions to be distributed over a much greater cargo capacity.
Consequently, although the Southern Corridor involves a considerably longer geographical
distance, its normalized CO, emissions remain below those of the rail-dominated alterna-
tives. This finding also illustrates the importance of selecting an appropriate functional unit
in cross-modal transportation assessments. Comparisons based on total vehicle emissions,
engine power, or fuel consumption without accounting for cargo capacity could produce
substantially different—and potentially misleading—rankings.

At the same time, the superior transit-time performance of rail transportation re-
mains an important operational advantage. The Northern Corridor requires approxi-
mately 9.9 days of continuous modeled transportation time compared with approximately
23.9 days for the Suez-based maritime route. Therefore, the environmental and fuel-cost
advantages of maritime transportation are accompanied by a substantial time penalty.
From a logistics perspective, this suggests that the preferred route may depend on cargo
characteristics and shipper priorities. Time-sensitive or high-value cargo may place greater
emphasis on transit time, whereas less time-sensitive containerized cargo may benefit more
strongly from the lower capacity-normalized cost and emissions associated with maritime
transportation.

The results for the Middle Corridor require a broader interpretation. Although it
did not achieve the minimum value for any of the four quantitative indicators considered
in the present baseline analysis, its relevance extends beyond direct carbon—cost-time
optimization. The World Bank identifies the Middle Corridor as an important multimodal
connection between Chinese and European markets through Central Asia and the South
Caucasus and emphasizes its potential contribution to trade connectivity, route diversifica-
tion, and supply-chain resilience. The same assessment highlights bottlenecks associated
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particularly with Caspian crossings, vessel availability, port productivity, and coordination
across the corridor.

Despite comparatively weaker performance across the four quantitative indicators, the
Middle Corridor may nevertheless be preferable under certain strategic and geopolitical
conditions. In particular, it provides an alternative routing option that avoids Russian
territory, an increasingly salient consideration following the disruption of established
Eurasian rail flows through Russia after 2022. It also diminishes dependence on maritime
chokepoints such as the Suez Canal, whose susceptibility to closures, congestion, or security
incidents, as evidenced by recent disruptions, can generate considerable uncertainty in
global supply chains. Viewed from this perspective, the Middle Corridor operates less
as a direct competitor optimized for cost or emissions and more as a resilience-oriented
alternative that diversifies risk across the wider Eurasian transport network. Its strategic
significance thus resides in reducing dependence on any single route or geopolitical actor,
rather than in surpassing existing corridors on the specific technical indicators examined in
this study:.

This distinction is particularly important when interpreting the comparatively high
modeled cost and transit time of the Middle Corridor. The World Bank has suggested that
coordinated improvements in infrastructure, operations, and policy could substantially
increase freight volumes and reduce travel times along the corridor by 2030. Accordingly,
the results obtained in the present study should be viewed as a comparison under the
specified baseline technical and operational conditions rather than as a fixed representation
of the long-term performance potential of the corridor.

The comparison between the Suez Canal and Cape of Good Hope configurations
further demonstrates the sensitivity of maritime environmental performance to route
disruptions. In the present model, rerouting via the Cape increases sailing distance, transit
time, fuel-related cost, and CO, emissions by approximately 34.6% relative to the Suez
configuration. This general direction is consistent with recent research on disruptions to
container shipping networks. Yue et al., examining an Asia—Europe container shipping
network, found that disruptions leading to alternative routing, particularly around the Cape
of Good Hope, increased sailing requirements and substantially increased well-to-wake
carbon emissions [32].

