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Abstract
The usefulness of global integrated assessment model (IAM) results for policy recommendation in speci�c regions has not been fully assessed to
date. This study presents the variation in results across models for a given region, and what might be behind this variation and how model
assumptions and structures drive results. Understanding what drives the differences across model results is important for national policy
relevance of global scenarios. We focus on the use of bioenergy in Brazil, a country expected to play an important role in future bioenergy
production. We use results of the Stanford University Energy Modeling Forum’s 33rd Study (EMF-33) model comparison exercise to compare and
assess projections of Brazil’s bioenergy pathways under climate mitigation scenarios to explore how 10 global IAMs compare to recent trends in
the country. We �nd that, in their current form, global IAMs have limited potential to supply robust insights into regional mitigation strategies. Our
results suggest fertile ground for a new research agenda to improve regional representation in global IAMs with improved spatial and
technological resolutions.

1 Introduction
Integrated Assessment Models (IAMs) are tools designed to answer questions concerning the future development of environmental and
sustainability issues. They do this by describing the interactions between human activities (such as energy use and agriculture) and
environmental factors such as land-cover and climate systems. Based on this, they can help investigate climate mitigation strategies such as
those set out in the Paris Agreement. These strategies often show a critical role for bioenergy (Creutzig et al., 2015). This is an important �nding
as the land-use impacts of biomass production may negatively affect other development indicators such as food security, biodiversity, water
resources and ecosystem services (Hasegawa et al., 2018; IPCC, 2019; Rogelj et al., 2018; Searchinger et al., 2015). At the global scale, quite some
attention has been paid to the role of bioenergy in climate change mitigation efforts and the land-use consequences (Bauer et al., 2018; Meller et
al., 2015; Rogelj et al., 2018; Rose et al., 2014). However, very little attention has been paid to developments in speci�c regions in the context of
global developments. Looking at the regional outcomes is important for two reasons: �rst, they can help to provide insights for national
policymaking, especially since bioenergy is a limited resource; second, looking at speci�c regions can help us understand if global IAMs deliver
reasonable pathways for individual regions. This paper examines the second point to inform whether IAMs can be relied upon to ful�l the �rst.

For several reasons, Brazil plays an important role in global bioenergy production. First, the country is currently a major agricultural producer and
features as a major international supplier for agricultural products in the coming decades, including bioenergy feedstocks, both in government and
industry projections (FIESP, 2015; MAPA, 2013; OECD-FAO, 2015; USDA, 2020) and future scenario studies (Matzenberger et al., 2015; Octaviano et
al., 2014). Second, the country is home to one of the most successful cases of bioenergy implementation in the world, with bioenergy having
supplied over 20% of the country’s annual primary energy consumption for decades (EPE, 2019). The PROALCOOL program started in the 1970s in
response to the international oil-shocks and grew over the decades through government support policies and technological innovations that kept
sugarcane ethanol competitive through oil-price �uctuations (Goldemberg et al., 2004; OECD-FAO, 2015). More recently, Brazil launched a new
National Biofuel Policy - the RenovaBio program - establishing a carbon credits market for biofuels (Klein et al., 2019; Salina et al., 2020). The
Brazilian Biodiesel Program brought mandatory rates of B10 (10% by volume) in 2018, B12 in 2020 and B13 in March 2021 to all mineral diesel
sold in the country (ANP, 2018). Drawing on the existing bioenergy know-how to exploit the country’s enormous bioenergy production potential
makes it a potential leader in future bioenergy technological innovations for advanced biofuels (Carvalho et al., 2016; Tagomori et al., 2019).
Finally, �rewood and charcoal are still used extensively, not just in the residential sector (Mazzone et al., 2021) but also in the agricultural sector
(e.g. heat for grain drying), speci�c industrial sectors (e.g. pulp & paper, ceramics and food & beverages), and in the iron & steel sector as both an
energy source and a reducing agent (EPE, 2015).

