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a b s t r a c t

International shipping accounts for around 2 % of global CO2 emissions. The International Maritime
Organization (IMO) has set the ambition to halve shipping GHG emissions by 2050 to help mitigate
climate change. As shipping connects countries and sectors, its future development is highly dependent
on regional and sectoral trends. So far, the literature on the decarbonization of shipping has focused on
sectoral analyses while integrated assessment models (IAMs) have paid little attention to this matter. In
this study, the IMAGE model is used to assess different futures of energy, agricultural and industry
impacting the effort required to meet IMO's target for 2050. To that end, long-term seaborne trade
projections are created from outputs of the IMAGE model. The results show that varying pathways of
socio-economic development strongly affect the size of the sector. The mass shipped globally ranges
from 17 to 35 Gt/yr in 2050. This corresponds to an energy demand between 9 and 25 EJ in the same year,
which would require significant amounts of low-carbon fuels. Interestingly, in a climate policy scenario,
the avoided trade of fossil energy, although partially compensated by an increase of biofuel trade, lowers
the international shipping mitigation effort.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The shipping sector is an important contributor to global
greenhouse gas (GHG) emissions, accounting for approximately
1.06 GtCO2/yr (direct emissions), most of which (0.74 GtCO2/yr) is
associated with international1 freight transport [1,2] (this repre-
sents around 11 % of total transport emissions [3]). Shipping activity
is expected to further grow in the future, in light of historic trends
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(from roughly 0.6 Gt/yr in 1950 to 11 Gt/yr in 2018 [4,5]).
In 2018, the International Maritime Organization (IMO), the

United Nations body responsible for environmental regulation of
international shipping, established a preliminary strategy to reduce
shipping-related GHG emissions. This strategy aims to achieve a
pathway of GHG emissions consistent with the Paris Agreement
temperature goals. This has been translated into the objective of
limiting total emissions from international shipping in 2050 to 50 %
of the emission amount in 2008 [6]. While many mitigation sce-
narios aligned with the Paris Agreement often have similar
reduction rates, other studies have recently questioned whether a
50 % reduction is enough (among others because remaining emis-
sions need to be compensated with negative emissions) [7e9].
Here, we focus on the IMO target. Considering this goal, hereinafter
referred to as IMO2050, international shipping GHG emissions
should be less than 0.40 GtCO2eq/yr in 2050.

Over the past decade, the IMO has adopted measures to reduce
shipping GHG emissions. Among these measures, the Energy Effi-
ciency Design Index (EEDI) policy is the most important example.
Despite its name, the EEDI policy is a carbon intensity policy. It
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Fig. 1. Global seaborne trade activity between 1970 and 2019. Data: [5].
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establishes CO2 emissions newbuilding standards (gCO2/t-nm) for
ships built after 2012, making it mandatory to increase the effi-
ciency of new vessels [10]. Also, more recently, the IMO has intro-
duced the Energy Efficiency Existing Ship Index (EEXI) [11]. On the
operational side, the IMO has implemented the Ship Energy Effi-
ciency Management Plan (SEEMP) policy. The SEEMP is an opera-
tional measure that seeks to help improve the energy efficiency of a
ship in a cost-effective manner. It provides a practical approach for
ship operators to monitor the fleet efficiency using the Energy Ef-
ficiency Operational Indicator (EEOI) [2]. In 2021, a rating scheme
based on a mandatory Carbon Intensity Indicator (CII) was
approved to strengthen SEEMP [12].

Besides, the establishment of IMO2050 has motivated several
studies to analyze the opportunities to decarbonize the maritime
sector more deeply. They show that there are many options to
reduce the carbon intensity of shipping through new operational
improvements, more efficient design and the use of alternative
energy sources [13e18]. Also, some long-term sectoral scenarios
have been developed. These show that under the assumption of no
new policies, total 2050 emissions from international shipping
could range between 1.0 and 1.8 GtCO2/yr. At the same time,
mitigation scenarios relying mostly on low-carbon fuels indicate
that it is possible to achieve the IMO target, with emissions around
0.6 GtCO2/yr in 2040 and 0.4 GtCO2/yr in 2050 [3,14,19]. A few
scenarios from DNV GL indicate even the possibility of a full
decarbonization of the sector by 2040, far beyond the IMO level of
ambition [14].

The sectoral models used to develop these scenarios typically
treat shipping demand as an exogenous variable. They, therefore,
do not necessarily capture important connections to other aspects
of the global economy. This is relevant as the shipping sector
basically connects product flows across sectors and between re-
gions and is therefore subject to regional and sectoral de-
velopments, impacted also by policy changes. Moreover,
technological improvements and switching to alternative marine
fuels will go hand in hand with similar developments occurring in
other energy-using sectors. Therefore, to better understand the
feasibility of the IMO2050 target, it is essential to analyze cross
sectoral feedbacks and interactions to assess how the demand for
shipping can evolve over time.

To that end, Integrated Assessment Models (IAMs) could be a
useful tool. IAMs have extensively been used to explore the con-
sequences of different long-term climate change mitigation stra-
tegies. They often contain a detailed representation of the world's
energy, land use, agricultural and climate systems, as well as the
different inter-linkages, cross-sector, cross-regions and over time
[20e23]. Nevertheless, the long-term scenarios developed so far by
IAMs pay relatively little attention to emissions from international
transporte and often describe these emissions bymeans of a rather
aggregated relationship with income. In most cases, IAMs use
exogenous drivers to project the demand for shipping [19] and
there is no differentiation of ship types, efficiency standards and
motorization technologies. One exception to this is a recent work
that used a national IAM to assess the impacts of achieving
IMO2050 on the Brazilian energy and land use systems [24]. In the
present study, which has global scope, by developing a shipping
model within the integrated assessment model IMAGE [25], we use
the IAMs unique opportunity to understand and project the de-
mand for international shipping activity in the context of a wider
description of the economy. We use this to explore the robustness
of meeting the IMO2050 target under the uncertainty of global
sectoral developments impacting the international shipping sector.
2

