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Abstract

Most climate change mitigation scenarios rely on increased use of bioenergy to decar-
bonize the energy system. Here we use results from the 33rd Energy Modeling Forum
study (EMF-33) to investigate projected international bioenergy trade for different inte-
grated assessment models across several climate change mitigation scenarios. Results
show that in scenarios with no climate policy, international bioenergy trade is likely to
increase over time, and becomes even more important when climate targets are set. More
stringent climate targets, however, do not necessarily imply greater bioenergy trade
compared to weaker targets, as final energy demand may be reduced. However, the
scaling up of bioenergy trade happens sooner and at a faster rate with increasing climate
target stringency. Across models, for a scenario likely to achieve a 2 °C target, 1045 EJ/
year out of a total global bioenergy consumption of 72-214 EJ/year are expected to be
traded across nine world regions by 2050. While this projection is greater than the present
trade volumes of coal or natural gas, it remains below the present trade of crude oil. This
growth in bioenergy trade largely replaces the trade in fossil fuels (especially oil) which is
projected to decrease significantly over the twenty-first century. As climate change
mitigation scenarios often show diversified energy systems, in which numerous world
regions can act as bioenergy suppliers, the projections do not necessarily lead to energy
security concerns. Nonetheless, rapid growth in the trade of bioenergy is projected in
strict climate mitigation scenarios, raising questions about infrastructure, logistics, financ-
ing options, and global standards for bioenergy production and trade.
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1 Introduction

Climate change mitigation scenarios, as projected by several integrated assessment models
(IAMs), show that bioenergy may play a crucial role in meeting strict climate targets (Clarke
et al. 2014; Rose et al. 2014; Bauer et al. 2018; Muratori et al. 2020). Biomass is a particularly
attractive energy source due to its ability to be converted into a number of secondary and final
energy carriers (solid fuels, liquid fuels, heat, electricity, and hydrogen), its supply consistency
(vs. intermittency issues of other renewable energy sources) and its ability to result in carbon
dioxide removal (when used in combination with carbon capture and storage, CCS). In IAM
scenarios, primary bioenergy (i.e., biomass feedstock) may be produced far from conversion
and consumption points and thus international trade of potentially large volumes of bioenergy
is implicit in mitigation strategies. Moreover, earlier IAM work shows little agreement
concerning the projected major primary bioenergy supply regions (Chum et al. 2011; Searle
and Malins 2015; Creutzig et al. 2015; Rose et al. this issue).

Total global bioenergy trade volumes exceeded 1 El/year in 2015, of which 60% was
directly traded for energy purposes (e.g., biodiesel, wood pellets) and 40% for other purposes
where part of the primary bioenergy was used for energy during the final processing (e.g.,
black liquor and sawdust combustion from imported roundwood) (Proskurina et al. 2017b).
Global solid bioenergy trade mainly originates from countries with a strong forestry sector
including Canada, the USA, Russia, and Southeast Asian countries such as Vietnam. Whereas
local trade of wood chips, fuel wood, and waste wood (especially within the EU) is significant
(Lamers et al. 2012; Dadhich 2017), intercontinental trade of solid bioenergy is almost all
wood pellets. The dominant trading patterns in 2018 include flows from the USA and Canada
to the EU, with new trade routes emerging towards South Korea and Japan. The main supply
regions for liquid biofuels as well as their feedstocks (e.g., vegetable oils) have been low-cost
agricultural production centers including Argentina (mainly soy oil biodiesel), Brazil (mainly
sugarcane-derived ethanol), the USA (mainly corn-derived ethanol), and Malaysia and Indo-
nesia (mainly palm oil biodiesel). The trade in (first generation) liquid biofuels (ethanol,
biodiesel, and vegetable oil) varies from year to year in terms of volumes and trade routes,
primarily due to changing subsidy regimes, anti-dumping measures, etc. Trade of advanced
(second generation) liquid biofuels is currently negligible.

Given that most countries are members of the World Trade Organization (WTO) and thus
agree to abide by its rules, tariffs have played a less prominent role in shaping long-term trade
routes with the exception of short-term triangular trade to circumvent specific tariffs or
measures. Examples include EU biodiesel imports from Argentina via the USA or US imports
of Brazilian ethanol via the Caribbean Basin Initiative member states. Historically, triangular
trade has accounted for between one quarter and three quarters of trade shares for periods of up
to 3-5 years, i.e., until new regulations were enforced (Lamers et al. 2011, 2014a). Trade
restrictions and requirements, such as phytosanitary measures to avoid the accidental import of
pests through untreated wood chips, and legislation with respect to sustainability constraints,
have been much more important in limiting the volume and routes of international bioenergy
trade (Junginger et al. 2011). Past bioenergy trade has been stimulated by incentives that
promote the use of bioenergy as part of a renewable energy or climate strategy. For example, in
the EU, quota systems for renewable energy, taxation of fossil fuels, the emission trading
scheme, and government support have influenced bioenergy demand and consequently its
trade (Lamers et al. 2012). Thus, policies aimed at meeting strict climate targets such as those
of the Paris agreement are likely to further stimulate bioenergy trade.
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Though a number of studies have analyzed past and present international bioenergy trade
(Lamers et al. 2011; Lamers et al. 2012; Junginger et al. 2011; Proskurina et al. 2017a), or
energy security in general (Cherp et al. 2016; Jewell et al. 2016), to date, there are very few
studies concerning the future role of international bioenergy trade (Matzenberger et al. 2015;
Hansson and Berndes 2009). Among the existing studies there has been no systematic analysis
of long-term international trade in climate change mitigation scenarios. Thus, while previous
assessments have highlighted the potential importance of bioenergy trade, they offer few
insights due to the limited and inconsistent nature of the results. These include the lack of
consistent scenario storylines (i.e., the drivers of energy demand such as population growth,
climate policy, bioenergy technology availability), a focus on specific regions lacking insight
on the global context, use of partial models focusing either on supply or demand, and limited
comparison of results across different models and modeling techniques. This raises important
questions concerning the future international bioenergy trade. These include how it is expected
to grow given the use of bioenergy as a climate change mitigation measure, how the reliance on
bioenergy trade may affect regional energy security, and what are the implications of interna-
tional bioenergy trade on global climate policies. Understanding the potential role of interna-
tional bioenergy trade in mitigation scenarios allows for an improved evaluation of the
availability and the role of bioenergy in reducing emissions, and the trade-off between emission
mitigation in net importing regions and land-use change emissions in net exporting regions.