However, the expansion of Brazilian agriculture over the last half-century has brought environmental impacts in the form of land-use change
(LUC), deforestation, and greenhouse gas (GHG) emissions from the agricultural, forestry, and land-use sectors (AFOLU), along with negative
impacts on livelihoods and equity dimensions (Hunsberger et al., 2014; Sonter et al., 2014). Conversely, some studies have highlighted the
economic bene�ts of sugarcane to certain localities in Brazil (Assunção et al., 2016) and the potential for bioenergy production on land made
available by livestock intensi�cation (Havlik et al., 2014; Köberle et al., 2020; Strassburg et al., 2014). Potential risks from increased production
and use of bioenergy, which are well-documented globally (Gasparatos et al., 2011), call for measures to mitigate them (Alexandratos & Bruinsma,
2012; Hunsberger et al., 2014). However, such measures rely on good governance and �rm policies, for which Brazil has a mixed record (Rochedo
et al., 2018; Soares-�lho et al., 2014; Soares-Filho et al., 2016).

The overarching goal of this study is to present the variation in bioenergy projections across models for a speci�c region and understand what
might be behind this variation. We use the results of the Stanford University Energy Modeling Forum’s 33rd Study (EMF-33) model comparison
exercise (Bauer et al., 2018; Rose et al., 2020) to compare and assess projections of Brazil’s bioenergy pathways under climate mitigation
scenarios. Speci�cally, we focus on global model projections concerning the role of bioenergy in Brazil's future energy and land systems, and
implications for the country’s GHG emissions and land use. Understanding what drives the differences across model results is important for
national policy relevance of global scenarios (Biggs et al., 2007; van Ruijven et al., 2013). By focusing on Brazil, the analysis aims to cut through



Page 3/21

generalisations inherent in global assessments, zoom in on speci�c assumptions and results, compare them to current trends, and explore
whether global IAMs can provide robust insights to speci�c regions.

In Section 2, we explain the methodology and describe the models and scenarios included in the analysis. Section 3 reports the model projections
for Brazil concerning primary energy demand, the role of bioenergy, land use trends, and greenhouse gas emissions. This is followed by a
discussion (Section 4) and the conclusions (Section 5).

2 Methods
Of the 12 models participating in the EMF-33 study, we use those that have Brazil represented as a separate region. We examine key results in
primary energy, biomass production in agriculture, land-use change, the mix of biomass-based energy carriers, and emissions from both energy
and AFOLU sectors.

To assess how well the IAMs represent the Brazil region and their usefulness in providing regional policy advice, we compare the model results to
available information on recent Brazilian trends. Current trends are assessed through a review of peer-reviewed literature and grey literature,
reports from the Brazilian government and national research agencies, academic theses, and interaction with experts. Data sources to provide
historical trajectories of key variables include national research institutes, government agencies and universities, and are listed along with the
�gures and analyses they informed. Current energy trends are taken from literature and the national energy balance (EPE, 2019), while agricultural
production, area and yields come from Conab (2017), as noted in the text and �gures

2.1 Models analysed
The models participating in EMF-33 include very different representations of the energy and land-use systems (see Table S1 in the Supplemental
Material, which summarises the main characteristics of the models analysed). Of the ten models included here, six follow a recursive-dynamic
approach and four use intertemporal optimisation. Representation of land use varies not only in terms of the land cover types but also in terms of
the assumptions related to land-use dynamics. This includes the competition between different types of land use and the possibility to intensify
agricultural production (Rose et al, this issue).

While there is signi�cant inter-model variation in the representation of technologies and feedstocks and the characterisation of �rst and second-
generation routes, there is limited intra-model regional differentiation (Daioglou, Rose, et al., 2020; Hanssen et al., 2020; Rose et al, this issue). That
is, these models choose from a global portfolio of options and may not represent speci�c options relevant for Brazil speci�cally. The COFFEE
model (Rochedo, 2016) is an interesting exception as it was developed to study how the country may participate in global efforts to mitigate
climate change. As such, its technology and feedstock options, as well as CO2 storage logistics and costs, re�ect some Brazilian speci�cities not
present in other models. Importantly, it explicitly models the sugarcane chain from the agricultural phase through to sugar, ethanol and
bioelectricity production in purpose-built mills and distilleries, re�ecting the current situation in Brazil.

On the other hand, COFFEE lacks a spatially explicit representation of land use and relies instead on national average values for the land use
parameters. The models included here, IMAGE, IMACLIM-NLU, AIM/CGE are either spatially explicit models themselves or have gridded land-use
modules. The POLES version used in EMF33 was not yet linked to a spatial land-use model, but a soft link with GLOBIOM has since been
developed. All models include the possibility of carbon capture and storage technology with bioelectricity, while for 2nd generation fuels, this is
limited to AIM/CGE, COFFEE, GCAM, IMAGE, and POLES. Only AIM/CGE, COFFEE, and IMAGE include 1st generation fuels with CCS. The date at
which CCS becomes available varies across models but is always between 2020-2030 (Daioglou, Rose, et al., 2020).