This article is organized in the following manner. After this
introduction, an overview of the shipping sector is provided. Then,
a brief description of the IMAGE model is presented. Subsequently,
the methodology used to project trade and energy demand from an
IAM perspective is detailed and the corresponding results are
presented. Finally, concluding remarks and suggestions for future
studies are explored.
2. International shipping and IMO2050

Fig. 1 shows the evolution of global seaborne trade between
1970 and 2019. The total mass loaded in merchant ships grew from
2.6 Gt/yr in 1970 to 11.1 Gt/yr in 2019, with an average rate of in-
crease equal to 34 % per decade. Fifty years ago, maritime trade
consisted mostly (55 %) of crude oil and petroleum products (in the
figure referred to as liquid bulk). With the rise of the container-
shipping industry and the increase in trade of dry bulk commod-
ities, the liquid bulk share gradually declined over this period. At
present, approximately 29 % of the mass loaded yearly on ships
corresponds to oil and products, while another 29 % refers to major
bulk shipping (mainly coal, grains and iron ore). Other dry cargoes,
including containers, account for the majority of seaborne trade
(42 %) [5]. It is important to highlight the specificity of container
shipping, which accounts for most of the growth of the sector over
the last four decades. While liquid and dry bulk trade operate at
lower speeds (12e15 knots), containerships have higher nominal
speeds (20e25 knots), which implies a completely different con-
sumption dynamic. The mitigation potential associated with slow
steaming, for example, is much higher in the case of the container
network [26,27].

Also in terms of average haul, seaborne trade has changed
significantly over the past decades (Fig. 2). Until the mid-1970s, the
typical distance traveled by merchant ships has grown robustly,
exceeding 5000 miles around 1977, as a result of Middle East's
increasing share in crude oil supply. Later, during the 1980s, the rise
of new oil producing regions (e.g., North Sea and Mexico) caused a
reduction in the seaborne average haul, which reached the level of
3700 nautical miles. Afterwards, the typical travelling distance
started to rise again, led by products such as iron ore and petroleum
products. In the 21st century, despite short-term fluctuations, the
average haul remained approximately constant around 4900 miles.
The current trend is still upwards, but intra-regional trading blocs
are becoming more cemented [4,28].

As in other transport sectors, carbon dioxide (CO2) emissions
from shipping originate from the combustion of fossil fuels.



Fig. 2. Estimated average haul of world seaborne trade between 1970 and 2020. Data:
[5,28,29].
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Specifically in the case of ships, they are burned to produce me-
chanical energy for propulsion, but also heat and electricity for use
onboard the ship. Until the first half of the 20th century, coal was
shipping's prevalent energy source but, since then it was
completely replaced by oil products [30]. In 2018, heavy fuel oil
(HFO) and marine gasoil (MGO), or more generally, bunker,2

accounted for 95 % of the sector's energy demand [2]. The other
5 % refers to liquefied natural gas (LNG), a newer marine fuel used
mostly in a number of gas carriers. However, the entry into force of
stricter air pollution regulations and the decrease in costs of using
natural gas as a marine fuel are expected to increase LNG's partic-
ipation also in other types of ship.

Fig. 3 shows total GHG emissions from shipping between 2012
and 2018, almost completely composed of CO2 emissions.3 In recent
years, the proportion between international shipping CO2 emis-
sions and total shipping CO2 emissions has been around 75 %. Fig. 2
also shows that there has been a relative stabilization of emissions
over the 2010s, despite the increase in activity [2]. This is due to
lower speeds practiced as a way to absorb idle capacity since the
Fig. 3. Greenhouse gas emissions from international shipping between 2012 and 2018
considering a voyage-based allocation. Data: [2].

2 Actually, marine fuels are usually formed by a blend of HFO and MGO in varied
proportions. Considering the similarity of these fuels regarding their energy con-
version and carbon intensities, in this work, they are treated indistinctly under the
designation “bunker”.

3 Methane and fluorinated gases make up the rest of greenhouse gas emissions
from shipping.

3

2008 crisis [31,32], but also to relevant efficiency gains derived from
the implementation of energy efficiencymeasures, such as the EEDI
[10,33]. In 2020 specifically, there may have been an even more
significant reduction in shipping emissions due to the global
COVID-19 crisis [5]. However, in the long run, with the possible
saturation of efficiency gains and the continued increase in inter-
national trade, emissions are expected to resume a growth trend
[2,3]. Currently, international shipping emissions are approxi-
mately 300 MtCO2/yr above the 2050 target. As discussed, this gap
tends to become larger if activity increases. Therefore, it is likely
that the decarbonization of shipping will require the use of sig-
nificant amounts of low-carbon fuels.

3. Methods

In this section, the methods used to analyze the decarbonization
of international shipping under the point of view of an IAM are
explained. Fig. 4 provides an overview of the methodological pro-
cedure adopted in this work. In six different scenarios, bilateral
mass-based trade matrices were created for 19 international ship-
ping products from outputs of the IMAGE model, considering the
timeframe 2000e2100. Then, the total energy demand associated
with this seaborne trade was estimated using a simplified power
model. Finally, for all six scenarios, the amount of low-carbon fuels
required to meet IMO2050 was determined based on the total
energy demand and the GHG emission limit set by IMO's target.

3.1. The IMAGE model and the SSP narratives

3.1.1. The IMAGE model: utilization and structure
The Integrated Model to Assess the Global Environment (IMAGE

model) is a global IAM developed by the Netherlands Environ-
mental Assessment Agency (PBL). It is a model framework that
simulates the interactions between human societies, the biosphere,
and the atmosphere to assess issues such as climate change,
biodiversity and human well-being. Detailed technical information
can be found on the IMAGE 3.0 Documentation webpage [34].