This study builds upon the results of the EMF-33 (33rd project of the Energy Modeling Forum)
multi-model comparison project where IAMs projected bioenergy supply and demand across a set
of harmonized scenarios. The scenarios include several different climate change mitigation targets
and sensitivities concerning bioenergy technology availability (Bauer et al. 2018). By leveraging
the EMF-33 results, this analysis goes beyond previous assessments of long-term international
bioenergy trade in a number of aspects. In this paper, we first compare how different IAMs
represent international trade of bioenergy. Subsequently, we present their projections of bioenergy
trade across different scenarios in order to better understand the role of international bioenergy trade
in future energy systems. Specifically, we focus on the importance of this trade in climate change
mitigation scenarios. This is the first study that systematically compares bioenergy trade modeling
and results for a broad range of models and scenarios. It analyzes the differences in model results
and modeling assumptions at the interface of primary bioenergy feedstock production and final
bioenergy use as it investigates trade that balances regional demand and supply. Furthermore, we
discuss what future challenges may arise in realizing these projections.

In section 2, we outline the definitions and the scope of this study, while in section 3 a brief
overview of how each model represents international bioenergy trade is reported. Section 4
presents the projections of volumes of bioenergy trade, the implied financial flows, the drivers
of bioenergy trade, and implications for energy security. Section 5 provides a discussion on
how these compare to past and present bioenergy trade and what practical challenges must be
resolved in order to realize the projections. Finally, in section 6, we summarize our findings.

2 Method
2.1 Model and scenario selection

This paper analyzes the results of eight IAMs across seven scenarios (Table 1). The model and
scenario selections are based on the EMF-33 study which compares a broad suite of global
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Table 1 Scenarios used in this study

Scenario Assumptions
Baseline No additional climate policy, all advanced technologies available according
to model settings
Budget1600 2011-2100 energy related CO, budget limited to 1600Gt, unlikely to meet the

2 °C target, all advanced technologies available according to model settings
Budget1 600-NoBECCS  Same as Budget1600, but bioenergy with CCS technologies are not available
Budget1600-NoFuel Same as Budget1600, but advanced (lignocellulosic) biofuels are not available

Budget1600-None Same as Budget1600 but no advanced bio-technologies are available

Budget1000 2011-2100 energy-related CO, budget limited to 1000Gt, limiting global average
warming to 2 °C, all advanced technologies available according to model settings

Budget400 2011-2100 energy-related CO, budget limited to 400GtC, aiming towards to

1.5 °C target, all advanced technologies available according to model settings

multi-region IAMs, with the aim of performing a detailed analysis of the availability of
bioenergy technologies and their role in achieving a set of emissions budgets. The models
included in EMF-33 endogenously project the development of the energy and land systems.
All models include some form of advanced bioenergy technologies such as lignocellulosic
biofuels, and bioenergy with carbon capture and storage (BECCS). An overview of the
bioenergy demand projections across different climate mitigation targets and bioenergy
technology portfolios is available in Bauer et al. (2018), while Daioglou et al. (2020) presents
and assesses the techno-economic and energy system assumptions across the model suite. The
study of supply-side potentials by Rose et al. (this issue) focuses on the primary bioenergy
supply across scenarios of harmonized demand. With its focus on bioenergy trade, this paper
connects the use of bioenergy and its production across regions.

All models participating in the EMF-33 study have some common structural elements.
First, each IAM endogenously models the flexibility of both the energy and land systems, and
their response to greenhouse gas emission budgets. Thus, both the supply and demand of
bioenergy, and the interaction between the land-use and energy systems are represented in
each model. Additionally, the models provided results at an adequate level of regional
(dis)aggregation (see section 2.2). Finally, only models that reported results for international
trade of primary or secondary bioenergy are included in this paper. Overall, from the 12
models participating in the EMF-33 exercise, eight are included in this study.