4. Conclusions

This study comparatively assessed the Northern, Middle, and Southern Eurasian
freight corridors between Shanghai and Rotterdam in terms of transportation distance,
transit time, fuel-related cost, and CO, emissions using a common functional unit of
100 TEU. The results reveal a clear carbon-cost-time trade-off among the investigated
alternatives, demonstrating that corridor performance cannot be represented by a single
criterion. The Northern Corridor achieved the shortest distance and transit time, covering
11,852 km in approximately 237 h, while the Middle Corridor required 13,992 km and
approximately 304 h. In contrast, the Suez-based Southern Corridor required approximately
574 h over 20,189 km but achieved the lowest capacity-normalized CO, emissions and
fuel-related cost, at approximately 117,457 kg CO, /100 TEU and USD 24,160/100 TEU,
respectively. The Northern and Middle Corridors exhibited substantially higher normalized
emissions and fuel-related costs despite their shorter distances and transit times. These
findings directly address the study objective by demonstrating that the shortest or fastest
transportation route does not necessarily provide the lowest environmental impact or fuel-
related cost, highlighting the importance of evaluating Eurasian freight corridors within an
integrated carbon—cost-time framework.
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The comparison of the two maritime alternatives further demonstrates the importance
of route configuration. Rerouting via the Cape of Good Hope increased the sailing distance
from 20,189 to 27,178 km and extended the modeled transit time from approximately 574 to
773 h. Under identical vessel and operating assumptions, this additional distance resulted
in approximately 34.6% higher CO, emissions and fuel-related cost relative to the Suez-
based route. The Cape alternative therefore provides a potential bypass option but entails
substantial carbon, cost, and time penalties under the baseline conditions considered.

The additional Suez Canal fee scenario provides further insight into this economic
trade-off. When a representative canal charge of USD 700,000 per vessel passage was
considered, the normalized total cost of the Suez route increased from approximately USD
24,160 to USD 27,802/100 TEU. Nevertheless, the Cape of Good Hope route remained
approximately 17.0% more expensive at USD 32,525/100 TEU. The estimated break-even
analysis further indicated that the canal charge would need to reach approximately USD
1.61 million per vessel passage, under otherwise unchanged assumptions, before the
modeled total cost of the Suez route became comparable to that of the Cape alternative.
Thus, avoiding the canal charge alone does not necessarily compensate for the additional
fuel consumption associated with the substantially longer Cape routing.

Overall, the comparative assessment shows that the relative suitability of each Eurasian
freight corridor depends on the priority assigned to transit time, fuel-related cost, CO, emis-
sions, and route availability. Rail-based transportation provides a pronounced transit-time
advantage, whereas high-capacity maritime transportation performs considerably better in
terms of capacity-normalized fuel-related cost and CO, emissions under the assumptions
adopted in this study. The Middle Corridor remains relevant as a geographically diversified
Eurasian connection, while the Cape of Good Hope route provides an alternative maritime
configuration when Suez passage is constrained. Corridor selection should therefore be
treated as a multi-criteria decision rather than being based on geographical distance or a
single performance indicator.

The proposed framework provides a transparent basis for comparing technically dif-
ferent transportation modes using consistent system boundaries and a common freight
functional unit. Nevertheless, the results should be interpreted within the scope of the
adopted assumptions. The present analysis focused primarily on propulsion-related fuel
consumption, associated CO; emissions, and fuel-related transportation costs; terminal
handling, port and rail access charges, transshipment costs, customs delays, insurance,
inventory holding costs, congestion, waiting times, and other door-to-door logistics expen-
ditures were not comprehensively represented. Furthermore, constant operating speeds,
specific fuel consumption, carrying capacities, and operating conditions were assumed for
the respective transport modes. Consequently, the reported transit times represent modeled
operating times rather than observed end-to-end delivery times.

Future research could extend the framework by incorporating actual load factors, sea-
sonal variations, terminal and border delays, dynamic fuel prices, port and infrastructure
charges, carbon pricing, alternative fuels, and well-to-wake emission factors. In this respect,
a broader range of environmental impact indicators could also be considered, extending
beyond CO, to other climate-relevant emissions and short-lived climate forcers, including
CHy and black carbon, to provide a more comprehensive assessment of the environmental
footprint of alternative corridors. In addition, future studies could examine the Arctic
shipping perspective, particularly the Northern Sea Route, as an alternative maritime
route between Shanghai and Rotterdam, given its potential to substantially shorten sailing
distance under changing ice conditions. The integration of stochastic disruption scenar-
ios and multi-criteria optimization could further enable the simultaneous assessment of
economic performance, environmental impact, transit time, and supply-chain resilience.
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Such extensions would provide a more comprehensive decision-support framework for
planning and decarbonizing future Eurasian freight transportation networks.
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