The IMAGE framework has been used extensively to assess
global environmental challenges, most prominently climate
change, land-use change, water scarcity and nutrient cycles. The
complexity of these challenges, with often a global, long-term,
cross-sectoral character call for a broad modelling scope. The IM-
AGE framework therefore includes a detailed representation of
energy system dynamics, including energy producing sectors and
their interactions with energy demanding sectors such as steel and
cement production, freight and passenger transport, and residen-
tial and service sector buildings. The framework includes an eco-
nomic model to project agricultural product demand and a detailed
gridded assessment of land availability depending on land use and
land cover. Compared to other IAMs, the framework has less detail
on economics, but as a partial equilibrium simulation model a
relatively comprehensive representation of sectors, regions and
physical flows. This is of great importance for the proposed dy-
namic modelling of international shipping demand [25].

As discussed in section 2, energy, agricultural and industrial
products form a large part of the products shipped by maritime
Fig. 4. Overview of the methodology.



4 IMAGE is one of the marker models that was used to formulate the SSP sce-
narios as one of the marker models. The same scenario formulation, which de-
scribes demographic, technology, lifestyle, economic changes that follow the
different SSP narratives, is used in this study [42].
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transport. In IMAGE, projected trade of energy and agricultural
products depends on detailed resource supply and demand dy-
namics, including spatial resource availability, extraction costs,
technology development, yield improvements, developing con-
sumption patterns. The trade of materials, minerals, chemicals are
not explicitly modelled in IMAGE, but their production and demand
is. Here we briefly discuss the projected trade of the energy and
agricultural products, and the projected production and demand of
the remaining products, which form the starting point of interna-
tional shipping demand projections [34].

3.1.1.1. Trade of energy products. In IMAGE, fossil fuel resource
availability is modelled through long-term supply cost-curves that
describe different resource categories associated with increasing
cost levels. The cheapest deposits are assumed to be exploited first.
Conversion losses in for example refining and liquefactions and
technology development are projected to decrease over time but
also respond to price signals. These developments combined with
the resource depletion determine the final fossil fuel production
costs. In the fuel trade model, each region can import fuel from
other regions depending on the relative production costs and the
transportation costs, which depends on the distance between re-
gions. The distribution of imported fuel from supplying regions is
based on a multinomial logit equation, where the cheapest sup-
plying region has the largest share. To account for trade barriers
due to political or geographical constraints an additional “cost”
factor is added, determined by calibration. To simulate cartel
behavior, regions that can supply at costs that are significantly
lower than the production costs of the importing regions (the
assumed threshold is 60 %), are assumed to supply at only slightly
below production costs. The trade of biofuels has a similar structure
as fossil fuel trade. However, there are a few important differences.
First of all, the availability of biofuels depends on the land avail-
ability for commercial energy crops, with as important criteria that
bioenergy crops can only be cultivated on either abandoned agri-
cultural land or on natural grass land. Labor, land rent and capital
costs are input in to the primary bioenergy production costs, and
crop yield is calculated on the basis of the IMAGE crop model with
0.5 � 0.5� grid detail. The model distinguishes between two biofuel
types, namely solid biofuels, used by the industry and power sector,
and liquid biofuels which are mainly used by the transport sector.

3.1.1.2. Trade of agricultural products. The agricultural economy is
simulated within the IMAGE framework by the MAGNET model
[35], which is based on the standard GTAP model, with a multi-
regional, computable general equilibrium structure. Compared to
GTAP, the model has a more detailed representation of land-use,
household consumption, livestock, food, feed, energy crop pro-
duction and emission reduction from deforestation components.
The traded agricultural products are differentiated according to the
country of origin, and as such not identical but imperfect sub-
stitutes following the Armington assumption [36]. The availability
and suitability of land depends on information coming from the
IMAGE land model, resulting in a dynamic land-supply function.
The total land supply, similar to the case of biofuels, is calculated on
a 5 � 5 arcminutes grid, and depends on the available land, and
crop productivity related also to soil and climatic conditions and
yields. The crop and pasture yields can change as a result of tech-
nological change, intensification, climate change, changes in agri-
cultural area.

3.1.1.3. Production of industrial materials. The demand and pro-
duction of cement, steel and chemicals are explicitly modelled in
IMAGE. The demand for steel and cement are described as function
of per capita economic activity, based on historic production and
4

trade data between 1970 and 2012. A material production model
then simulates how to fulfill this demand, based on trade, pro-
duction stock turnover, material recycling and competing steel and
cement production technologies. The calculated technology mix,
depending also technology development and energy prices,
determine the total energy demand originating from the steel and
cement sector [37].

3.1.2. The shared socioeconomic pathways (SSPs)
The shared socioeconomic pathways (SSPs) are scenarios of

global socio-economic development in the 21st century developed
by the climate change research community to serve as a common
reference in the long-term analysis of climate impacts, vulnera-
bilities, adaptation and mitigation4 [38e41]. This framework de-
scribes five internally consistent qualitative pathways of future
changes in demographics, human development, economy, lifestyle,
government and institutions, innovation and natural resources
through consistent storylines. They have been frequently used as to
assess the uncertainty in baseline development. The different
pathways, varying in their perspective on economic growth, pop-
ulation growth, globalization, technology development (see table
below) clearly also have an impact on projected trade of products.
In this paper, these storylines are used to assess the uncertainty in
demand for products traded through international shipping and
how this impacts mitigation efforts. Table 1 concisely describes the
narratives behind the five SSPs. In the supplementary material,
Table 1 summarizes key aspects of the five SSPs [40e48].

3.2. International trade

As discussed in Section 2, the majority of international trade
takes place by sea. In this subsection, we discuss the methodolog-
ical procedure adopted to project the total international trade over
the century (3.2.1) and to distinguish between seaborne and non-
seaborne trade flows (3.2.2).