This study considers a set of scenarios differentiated by their climate change mitigation
targets (different carbon budgets) and availability of different bioenergy technologies. The
scenarios considered in this paper are outlined in Table 1. The scenarios were chosen to assess
the importance of bioenergy trade in meeting different climate change mitigation goals and
how this trade may vary across their climate goal stringency. Along with a Baseline scenario
with no climate policy, mitigation goals include carbon budgets for the energy system
motivated by the goals of the Paris Agreement (Rogelj et al. 2015). The carbon budgets are
harmonized for the energy system only to remove variability across models concerning land-
based emissions and mitigation. This allows for comparison of the use of bioenergy in the
energy system across models in different climate change mitigation scenarios. This, however,
means that land-use emissions, which may vary across models, are not part of the emission
budget (Bauer et al. 2018). Yet, for each model, all GHG emissions (including land-use
emissions) are consistently priced on a CO, equivalent basis. Thus, while direct and indirect
land-use change emissions, as well as land-based mitigation measures (i.c., afforestation) are
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not part of the budget, they are accounted for and priced in the mitigation scenarios. To better
highlight the drivers of international bioenergy trade besides the requirement for low-carbon
energy carriers, we also include scenario variations on bioenergy technology assumptions.
These are done only with the Budget1600 scenario since very few models could solve for
stricter budgets and constrained technologies.

2.2 Regional aggregation

When dealing with international trade of commodities, regional representation is extremely
important. Ideally, all results would be reported at the country level. However, since [AMs
tend to aggregate countries into larger regions to reduce data and computational requirements,
we inevitably present results across aggregated global regions and key countries (henceforth
referred to as “regions”). Thus, the results do not reflect total international trade, but rather the
net-trade between specific macro regions. Total international trade (i.e., country-to-country)
would be significantly higher. Global numbers, when reported, indicate the sum of the trade
between these regions (i.e., the sum of total exports or imports), and thus represent gross trade.
The regions considered in this analysis are the EU, USA, Rest of OECD, East Asia', rest of
Asia, Brazil?, rest of Latin America, Former USSR, and Middle East and Afyica.

2.3 Indicators

There is an inherent difficulty when it comes to comparing model projections since some
models trade primary bioenergy, while others (also) trade secondary biofuels (solid or liquid).
In this paper, we present all trade volumes in terms of primary energy. Thus, if a model trades
secondary bioenergy (e.g., maize ethanol), the traded volumes are presented in terms of the
equivalent primary energy (e.g., maize), calculated based on model and region-specific
conversion efficiencies. All volumes are presented on an energy basis (EJ), while financial
flows are presented in terms of billion US$,ps. As this study focuses only on the trade of
bioenergy commodities, it does not include the trade of agricultural products for food and feed
purposes, or the effect of bioenergy production on food security, which is presented in
Hasegawa et al. (2020).

This manuscript also intends to elaborate the role and implications of international
bioenergy trade on regional energy security. Jewell et al. (2014) define energy security as
“low vulnerability of vital energy systems”, whose “failure may disrupt the functioning and
stability of a society”. Accordingly, if in each region bioenergy forms a large portion of its total
primary energy supply (TPES), and most of it is imported, it has increased exposure to risk and
may suffer from relative energy insecurity. On the other hand, if either bioenergy makes up a
relatively small fraction of TPES or it is primarily produced locally, the region has low
exposure to risk (concerning bioenergy use). To represent this, we plot the regional bioenergy
share in TPES against the fraction of that bioenergy, which is traded. We compare this to the
equivalent for fossil fuels in 2010 to highlight how future use of bioenergy compares with
current dependence on fossil fuels. Furthermore, we also determine a diversity of supply index

! This includes China and Japan only. IMACLIM-NLU and REMIND-MAGgPIE do not disaggregate Japan; thus,
in these models only China is included in “East Asia,” while Japan is part of “Rest of OECD.”

2 REMIND-MAGPIE does not disaggregate Brazil specifically; thus, all Latin America is in the “Rest of Latin
America” region.
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to highlight the possible emergence of supply bottlenecks across scenarios. The above
indicators reflect the “sovereignty” perspective of security. They do not, however, address
overall resilience which includes the ability to respond. Additionally, the security of supply
may be disrupted by droughts, crop failures, and other causes (Cherp and Jewell 2011) and the
assessment of these risks is beyond the scope of this analysis.

3 Representation of bioenergy trade in IAMs

All the ITAMs used in this study include representations of both the energy and land systems,
and make projections on global and long term (2100) scales. A table summarizing how
bioenergy trade is represented in the models participating in this study is available in the
Supplementary Material. Overall, different models represent trade differently, for instance,
they may trade in either primary or secondary bioenergy, or both. Furthermore, models differ
regarding the coverage of bioenergy carriers (1st generation or advanced biofuels), their
aggregation of feedstocks and energy carriers (i.e., specific crops versus a single “aggregate”
feedstock), and the energy conversion routes.

Most models assume international trade at a single world market price, with COFFEE
and IMAGE being the only ones that model bilateral trade between regions. Furthermore,
while all models include trade costs in some form, each model represents these costs
differently. These are usually based on a basic “trade cost” ignoring specific costs (such as
taxes and tariffs, the impact of transport mode and distance, and other specific costs), with
IMACLIM-NLU and IMAGE being exceptions as they include tariffs and a “transaction
cost,” respectively. AIM, COFFEE, and IMACLIM-NLU also directly link trade costs to
fuel prices, and thus climate policy may affect trade costs. The models rely on similar
assumptions concerning the dynamics that govern international trade. All models assume
traded bioenergy is completely homogenous and substitutable across regions, and trade
decisions are always based on relative costs (i.e., if imports are cheaper than local
production, or if exports are more profitable than local consumption). Furthermore, most
of the models ignore specific trade barriers, strict self-sufficiency constraints, or limits on
export/import expansion. REMIND-MAgPIE is an exception where a limit is put on the
growth of additional trade flows by including adjustment costs (thus increasing trade
costs) that depend on trade volumes.