2.2 Scenario choices
In this study, we have focused on a few key scenarios from the EMF-33 study (Table 1) that focused on bioenergy demand – see Rose et al.
(2020) and Bauer et al. (2018) for additional scenario speci�cation details. Based on an SSP2 baseline (Fricko et al., 2016; Popp et al., 2017),
these scenarios’ main drivers are GDP and population, which for Brazil are expected to continue growing in the next decades, with the population
peaking around mid-century (Dellink et al., 2015; KC & Lutz, 2017). The resulting higher income levels bring higher demand for energy, food and
�bre. In addition to the baseline, we explore three variations of scenarios consistent with keeping temperature increase to below 2oC over the pre-
industrial period with a >66% chance (global 1,000 Mt CO2 budget) (IPCC, 2014). The scenarios assume limits on global carbon budgets, applied
to cumulative global energy and industry CO2 emissions from 2011 to 2100 (see Bauer et al. 2018). Each model achieves the carbon budget by
imposing a constraint on cumulative emissions, setting a global emission or CO2 price trajectory that satis�es the budget. As EMF-33 focuses on
bioenergy in the energy system, the budget does not include AFOLU emissions, but these emissions are priced according to the resultant CO2 price.
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The �rst variation (Mitig-Full scenario) has no technological restrictions on reaching the CO2 budget. In order to explore the implications of
technology availability on global and Brazil’s bioenergy and land-use projections and mitigation efforts, we assess a case where no Bioenergy with
Carbon Capture and Storage (BECCS) is available (the No-BECCS scenario), and one where no advanced (2nd generation) biofuels are available
(the No Adv Fuel scenario).

3 Results

3.1 Primary energy trends and implications for bioenergy demand
Figure 1a shows that 2010 values vary across models, although the mix is broadly in line with that reported by the o�cial National Energy Balance
(BEN) of Brazil (EPE, 2019). This variation stems from 2010 being a modelled year in most models (the base year being much earlier) and
calibration of historical years being done to various data sources like the IEA energy balances (IEA, 2020). Still, 2010 values are broadly in line with
the observed current energy mix in Brazil, showing low coal and gas use due to the high share of renewables. On the other hand, projections vary
widely in the Baseline scenario both in terms of total Primary Energy Consumption (PEC) and of the share of different primary energy resources.
Across models, in the absence of climate policies fossil fuels generally increase towards 2050, with some models choosing coal while others opt
for more oil and gas. This general increase and varying mix in the use of fossil fuels in the absence of climate constraints is in line with other
model inter-comparison studies for Brazil (Herreras Martínez et al., 2015; Köberle et al., 2015; Köberle et al., 2018, 2020; Lucena et al., 2016).
Bioenergy features in the baseline of all models albeit to varying degrees. For a more detailed view of each energy carrier projection, see Figure S2
and for primary bioenergy carriers Figure S4.

Mitigation scenarios across models include a reduction in PEC through increased e�ciency (GCAM, IMACLIM-NLU, IMAGE), and changes to
projected fuel mix by replacing oil and coal mainly with biomass and a combination of wind and gas in power generation. Across models,
bioenergy makes up 23-74% and 13-91% of PEC in 2050 and 2100, respectively. For comparison to historical data by primary energy source across
models, see Figure S2. 
Historical biomass consumption includes �rewood, black liquor and sugarcane products (juice, bagasse and molasses). For historical bioenergy
carriers, see Figure S1.

Figure 1b shows the share of bioenergy in liquid fuels and power generation, as well as the electricity share provided by non-biomass renewable
energy (nBRE) across models. The high current share of hydropower shows as a high share of nBRE, which in most models decreases in
mitigation scenarios as bioenergy deployment grows to meet climate targets (See Figure S3 for bioenergy use per feedstock across models). The
more detailed representation of the existing Brazilian sugarcane chain in COFFEE (including sugarcane bagasse �red-electric power generation)
explains its high share of biofuels in liquids and bioelectricity in the power mix, including in the baseline (Figure S3).