3.2.1. Total international trade
The analysis of international trade was done separately for 19

products or groups of products: 1) coal; 2) oil and oil products; 3)
natural gas; 4) liquid biofuels; 5) solid biofuels; 6) chemicals; 7)
iron ore; 8) steel products; 9) cement; 10) bauxite; 11) phosphate
rock; 12) wheat; 13) maize; 14) rice; 15) soybeans; 16) vegetables
and fruits; 17) other agricultural; 18) containers; 19) vehicles. For
each one of these categories, mass-based trade matrices were
created for the period 2000e2100 using relevant outputs from the
IMAGE model and historical data. The dimension of these trade
matrices (27 � 27) follows the geographical breakdown of the
IMAGE model, which considers 26 actual world regions and one
extra region. The assumptions adopted for each product/group of
product are explained in Table 2 in the supplementary material.

3.2.2. Seaborne trade
Even though the seaborne mode is prevalent in international

trade [49], road, rail, airlines and pipelines are also used to trans-
port traded goods. As such, the results obtained using the methods
explained in 3.2.1 include a few interregional flows that do not use
maritime transportation, especially when it comes to adjacent re-
gions. Some notable examples are the oil and/or gas flows such as
Russia-China [50], Russia-Europe [51], Canada-USA [52], and Rest of



Table 1
The shared socioeconomic pathways.

SSP Narrative

SSP1 The SSP1 narrative is characterized by a fast and sustainable development firmly based on global cooperation. This storyline includes high investments in health and
education across countries and an increasing preference for green technologies [42].

SSP2 In the SSP2 narrative, a sort of midpoint between the other four SSPs, the efforts to foment global cooperation and achieve development and environmental goals are
present but advance more slowly than in SSP1. Socioeconomic indicators progress compatibly with historic trends and there are no major technological disruptions
[43].

SSP3 The SSP3 storyline is marked by an increasingly fragmented world. Competition, regional conflicts and security concerns make national governments focus on
domestic issues. There is a narrower view of social development, highly dependent on local factors of production. Investments in health and education decline and
inequality worsens [44].

SSP4 The worsening of socioeconomic disparities and the escalation of social stratification are the hallmark of this narrative. In the SSP4 world, the gap between
increasingly rich, well-educated and globally connected humans and low-income, poorly educated people becomes wide open. Such disparities also grow between
countries e an accelerated technological development observed in specific regions coexists with labor-intensive, low-tech economies across the globe [45].

SSP5 The SSP5 world is characterized by a high degree of social, technological and human development favored by international cooperation and a strong global market.
Contrary to SSP1, the push for development is coupled with a preference for fossil fuels and the adoption of resource intensive lifestyles across the world.
Investments in health, education and environmental management are high [46].

Table 2
Analyzed scenarios.

Scenario Short description Climate policy

SSP1 SSP1 baseline: low population, high economic and technology development (preference for green
technologies)

None

SSP2 SSP2 baseline: medium assumptions
SSP3 SSP3 baseline: high population, low economic and technology development
SSP4 SSP4 baseline: medium population, unequal economic and technology development
SSP5 SSP5 baseline: low population, high economic and technology development (preference for fossil

technologies)
SSP2-

mit
SSP2 mitigation scenario (standard) Climate policy compatible with a world well-below

2 �C

5 The boiler is required in the case of viscous fuels, such as bunker, but not in the
case of gaseous fuels and methanol.
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South America-Brazil [53]. In some cases, e.g. between the different
European regions (11e14), this is valid for all products. As such,
prior to the calculation of the demand for maritime transport work,
these trade flows were excluded from the original matrices.

3.2.3. Selection of scenarios
As discussed in item 3.1.1, the IMAGE framework includes

several baseline and mitigation scenarios. In this work, considering
the objective to capture the impact of the uncertainty of the global
socioeconomic development on the international shipping sector,
we worked with the five SSP baselines. Furthermore, in order to
analyze the effects of a climate policy on the demand for shipping, a
mitigation scenario was included in the study. Table 2 summarizes
the characteristics of the six scenarios.

3.3. Energy and emissions modelling

To model the energy demand associated with trade, a simplified
energy model was used. First, to determine the transport work per
product and route, representative ports were assigned to the IM-
AGE regions and thereby distance matrices were created (item
3.3.1). Then, ship categories were assigned to the different routes
and the roundtrip energy demand was calculated, considering
main engines, auxiliary engines and boilers. Finally, the total energy
demand was estimated based on the required number of round-
trips (item 3.3.2).

3.3.1. Transport work
The seaborne transport work (mass traded x distance) was esti-

mated based on the distances between representative ports,
defined as ports of major regional importance. In the present
context, they were considered to concentrate the imports and ex-
ports of a certain region. The travelling distances were calculated
with the help of an online tool [54]. For most cases, the minimal
5

distance between ports was used. However, chokepoints and
typical ship sizes were also considered (for example, the Middle
East-North Europe VLCC crude oil route goes around the Cape of
Good Hope instead of going through the Suez Canal). The base
distance matrix was defined considering representative oil termi-
nals. For all other products, incremental changes were made in the
base matrix to better represent trade specificities. Some of these
changes are illustrated in Fig. 5. In the supplementary material, the
representative ports are listed in Table 3.

3.3.2. Energy demand
For the energy modelling, different vessel types and sizes were

considered. In the supplementary material, a table summarizing
the ship classes used for each product is provided. In some cases,
the vessel class considered for a certain product does not match
exactly the actual existing ships. This is the case for general cargo
ships, which are approximated as small bulk carriers. The roundtrip
energy consumption is calculated using a simplified energy model
that estimates the demand for mechanical energy (propulsion e

main engine), electricity (auxiliary engine) and heat (auxiliary
boilers5). The propulsion energy demand is calculated through
hydrodynamic equations [17,55]. The hull resistance RT and the
associated brake power PB are presented in Eqs. (1) and (2),
respectively.