4 Results
4.1 Projections of bioenergy trade

Figure 1 shows regional net trade of bioenergy across models for the Baseline, Budget1000,
and Budget400 scenarios. Regional bioenergy production and trade across all models, and
Baseline and Budget scenarios, are presented in Fig. S.1 of the Supplementary Material.
Numerical results for all scenarios are available in the Supplementary Data. Overall, though
most models show increasing bioenergy trade throughout the century in all scenarios, there is
significant disagreement on the volumes traded and net importing/exporting regions. These
differences arise from the fact that models determine bioenergy supply and demand differently,
leading to significant variation concerning the main supply regions and feedstocks (Rose et al.
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Fig. 1 Net trade of primary bioenergy, in EJ/year, as projected by EMF-33 participating models. Positive values
indicate net exports. Note: for REMIND-MAgPIE the “Rest of Latin America” region includes Brazil. Only three
models were able to solve the Budget400 scenarios

this issue). Critical issues in this respect include how models represent land-use allocation,
constraints on agricultural expansion, the representation of agricultural and forestry residues,
the competition between bioenergy, food, and forestry production, and the projections of
relative crop/bioenergy yields between regions. REMIND-MAgPIE is the only model to show
almost no trade in the Baseline. This is because REMIND-MAgPIE only trades primary
bioenergy and includes additional costs associated with increasing trade. This leads to a
situation where it is not worthwhile to trade bulk primary bioenergy unless necessary. Instead,
regions consuming bioenergy depend on their local supply, while regions without their own
supply find it cheaper to import (or produce) fossil fuels.

The range of global trade volumes across models in 2030, 2050, and 2100 respectively are
0-27, 1-36, and 1-51 EJ/year for the Baseline. For the Budget1 600 scenario (not shown in
Fig. 1), these are 0-27, 4-44, and 37-72 EJ/year. For the Budget1000 scenario, the ranges are
0-36, 10-45, and 34-86. Finally, the Budget400 scenario trade volumes for 2030, 2050, and
2100 are 12-15, 19-43, and 35-92 El/year. This implies that, in each scenario from 2050
onwards up to 50% of bioenergy consumed globally is traded among the regions defined here
(see section 4.3). Most models agree that climate policy increases the volume of traded
bioenergy with respect to the Baseline. Increasing the stringency of the carbon budget also
increases bioenergy trade but to a lesser extent. This is because stricter climate targets do not
necessarily imply greater bioenergy demand as the increased mitigation requirement may be
primarily met through reduced energy demand, greater electrification, or deployment of other
low carbon energy sources (Bauer et al. 2018).

The annual growth rates of traded bioenergy vary across models and carbon budget
scenarios. For the 2020-2050 period, these are 0.1-16.5, 2.9-18, and 5.5-10.4% per annum
for the Budget1600, Budget1000, and Budget400 scenario respectively across models. For the
2020-2100 period, these are 2—7, 1.8-6.8, and 2.9—4.2% per annum, respectively. For the
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Baseline, these numbers are 09 and 0-7% per annum for the 2020-2050 and 2020-2100
periods respectively. These figures imply that there is faster growth in the first half of the
century with growth rates comparable to those previously observed for crude oil (Stopford
2009). Similarly, the main effect of stricter carbon budgets on international trade is timing,
with ambitious climate targets projecting a more rapid scaling-up of international bioenergy
trade. The REMIND-MAgPIE and GRAPE models are an exception, with growth of
bioenergy trade in the latter part of the century. The mitigation scenarios of GRAPE depend
on fuel switching to natural gas early on while REMIND-MAGPIE scales up the use of
renewable energy sources (solar in particular) early on. Accordingly, both models rely on
bioenergy (mostly combined with CCS) only in the second part of the century.

IMAGE and POLES also report net trade in terms of financial flows. As these flows
depend on both the volume and the price of bioenergy, the trends follow those of Fig. 1.
Both models project increasing revenue for Brazil from bioenergy exports, reaching $20—
72 billion/year by 2030, increasing to $107-241 billion/year by 2050 for the Budget1000
scenario. For comparison, in 2011, agricultural exports of Brazil amounted to $81 billion
(MAPA 2012). On the other hand, according to these models, East Asia is projected to
increase its net bioenergy imports from current levels to up to $226-265 billion by 2050
in the Budget1000 scenario. Currently, China imports approximately $200 billion worth
of agricultural products (Gale et al. 2015). This highlights the huge role international
bioenergy trade may play in the future concerning trade balances of regions and potential
economic growth.