RT ¼
1
2
rCTSv

2 (1)

PB ¼
ð1þmÞRTv

hT
(2)



Fig. 5. Representative ports selected for the 26 regions inherited from the IMAGE model. Names in black represent the base representative ports (selected originally for crude oil).
Names in grey are examples of changes in the base list to better represent other products.

Table 3
Efficiency scenarios.

Efficiency scenario Description Efficiency gains relatively to 2000

2050 2100

Incremental gains More efficient hull design, energy efficiency policy 30 % 35 %
High gains Auxiliary propulsion devices, slow steaming 40 % 50 %
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In Eqs. (1) and (2), r is the seawater density, CT is the total
resistance coefficient, S is the wetted surface,m is the sea margin, v
is the speed of the ship and hT is the total propulsion efficiency.
These parameters are estimated based on ship sizes and categories.
The estimation of auxiliary engines and boilers energy demand
follows [56]. It considers typical loads for different operational
modes (at-berth, at-anchorage, maneuvering and at-sea) [57e64].
The route's yearly final energy demand is determined by multi-
plying the roundtrip demand by the total number of trips, given by
Eq. (3).

n¼ M
lf *dwcc

(3)

In Eq. (3), n is the number of trips, M is the total mass traded, lf is
the load factor and dwcc is the deadweight cargo capacity. For the
energy calculation, laden and ballast voyage load factors were
distinguished (ballast deadweight was taken to be 30 % of the total
deadweight as an approximation). For the conversion from final to
fuel energy demand, an average specific fuel consumption (SFC) of
7.3 MJ/kWh is adopted [56,65,66]. This SFC, equivalent to an effi-
ciency of 49 %, is consistent with the conversion of almost all fossil
6 In terms of energy, the conversion efficiency is approximately the same for the
different fuels in the case of internal combustion engines. For HFO and MGO, for
example, it is around 7.2 MJ/kWh. For LNG and SVO, it is around 7.3 MJ/kWh. For
methanol and FT-bunker, it is around 7.5 MJ/kWh. However, the efficiency can be
significantly higher in the case of an electrochemical conversion. For ammonia in a
fuel cell system, for instance, it is around 6.0 MJ/kWh (or 60 %).

6

and renewable marine fuels.6 The results are calibrated according
to the data on fuel consumption from the Fourth IMO GHG Study
[2], using the period 2012e2018 as a reference. To model efficiency
gains, two scenarios are considered, one more conservative and
another assuming higher gains. These high gains do not necessarily
come from efficiency stricto sensu, but eventually from other high-
impact mitigation measures such as the deployment of auxiliary
propulsion devices and slow steaming. Table 3 describes the two
efficiency scenarios.
4. Results

4.1. International trade scenarios

Fig. 6 shows the evolution of global seaborne trade in the six
scenarios. In all scenarios, there is an increase in the total exchange
of goods between countries over the century. However, how fast
global trade increases depends on the SSP. In SSP2, for example,
global trade grows from around 11 Gt/yr in 2020 to 22 Gt/yr in 2050
and 33 Gt/yr in 2100. In SSP5, with a highly connected and
competitive global market, the rise is much larger, reaching 35 Gt/
year in 2050 and 53 Gt/yr in 2100. In the case of SSP1, until mid-
century, the trajectory is similar to the one observed in SSP2.
From that point on, the increasingly strong preference for local
resources and technologies causes a stabilization of trade around
20 Gt/yr. The slow development and regional isolation observed in
SSP3 entail a relatively low global trade, especially until 2050
(18 Gt/yr). Nevertheless, in the second half of the century, with very



Fig. 6. Global seaborne trade in the six scenarios.
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high world population and low technological efficiency, the in-
crease in trade goes on, reaching 27 Gt/yr. The development of
global trade in SSP4 is somehow an intermediate stage between
SSP1 and SSP3. In the SSP2 mitigation scenario, international trade
follows a trend similar to that of its baseline. However, over the
three decades between 2020 and 2050, a gap is created between
these two scenarios. This is mainly due to an avoided trade of fossil
fuels in SSP2-mitigation.

Table 4 shows the average cargo travelling distance in the six
scenarios in 2050. The average haul varies between slightly below
5000 (SSP2-mit scenario) and slightly above 5300 (SSP5 scenario)
nautical miles, illustrating different trade network patterns ac-
cording to the SSPs. While in SSP5 there is a strong signal towards a
single global market, in SSP3, regional exchanges dominate. In the
case of SSP2-mit, the low average haul is explained by the avoided
trade of oil, a product that typically involves long-distance
shipping.

Figs. 7 and 8 show the results breakdown by group of product
and world regions. The variation in projected trade across the
scenarios is significant for all products, but most pronounced for
the trade of energy products. The results for specific products are
discussed in items 4.1.1 to 4.1.8.

4.1.1. Coal
In most SSPs, given the low cost of coal-based electricity, in the

absence of a climate policy, the use of coal continues to increase,
especially in India and China. As such, in almost all baseline sce-
narios, the trade of coal grows significantly between 2020 and
2040, peaking around 2045. The height of this peak varies widely
across the SSPs. In SSP2, it is equal to 5.7 Gt/yr, with a stabilization
at approximately 4.0 Gt/yr (twice as much as 2020) in the second
half of the century. In SSP5, a world that indiscriminately uses fossil
resources, this peak equates 10.5 Gt/yr. Furthermore, after a slight
Table 4
Average haul in the six scenarios.