It is important to note that while the results presented highlight trade in terms of equivalent
primary bioenergy, specific models may not explicitly trade primary bioenergy (see Table 1 of
the Supplementary Material). All models except for IMAGE and POLES trade some sort of
primary bioenergy carrier (which is converted at the region of consumption), with REMIND-
MAgPIE and GCAM solely trading primary bioenergy. From the models that trade both
primary and secondary bioenergy, GRAPE and COFFEE primarily trade liquids with primary
bioenergy accounting for less than 20% of total bioenergy trade, while AIM and IMACLIM-
NLU show opposite behavior. Concerning the models that trade secondary bioenergy only
(solids and liquids), POLES projects the trade of solids only, while IMAGE has a more
balanced projection, trading both solids and liquids, with the share of solids growing towards
the end of the century as bioelectricity with BECCS becomes an increasingly important
mitigation measure (Bauer et al. 2018).

The projected trade volumes are generally lower than the current trade of crude oil across
these regions (90 EJp,i/year), but much larger than coal. Increased trade in bioenergy does not
necessarily mean that the total trade of energy commodities increases, since mitigation
scenarios imply reduced use of fossil fuels. Instead, the increase in trade of bioenergy comes
at the expense of fossil fuel trade whose demand, particularly oil, declines in mitigation
scenarios. For the Budget1000 scenario, the median—across models—volume of oil traded
falls from approximately 90 EJp;,/year currently to 67 and 21 EJp,/year by 2050 and 2100
respectively. Over the same period, the median trade of bioenergy increases from less than 1
currently to 25 and 54 Elpgy/year, largely mirroring the decline in oil. In the mitigation
scenarios, the trade of fossil fuels is increasingly dominated by natural gas and coal (which for
some models is combined with CCS to produce low carbon electricity). Overall, all models
except for AIM, COFFEE, and GRAPE, project a decline in gross global fossil fuel trade after
2050 in the budget scenarios. Model-specific projections for the trade of fossil fuels and
bioenergy are shown in Fig. S.2 of the Supplementary Material.

@ Springer



Climatic Change (2020) 163:1639-1658 1647

4.2 Regional importance and drivers of bioenergy trade

Projected use of bioenergy in climate mitigation scenarios depends on bioenergy technology
availability, climate change mitigation efforts, and assumptions on technological change
(Bauer et al. 2018; Daioglou et al. 2020). As shown in Fig. 1, models show significant
variation concerning net importers and exporters.

Figure 2 shows which regions are projected to be net importers (green) or net
exporters (pink) for the Budget1000 scenario. By mid-century, most models project that
Brazil, the rest of Latin America, and the Middle East and Africa are net exporters of
bioenergy. GCAM shows different trends since it projects Brazil to be a major food
exporter instead (Muratori et al. 2016). Most models indicate the USA, EU, East Asia,
and the former USSR to be net bioenergy importers, with East Asia dominating global
imports. These results contrast with recent observations for the USA and the Former
USSR which have shown these regions to be net exporters, especially for wood pellets,
biodiesel, and fuel ethanol (Lamers et al. 2014a; b; Proskurina et al. 2017a). These
regions’ domestic demand is projected to increase significantly, especially under strin-
gent mitigation scenarios, reducing their export potential. Furthermore, efficiency im-
provements, higher potential crop yields, higher land availability, and lower costs make
other regions more competitive exporters in the IAM projections. This is particularly
true for tropical regions such as Latin America and Africa where supply is projected to
outstrip demand.

Figure S.3 of the Supplementary Material shows regional dependence on bioenergy trade.
For net exporters, this is the fraction of production destined for export, and for net importers, it
is regional consumption supplied from imports. As shown, it is projected that up to 90% of
Brazil’s production may be destined for export, and up to 50% for the rest of Latin America.
Conversely, for the USA, EU, Former USSR, and much of Asia, many models project that
more than 50% of their bioenergy demand may depend on imports. The importance of these
results concerning the relative importance of bioenergy in consuming regions is discussed in
section 4.3. For the rest of the regions, there is little agreement either concerning their role in
bioenergy trade, or how important it is to them.

Cumulative (2010-2100) gross global trade across all scenarios and models is shown in
Fig. S.4 of the Supplementary Material. By showing cumulative gross global trade, the impact
of CO, budget and technology availability assumptions on global trade can be seen. It is worth
noting that models react differently to scenarios that assume different bioenergy technology
portfolios. While COFFEE and IMACLIM-NLU show a large drop in their trade of bioenergy
when advanced bioenergy technologies are lacking (BECCS and advanced fuels, respectively),
other models show a more muted response. Interestingly, GRAPE and REMIND-MAgPIE
show an increase in global bioenergy trade in the absence of BECCS. For GRAPE, this is
because it deploys more bioenergy in order to decarbonize the energy systems, outweighing
the loss of bioenergy use due to the lack of BECCS technologies (Bauer et al. 2018). For
REMIND-MAGgPIE, while the lack of BECCS reduces the overall use of bioenergy, trade
increases as certain regions struggle to decarbonize their energy systems. The biggest driver for
international trade, with agreement across all models, is the existence of climate change
mitigation policy. The stringency of the policy primarily affects the timing of trade ramp-up,
but not trade volume.
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Fig. 2 Regional importance in projected international bioenergy trade for 2050 and 2100 for the Budget1000
scenario. Pink regions are net importers and green regions are net exporters with at least 5/8 models agreeing on
the direction of trade. Gray regions indicate less than 5/8 models agree. The intensity of pink/green indicates net
imports/exports each region is responsible for with respect to global bioenergy trade, median across agreeing
models

4.3 Energy security
Regional energy security is portrayed by highlighting (i) the importance of bioenergy as a

fraction of TPES, and, (ii) the fraction of bioenergy that is imported. This is shown at the
global level in Fig. 3, with a regional disaggregation shown in Fig. S.5 of the Supplementary
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Material. Also shown is the equivalent for fossil fuels (coal, oil, and gas) in 2010. In each
panel, the bottom left corner indicates a situation where bioenergy does not play a significant
role in TPES, and it is primarily produced domestically, thus highlighting a situation of high
(bio)energy security. The top right corner indicates heavy dependence on bioenergy, which is
primarily imported (i.e., a state of high (bio)energy insecurity). The top left and bottom right
comers show a situation where the region either depends heavily on bioenergy for its TPES, or
on imported bioenergy, but not on both. These situations do not represent a significant risk
from potential constraints in international trade.

As shown in Fig. 3, despite the increased use and trade of bioenergy, models agree that it
does not pose a particular threat to energy security (globally), especially when compared to
fossil fuels today. This is primarily because bioenergy is not expected to account for more than
50% of TPES, even in stringent climate mitigation scenarios. Regionally, the picture is more
nuanced. As bioenergy trade increases in climate change mitigation scenarios, most models
agree that the USA, EU, the rest of OECD, East and the rest of Asia, and the Former USSR
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could experience decreased (bio)energy security, with respect to their Baseline but not
significant energy insecurity. In order to further highlight changes in (bio)energy security
across regions, we present a compound indicator for bioenergy security (CI) (see the Supple-
mentary Material for details). The CI is the sum of the fraction of bioenergy in regional TPES
and the portion of that which is imported (i.e., the axes of Fig. 3). This indicator has a
maximum value of 2 (complete insecurity, i.e., bioenergy is 100% of TPES and is 100%
imported) and a minimum of 0 (no bioenergy insecurity as bioenergy is not used and thus
imports are irrelevant). For most models, throughout the century, and with increasing climate
policy stringency, the CI increases, though this may be due to movement along only one of the
axes of Fig. 3, thus not necessarily implying increased insecurity. Regions that tend to have a
higher CI are the USA, the EU, the rest of OECD, East Asia, and the Former USSR, however,
there is a large discrepancy across models. Nonetheless, even in the strictest climate policy
scenario, across all regions bioenergy insecurity tends to be less than that of fossil fuels today.
In 2010, the CI is estimated to be 0.7—1.4 across regions. Averaged across models and regions,
the CI of bioenergy in 2050 is projected to be 0.35, 0.46, and 0.55 for the Budget1600,
Budget1000, and Budget400 scenarios respectively. By 2100, these increase to 0.56, 0.58, and
0.68 respectively.

In order to highlight potential supply bottlenecks, we compute the Shannon-Weiner index,
as used in a number of previous studies (Jansen et al. 2004; Stirling 1994; Jewell et al. 2014),
to assess regional diversity of bioenergy supply (see the Supplementary Material for details).
The Shannon-Weiner index quantifies the uncertainty in predicting the identity of a random
observation within the sample, where the more diverse the sample, the greater the uncertainty
of the identity of the observation. The index is a positive real number, with its magnitude
denoting the diversity. Figure 4 plots this diversity index versus global bioenergy trade (top
row), where the top left corner of each panel indicates a situation of high supply bottleneck.
The bottom row shows the difference between the Budget scenarios and the Baseline, showing
how climate policy affects these indicators. As shown, in the Baseline, the diversity of supply
varies a lot across models, not showing any clear patterns across scenarios or over the
projection period. As described above, climate policy leads to increases in global bioenergy
trade, however, the effect on supply diversity is mixed. Models displaying a lower supply
diversity in the Baseline (AIM/CGE, COFFEE, GRAPE-15 POLES) slightly increase their
diversity in the mitigation scenarios as more regions become producers. On the other hand,
models showing higher diversity in the Baseline (GCAM, IMACLIM-NLU, REMIND-MAg-
PIE) show increased concentration as key regions ramp up their exports. The REMIND-
MAGgPIE and AIM models display potential bottlenecks arising from single regions monop-
olizing supply, the “Latin America” and “M. East and Africa” regions respectively (Note:
REMIND-MAGPIE includes Brazil in its Latin America region). Overall, while relatively
modest, the increase in bioenergy insecurity with increasing C-budget stringency is mostly due
to the increase in trade, rather than the decrease in sources.

5 Discussion
5.1 Bioenergy in mitigation scenarios and the influence of modeling methods

The results presented in the analysis reflect the diversity of model methods, assumptions, and
bioenergy technology portfolios. This leads to a range of projected bioenergy strategies in
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climate change mitigation scenarios, which is also reflected in the range of results concerning
bioenergy trade. Analysis of the EMF-33 results has highlighted that though specific strategies
differ, overall bioenergy plays an important role in climate change mitigation across different
targets and bioenergy technology availability constraints (Bauer et al. 2018). Particularly
important in the mitigation projections is the use of BECCS, the availability of which is
shown to significantly reduce overall mitigation costs (Muratori et al. 2020). Furthermore, it
has been shown that while bioenergy technology availability and characterization vary sub-
stantially across models, the variation in bioenergy deployment strategies cannot be explained
by bioenergy technology portfolios and techno-economic assumptions alone. The representa-
tion of systemic issues is also important, including how primary bioenergy supply is modeled
and the resultant feedstock costs, the availability and costs of alternative mitigation options in
different end uses, the availability and economics of carbon dioxide removal technologies, the
speed at which large scale changes in the structure of energy conversion facilities and
integration can take place, and the relative demand for different energy services (Daioglou
et al. 2020; Rose et al. this issue).
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5.2 Feasibility and realization of large-scale bioenergy trade