Scenario Average haul in 2050 (nm)

SSP1 5040
SSP2 5289
SSP3 4981
SSP4 5243
SSP5 5305
SSP2-mit 4964
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decline between 2050 and 2060, the fossil-based economic devel-
opment of regions like Western and Eastern Africa causes a new
rise in the trade of coal (equal to 12.3 Gt/yr in 2100). Contrastingly,
in SSP1, the peak takes place way sooner and at a much lower level
(4.2 Gt/yr in 2040). Then, it declines consistently over the century,
reaching 1.8 Gt/year in 2100. In SSP3, no peak is observed and the
trade of coal increases significantly after 2050, reaching 6.5 Gt/yr in
2100. In the mitigation scenario, electricity supply shifts gradually
towards renewable-based facilities. As a result, the trade of coal
declines over the century, reaching 1.0 Gt/yr in 2050 and 0.5 Gt/yr
in 2100.

4.1.2. Oil and products
The trade of petroleum and products, mostly driven by the de-

mand of the transport sector, vary broadly across the six scenarios.
In the SSP2 baseline, even though the amount imported by OECD
countries declines, the total trade of oil increases steadily until
2080, reaching 4.5 Gt/yr. This is mainly due to the imports of re-
gions like Africa, India, Indonesia and South America, where the
electrification of the transport sector happens slowly, in contrast
with OECD countries. In SSP1, the trend of electrification is stronger
all over the world. As such, the use of petroleum products is
moderate even in these regions, enabling a significant reduction of
the global oil trade (2.6 Gt/yr in 2050, 2.0 Gt/yr in 2100). In SSP5,
the fossil-powered development of the whole world relies heavily
on the global petroleum market. Thus, a steep increase is observed
in the trade of oil over the century, reaching 7.0 Gt/yr around 2075.
However, after that, the continuing electrification of the transport
sector slightly reduces the oil trade. In SSP3, in spite of slow
development and low international cooperation levels, the energy
demand is high, and there is a preference for fossil resources.
Therefore, even though the global oil market is weakened, ac-
counting for a smaller fraction of the oil consumption, in absolute
terms, the trajectory followed by the oil trade is similar to SSP2, but
reaching a highest point in the last decades of the century (5.9 Gt/yr
in 2100). In the presence of a climate policy, the electrification of
the passenger transport progresses at a stronger pace. Furthermore,
biofuels are increasingly used in freight road transport and aviation.
This brings about a consistent decline of oil trade, reaching 2.2 Gt/yr
in 2050 and 1.2 Gt/yr in 2100.

4.1.3. Natural gas
The global natural gas market follows very different trends in

the six studied scenarios. In SSP2, for instance, as the cleanest fossil
fuel, natural gas assumes a prominent role, compatible with a
middle of the road narrative. As such, the trade of gas increases
robustly over the 21st century, growing from 0.6 Gt/yr in 2020 to
1.6 Gt/yr in 2050 and 3.3 Gt/yr in 2100. Most of the gas is imported
by Asian countries, but also by Africa and Europe. In SSP5, a very
similar trend is observed. Contrary to what is perceived for the
other fossil fuels, the gap between SSP2 and SSP5 is not wide. With
the fossil-fueled development prioritizing coal and oil, these en-
ergy sources supply a high fraction of the world's energy demand,
leaving less room for gas. In the SSP1 baseline, the trade of natural
gas is especially important in the first half of the century (1.7 Gt/yr
by 2050), serving as a transition fuel. In the long term, the fuel
gradually loses ground to greener technologies (e.g., wind, solar
and biomass in power systems). In the end of the century, gas trade
equals 1.5 Gt/yr. A different trend is observed for the SSP3 baseline.
In a world where global markets are weakened, the trade of natural
gas, whose transportation is more costly than coal and oil, is
severely affected. Global gas exchanges decrease from 0.6 Gt/yr in
2020 to 0.4 Gt/yr in 2060. In the second half of the century, the
trade of gas increases, reaching 1.3 Gt/yr in 2100. In the mitigation
scenario, the role of natural gas is similar to the one described for



Fig. 7. Global seaborne trade in the six scenarios breakdown by group of products. Unit: Gt/yr.

Fig. 8. Global seaborne trade in the six scenarios breakdown by importing region. Unit: Gt/yr.
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SSP1. Thanks to its lower emission factor, gas is used a transition
fuel for heat and electricity generation. However, carbon-free
technologies are stronger in this scenario than in SSP1 and, there-
fore, less gas is used and traded.

4.1.4. Biofuels
The biofuel trade follows similar pathways in all baseline
8

scenarios, especially until 2050, when it reaches approximately
1.0 Gt/yr. In SSP1, SSP2 and SSP5 the increasing yields push the
trade further, showing that there is still room for the market to
grow. In the climate mitigation scenario, the demand for low-
carbon fuels ramps up the trade of biofuels quickly, reaching
1.6 Gt/yr in 2050, and 3.9 Gt/yr in 2100. This is largely driven from
the demand for BECCS to provide Carbon Dioxide Removal (CDR).
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4.1.5. Chemicals
In the first half of the century international trade of chemicals

grows rapidly as many regions increase the demand of plastics and
fertilizers. As most scenarios show a declining global population
after mid-century, combined with structural changes requiring
fewer chemicals (i.e., reduced fertilizer demand in SSP1), there is a
large drop in the trade of chemicals post 2050. In the mitigation
scenario, changes in consumer behaviour and the increased cost of
petrochemicals reduce this demand and trade.

4.1.6. Minerals and materials
The trade of minerals and materials varies substantially across

the scenarios. Both SSP2 and SSP2-mitigation project an increase in
the trade of these products, especially iron ore. In these scenarios,
the trade grows from around 2.5 Gt/yr in 2020 to 4.0 Gt/yr in 2050
and 5.2 Gt/yr in 2100. On the other hand, the SSP1 baseline, which
is characterized by a less material-intensive industry, has a lower
trade, especially in the second half of the century. The lower limit
corresponds to SSP4 - in a world where inequalities persist and
worsen, poor countries dot not develop their infrastructure and
industry and this severely impacts the trade of steel and iron ore.

4.1.7. Agricultural products
Total agricultural trade follows similar trends in most of the

scenarios analyzed, with an increase from 1.8 Gt/yr in 2020 to
around 2.5 Gt/yr in 2050 and 5 Gt/yr in 2100. However, the drivers
of this trade differ across scenarios. SSP1 and SSP3, for example,
follow a very similar trajectory. However, while for the latter the
increase in trade is mostly associated with a huge growth of the
global population, in the case of SSP1, whose world population is
much lower, this increase is related to the abolishment of tariffs and
exports subsidies (i.e., the ratio between agricultural trade and
agricultural production is much higher). In SSP5, with high de-
mands from the food system (caused, for instance, by the rise of
meat-rich diets), the trade of agricultural products grows faster,
reaching 5 Gt/yr in 2050 and 9 Gt/yr in 2100. Contrastingly, the
mitigation scenario is marked by a lower agricultural trade, espe-
cially after 2050 (4 Gt/yr in 2100).

4.1.8. Manufactured goods
In view of the higher consumption of goods and services, in

addition to a crescent population, the trade of manufactured
products surpasses today's level (1.9 Gt/year) in all scenarios. In
SSP2, for example, it reaches 3.0 Gt/year in 2050 and 6.2 Gt/year in
2100. In SSP5, with a much higher private consumption due, for
example, to the dissemination of materialism and status con-
sumption, the trade of manufactured goods is extremely high (7 Gt/
Fig. 9. CO2 emissions with a fossil-fueled fleet. The percentage above each bar i
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yr in 2050, 16 Gt/yr in 2100). The exception is SSP3, in which a
fragmented world and slow economic development contribute to
weaken the global trade. In this scenario, trade stabilizes around
2.5 Gt/yr from 2030.

4.2. Energy demand and required amount of renewable fuels

Fig. 9 shows, for the six scenarios, the CO2 emissions associated
with international shipping in the case of a completely fossil-fueled
fleet. On the right side of the figure, the BAU/no ambition emission
estimates for 2050 fromDNVGL and IMO are also shown [2,14]. The
presented emissions ranges are estimated based on the two vessel
efficiency storylines while the percentage indicates the proportion
of total global CO2 emissions coming from international shipping.
For most scenarios, international shipping emissions lie between
1.0 and 1.7 GtCO2/yr in 2050 (in line with IMO and DNV GL). The
exception is SSP5, in which emissions reach the level of 2.0e2.5
GtCO2/yr in 2050 when considering 100 % fossil-based energy. For
baseline scenarios, the CO2 emission share of the sector lies be-
tween 2 and 4 % in 2050. For themitigation scenario, the proportion
of shipping is way higher (13 %), since global CO2 emissions are at a
much lower level due to mitigation in other sectors. In 2100, the
proportion is negative (�18 %) because, with large-scale deploy-
ment of carbon dioxide removal (CDR), global net CO2 emissions go
negative.

Fig. 10 shows, for both efficiency storylines, the amount of low-
carbon fuels required to meet the IMO2050 target per scenario. In
both cases, taking the absolute goal for 2050 into account, the fossil
energy is limited to approximately 6 EJ/yr. As such, considering
incremental gains, the total energy demand from international
shipping varies from 12 to 25 EJ/yr, implying a demand for
renewable fuels between 6 and 17 EJ/yr in 2050. With high effi-
ciency, the range for total energy is 9e17 EJ/yr, with a demand for
renewable energy between 3 and 11 EJ/yr. For the sake of com-
parison, the world yearly biofuel production in 2018 was around
3 EJ [67].

To that end, several low-carbon fuels could be used. Concerning
biofuels, the options can be divided in three groups [24]. The first
group is composed of first-generation distilled biofuels, for instance
straight vegetable oils (SVO), hydrotreated vegetable oils (HVO),
and biodiesel, usually produced from animal fats and oilseeds [68].
The second group comprises advanced biofuels obtained through
thermochemical processes, e.g. bio-oils, such as hydrotreated py-
rolysis oils (HDPOs) [69] and Fischer-Tropsch (FT) synthetic liquids
[70]. Advanced biofuels conversion facilities frequently output
various hydrocarbon cuts, similarly to oil refineries. For example,
biojet and FT-naphtha have higher market value than the
ndicates the ratio between international shipping and total CO2 emissions.



Fig. 10. Required renewable energy demand to meet the IMO2050 target.
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coproduced fractions suited for marine use. As such, advanced
biofuels for shipping can be regarded as byproducts, which could be
a major advantage in terms of cost. The third group corresponds to
biogases and bio-alcohols suited to the increasingly common dual-
fuel marine engines. Examples are liquefied biomethane (bio-LNG)
and biomethanol. Low-carbon energy carriers for shipping can also
be produced from hydrogen (H2-fuels) [24]. This includes not only
hydrogen for direct use but additionally ammonia (NH3) and syn-
thetic fuels. Although H2-fuels do not imply direct fossil GHG
emissions, they can be fossil-based. Therefore, for H2-fuels to be
considered low-carbon, they must be either renewable-based
(green H2-fuels) or fossil-based with CCS (blue H2-fuels). In any
case, all low-carbon fuels face technical-economic obstacles (e.g.,
competition for land, water stress, production technology readi-
ness, applicability to the existing fleet, safety concerns, energy
density, deployment of CCS) and scaling up their production and
use to the required levels of 3e17 EJ might be a challenge.
5. Discussion and conclusions

The aim of this work was twofold. The first objective was to
develop a methodological framework for the coupling of an IAM
with a detailed model of international shipping in order to capture
the impacts of different integrated scenarios on the demand for
seaborne trade over the 21st century. The second objective was to
use this integration to project the energy demand from shipping in
the six scenarios studied, ultimately to better understand how
different global trade futures impact the effort required, in terms
also of the amount of renewable fuels needed, tomeet the IMO2050
target.