Our results indicate that international bioenergy trade is projected to reach unprecedented
levels, especially in scenarios aiming to significantly mitigate climate change. The stated
volumes most likely under report the importance of trade as all results are presented on a nine-
region aggregate basis while additional trade will take place within these regions. Although
direct bioenergy trade levels have more than tripled over the last decade, it is still at a scale
much lower than what is projected here. Achieving the levels projected in this analysis will
require a harmonic interplay of several factors across the next decades.

Past developments in direct trade have shown exponential growth patterns for some bioenergy
commodities over specific periods and trade routes, particularly in the USA, EU, and Brazil
(Proskurina et al. 2017a). The main underlying drivers were market and policy factors creating
economically attractive conditions for trade to expand or emerge. Although world regions differ
significantly in production costs due to, among others, raw materials, labor, or processing costs,
past trade growth patterns have shown to be very policy dependent, with some trade contracts
(e.g., in the wood pellet industry) even being directly linked to the payment level and time period
of specific policies (Thrén et al. 2017). On the demand side, policies incentivizing or mandating
the expansion of renewable energy use in transport and/or heat and power production created the
market mechanisms for bioenergy trade to grow. Over the last decade, demand from the European
Union dominated world bioenergy trade, but demand in Asia, primarily South Korea and Japan, is
rapidly increasing (Chum et al. 2011; Thrén et al. 2017).

Clearly, there is a tremendous gap between the current observed bioenergy trade (approx. 1
EJ/year) and the volumes presented in this analysis. In order for the projected role, bioenergy
can (or may have to) play in mitigating emissions to materialize, the expansion of the
bioenergy sector, including trade, cannot be a mere continuation of past developments. To
facilitate bioenergy trade in the order of magnitude discussed in the above results, there needs
to be a trend towards higher energy density products and/or intermediates, which increases
bulk density and trade flow efficiency (i.e., more Joules being transported per ship/rail car/
etc.). Furthermore, future bioenergy trade streams need to become physically integrated into
fossil fuel trade infrastructure, particularly concerning rail, road, and harbor infrastructure. This
would avoid potential logistical and physical constraints (especially in the short term) and
would be more cost effective than building additional capacity. Large-scale trade of bioenergy
and its integration in existing capital and infrastructure would benefit from bioenergy carriers
being commodities, i.e., homogenous, storable, and flowable products (see Olsson et al. (2016)
for a detailed discussion regarding biomass markets). Commoditization of these intermediates
would also create fungibility across various purposes and markets. The IAMs used in this study
treat bioenergy as such a commodity, however, they do not include explicit representation of
bioenergy infrastructure. Thus, how the costs, constraints, or availability of infrastructure may
affect the projections of bioenergy deployment or its trade are not considered.

Challenges to expand large-scale primary bioenergy production on the grower level and the
processing of feedstock into high energy density intermediates/products are manifold. Large-
scale production of bioenergy hinges on grower participation (e.g., in new practices such as
energy crop production), which is linked to price developments in cash crop markets, among
others. Expansion of processing infrastructure is heavily dependent on the access to and the
conditions of financing. Those in turn are influenced by the level of technology readiness and
investment attractiveness, which depend on the maturity of the respective market including
long-term/expected prices. Finally, institutional barriers remain, including a lack of
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homogenous trade regulations and sustainability frameworks. Sustainability certification,
standards, and related carbon accounting across world regions are required to minimize
leakage effects and ensure the GHG emission reduction potential of bioenergy, especially
under increasing trade (Otto et al. 2015; Popp et al. 2014). Unless these are addressed, large
scale trade of bioenergy could undermine the efficacy of mitigation policies. This is important
in the context of projections presented here, where a uniform global greenhouse gas price is
applied. Accordingly, the results presented here highlight a situation where bioenergy demand
(or competitiveness) increases simultaneously across regions, and land-use emissions are
priced. Thus, in parallel to bioenergy production, there are also broader changes in land use
including the protection of carbon-rich biomes, afforestation, and intensification of agricultural
production (Rose et al. this issue).

5.3 Geopolitical and social implications

The importance of bioenergy to meet strict climate targets may raise concerns about the
possibility of single countries or regions exerting disproportionate control over this market.
The results presented here do not give credence to these concerns. This is primarily because a
high diversity in supply regions could help manage risk concerning bioenergy security of net
importing regions. Another dimension of security involves the negative effects of commodity
booms (and busts). These include “Dutch Disease” (increased revenues from production and
export of a commodity leading to a real appreciation of the local currency, negatively affecting
other local industries), land grabbing and competition with food production, environmental
degradation, effects on biodiversity, and increased political instability (Cavalcanti et al. 2015;
Flexor and Pereira-Leite 2017; Frankel 2010; Corden and Neary 1982). This is particularly
pertinent for Brazil where previous dependence on commodity exports (particularly agricul-
tural products) made the region’s economy sensitive to global commodity prices. Given the
sustained increase of bioenergy demand in future projections, and the subsequent increase of
bioenergy prices, the models project very high financial flows towards exporting countries
such as Brazil (section 4.1). Given that many models project that Brazilian bioenergy
production is primarily for export, the country may be particularly sensitive to market
fluctuations. These concerns may also become important for other Latin American countries
and Sub-Saharan Africa as well as for regions dependents on large imports.