The development of the shipping model followed a demand-
driven approach based on socioeconomic and technological
outputs of the IMAGE model. Starting from these variables, and
considering the 26 IMAGE regions, yearly mass-based trade
matrices were generated for each product. Thereby, it was possible
to obtain long-term projections of global trade according to six
scenarios, namely the five SSP baselines and one climate policy
scenario.

International seaborne trade follows very different trends in
the six scenarios studied (17e35 Gt/yr in 2050 and 19e53 Gt/yr in
2100 compared to 11 Gt/yr in 2020). The results are a function of
the preference for certain energy carriers and of economic devel-
opment in general, but they also depend heavily on consumption
patterns and global cooperation levels. For instance, one could
expect, given the low techno-economic efficiency and high popu-
lation observed in SSP3, that this scenario would imply a high de-
mand for shipping. Instead, during most of the century, SSP3
10
represents the lower end of the baseline trade projections in this
study. This is due to a weakening of global cooperation, which
causes each region to focus on its own mineral, agricultural and
energy resources, following a logic of regional rivalry. Contrastingly,
for all products, the upper end of global trade is defined by the SSP5
baseline, whose storyline includes fast development, high con-
sumption, and a strong globalization. In this sense, SSP5 behaves as
an outlier compared to the rest of scenarios. The remaining base-
lines lie somehow in-between, always closer to the lower end. In
the middle of the road baseline, global trade doubles in 2050 and
triples in 2100.

As countries’ economies mature and develop into more
service-oriented ones, the seaborne trade-intensity of imports
and exports are likely to change into the future, whichmay have
implications in the context of the different global scenarios we
explore in this study. However, over the 2050 time horizon of our
analysis, China is very likely to remain the main producer of energy
converters associated low-carbon energy futures (solar PVs, electric
batteries, electric vehicles etc.), and as such it will very likely
remain the main processor of ores (and as such the main importer
of mineral commodities), even as it moves to a more service-
oriented economy. Consequently, up to 2050 the Chinese econ-
omy will continue to dominate global seaborne trade (resource
intensive imports and manufactured intense exports), which does
not challenge the robustness of our results. However, future studies
must further investigate the impact of industrialization on the
profile and main routes of seaborne trade into the future.

Climate policy results in a lower demand for international
shipping due to reduced fossil energy trade. In the presence of a
climate policy compatible with a world well-below 2 �C (SSP2-
mitigation), an avoided demand of coal, oil, gas and chemicals re-
duces the international maritime activity by around 20 % in 2050
and 25 % in 2100. The drastic increase in the trade of biofuels does
not compensate the reduction seen in the other energy sectors. As
such, it can be said that the results indicate an interesting positive
feedback effect of the energy supply transition on the shipping
sector. At the same time, the shippingmodel used in this study does
not capture potential activity growths due to increased trade of
products associated with the renewable energy supply chain, such
as materials for batteries, solar panels, electric motors and even
hydrogen. It is also worth noting that the IMAGE model is not able
to see important details of the petroleum industry, such as different
crude oil streams and refinery schemes. In this sense, our results for
the mitigation scenario might underestimate a technological
inflexibility that could keep the trade of oil and products at a fixed
bottom level.

In a more conservative efficiency scenario, the total energy
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demand from international shipping lies in the range 12e25 EJ
in 2050 and 18e46 EJ in 2100. With higher efficiency gains, the
demand lies in the range 9e17 EJ in 2050 and 13e32 EJ in 2100.
The conservative scenario reflects a business-as-usual storyline for
efficiency improvements, with incremental gains. The high effi-
ciency scenario reflects a more disruptive development of the
mitigation measures, for example with the use of auxiliary pro-
pulsion devices and the existence of speed limits.

With a fossil-fueled fleet, international shipping emissions
lie between 0.8 and 2.6 GtCO2/yr in 2050, with most scenarios
(SSP1, SSP2, SSP2-mit and SSP4) in agreement with the litera-
ture. Existing scenarios that depict a fossil-fueled fleet project in-
ternational shipping emissions between 1.0 and 1.8 GtCO2/yr in
2050. This means that the central projections well align with the
literature but that some scenarios go beyond the literature range,
i.e., the low economic growth (SSP3) scenarios with high vessel
efficiency (0.8 GtCO2/yr), and high growth SSP5 scenarios (2.0e2.6
GtCO2/yr). Given the focus of these storylines, the broader emis-
sions range is a coherent result.

Renewable fuels need to make up the bulk of shipping's
energy supply in 2050 (3e17 EJ) if the IMO2050 target is to be
met.With fossils restricted to ca. 6 EJ in all scenarios, the fulfillment
of IMO2050 would require a steep increase in the global renewable
fuel production. To that end, several low-carbon fuels can be
considered. They can be more or less interesting depending on
factors such as their applicability, cost and sustainability but, in any
case, the scaling-up of their production to the levels indicated by
our calculation represents a major challenge.

It is worth noting that this work was based on an ex-post
analysis. The trade projections developed are based on scenario
outputs of the IMAGE model. As such, the modelling is to a certain
extent static and does not take into account year-by-year feedbacks.
In future works, the authors intend to fully integrate the shipping
module used here into the IMAGE model. Thereby, it will be
possible to represent specific alternative marine fuels that will be
part of the overall optimization. Furthermore, it must be stressed
that although IMAGE contains relatively high sectoral and regional
detail, as a partial equilibrium simulation model it represents less
macro-economic detail. Input-output tables and also the global
trade analysis project (GTAP) contain detailed trade flows and
computable general equilibrium (CGE) consistent economic feed-
backs but less suitable to represent the future changes and story-
lines as we have examined in this paper.
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