As noted in section 3, IAMs do not typically include restrictions to trade through tariff and
non-tariff barriers. The presence of such barriers would affect the results by changing the
competitiveness of bioenergy vis-a-vis other renewable energy options and the most attractive
trade routes. Historically, tariffs regulated total trade volumes, but other restrictions, e.g.,
biofuel feedstock limitations, had a more prominent role in defining trade routes (Junginger
et al. 2011; Lamers et al. 2011). This includes the 2018 EU Renewable Energy Directive
which sets constraints on the volume of food-based biofuels, which can be consumed in the
EU (EU 2018). This will limit the import of 1st generation biofuels into the EU, but likely lead
to an increase in the import (or local production) of lignocellulosic biofuels. This is in
agreement with the projections presented here since almost all of the bioenergy used in these
pathways comes from lignocellulosic feedstocks (including residues and forestry) (Daioglou
et al. 2020; Rose et al. this issue).

This study has focused on the inter-regional trade of bioenergy only. Demand, production,
and international trade of broader agricultural commodities including food, feed, and forestry,
are also implicitly included in the model projections. Despite the large increase in bioenergy
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consumption in the scenarios, globally (and for most regions), this does not lead to decreases in
agricultural production. In fact, most models show that regional agricultural production
increases throughout the projection period, in tandem with increased bioenergy production
(see Fig. S.6 of the Supplementary Material). This is achieved through the use of residues as
primary bioenergy (up to 50% of bioenergy supply) and projected increases in crop yields and
livestock production intensity (for further details see Rose et al. (this issue) and Hansen et al.
(2019)). Yet, the EMF-33 scenarios do show that large scale use of bioenergy may increase
(regional) food prices and threaten food security. The risk does not negate the use of bioenergy
but shows the importance of careful bioenergy implementation (Hasegawa et al. 2020).

6 Conclusions

In this paper, we present projections of international bioenergy trade among nine world
regions, showing results for several integrated assessment models and scenarios with varying
assumptions on bioenergy technology availability and climate change mitigation targets.

Global international trade of bioenergy is projected to increase significantly The projec-
tions highlight that by the middle of the twenty-first century, the trade of bioenergy among the
nine regions represented in this study is likely to increase significantly from today’s levels but
will not surpass the current levels of fossil fuels. This trade is necessary in order to meet the
demand of bioenergy which is projected to arise in climate change mitigation strategies of all
regions, with up to 50% of bioenergy demand projected to be traded among these regions from
2050 onwards (25% median across models). This observation is robust to assumptions on
bioenergy technology availability, with bioenergy demand (and trade) increasing irrespective
of'the availability of BECCS or advanced biofuel technologies. Furthermore, by comparing the
different Budget scenarios it is seen that 1.5 °C mean global temperature rise pathways do not
imply significantly greater trade volumes by 2100 than a 2 °C pathway, but rather faster
growth rates in international trade in the first half of the twenty-first century.

Most models suggest that Latin America and Africa could be the main net exporting
regions, with EU, the USA, and Asia likely being net importers The large volumes of
bioenergy traded may have significant implications concerning potential revenue sources,
economic development, and trade imbalances. The important role of Brazil in supplying
bioenergy to the rest of the world, and what this means concerning Brazilian land use and
energy crop yields is further discussed in Kdoberle et al. (this issue). Given that increased
bioenergy trade may lead to significant land-use changes in supplying countries, attention must
be paid on negative consequences for emissions, biodiversity, water use, and the macroeco-
nomic implications of dependence on global commodity markets.

Though many regions are likely to depend on imported bioenergy, this does not likely
lead to significant additional energy security concerns This is because climate change
mitigation pathways are likely to lead to an increase in energy diversity, with bioenergy
making up less than 50% of TPES of different regions. Thus, future energy systems do not
depend on a single primary energy source as much as they depend on (often imported) fossil
fuels today. Furthermore, model projections indicate that there are multiple bioenergy supply
regions offering supply diversity.
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Given the importance of international bioenergy trade to meet strict climate change
mitigation goals, successful mitigation strategies depend on the development of global
bioenergy markets and relevant legislation This requires investment in processing infra-
structure which would increase the energy density of bioenergy carriers and make bioenergy
into a homogenous, storable, and fungible commodity. This can be partly overcome by
integrating bioenergy trade streams into existing fossil fuel trade infrastructure. Besides
technological aspects, there is a need to improve access and conditions of financing for
different actors (farmers, primary bioenergy processing/converting facilities). The availability
of low-interest rate loans and/or public procurement can stimulate both the demand of
bioenergy and the participation of farmers in international markets (Lamers et al. 2012). The
latter applies mainly to developing countries that might be keen to set up projects with the aim
to export. Finally, it is important to create homogenous trade regulations and explore the
possibility of sustainability frameworks on the protection of land-based carbon stocks. This is
essential to safeguarding GHG savings and manage leakage effects.
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