While models generally agree that bioenergy should play an important role in the mitigation efforts of Brazil throughout the 21st century, the
conversion technologies deployed in the country vary across models (Figure 1b). Some models deploy bioenergy primarily to decarbonise
electricity (BET, and FARM), others to decarbonise transportation through bioliquids (AIM, COFFEE, GCAM, IMACLIM-NLU, IMAGE and POLES),
while others have a more mixed approach (DNE21+ and GRAPE primarily, but AIM and COFFEE to a lesser extent). Those that project signi�cant
bioenergy use in Brazil – AIM, COFFEE, GRAPE and POLES – deploy both bioelectricity and a combination of 1st and 2nd generation bioethanol
and biodiesel (Figure S3). It is worth noting that bioenergy production in 2010 in Brazil comprised of 0.621 EJ of 1st generation ethanol, 0.113 EJ
of biodiesel, and 0.161 EJ of bioelectricity (EPE, 2019), with very little 2nd generation ethanol being produced in the country [1].

3.2 Land use change and agriculture
Similar to energy use, land use cover results vary widely across models (both in terms of volume and type of land use changes), indicating there is
much variability in the way models project and allocate land use change. Figure 2 shows the difference in area within Brazil of a given land cover
type relative to 2010 for the years 2030, 2050 and 2100. Some models are particularly responsive to emissions constraints in the way they
allocate land use change (AIM/CGE and GCAM) and tend to favour afforestation, with GCAM deploying the whole afforestation potential as soon
as it is possible. In the Mitig-Full scenario, AIM/CGE and GCAM project up to 200 Mha of afforestation by the end of the century. This increase in
forest area is enabled by a reduction in pasture and cropland area and conversion of other natural lands (read savannas in Brazil). Pasture area
reduction amounts to some 100 Mha, about half of the current pasture area in Brazil, which implies a doubling of pasture productivity if meat
production levels are to be maintained.

Other models project a much smaller reallocation of land uses in Brazil, mostly showing an increase in cropland to accommodate increased food
and bioenergy production for local consumption or export, leading to about 100 Mha of natural land conversion. IMAGE shows a very subdued
response to the different emissions and technology constraints, with forest and pasture areas not changing much across scenarios and the
increase in cropland accommodating bioenergy expansion. It is also interesting to note that IMAGE projects an increase in pasture area (despite
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concurrent increases in livestock intensity), while all other models show a decrease. IMAGE projects a ≈10% increase in pasture area, and an
almost 100% increase in livestock production, with the region becoming a major food (and bioenergy) exporter thanks to massive increases in
livestock intensity, and a loss of about 10-20% of natural lands. IMACLIM-NLU and GRAPE project transitions from pastures to cropland, with
GRAPE showing some net forest growth at the expense of pastures. Natural forest area in FARM and IMACLIM-NLU is exogenously determined,
and remains constant throughout the period of analysis, so the only changes possible are between cropland and pasture[2] (Leblanc et al., this
issue).

An important aspect of projected land-use strategies concerns the projected international trade of food and bioenergy, and modelled
competitiveness of Brazil vis-a-vis other regions. This is highlighted by the contrasting strategies of GCAM and IMAGE, where GCAM uses
afforestation in Brazil to provide large negative emissions at the expense of bioenergy and food production with Brazil becoming an importer of
bioenergy (Daioglou, Muratori, et al., 2020). In contrast, IMAGE intensi�es and expands production of both food and bioenergy in Brazil, aided by
its relatively higher yields (Section S6), becoming a net exporter to decarbonise the energy systems and free up land in other regions. A discussion
on the global context of the projections is available in section 4.1.3

Finally, the land use dynamics shown here are affected by how agricultural productivity (yields) is represented in models, which varies widely with
all models showing increased yields over the century. For more details on agricultural yields implementation and projections in these scenarios,
see Section S6.

3.3 GHG Emissions
Figure 3 shows results for emissions of the main GHGs. Results show emissions also vary across models, not only in the gases and sources
represented, but also in the level of emissions and the use of negative emissions. Some models account for CO2 only (BET[3], FARM[4]), while
others have normative assumptions about land use dynamics (Section 3.2) that affect the resulting emissions.

Emissions of non-CO2 gases also vary across models that represent them, although the variation is greater for methane (CH4) than for nitrous
oxide (N2O). Methane emissions from enteric fermentation are a major contributor to GHG emissions in Brazil today and are projected to become
the dominant source as CO2 emissions are mitigated (Köberle et al., 2020), a result shown here as well across most models. Nitrous oxide
emissions are more consistent across models with the exception of GRAPE, which shows much higher emissions of N2O from agriculture.

CDR use also varies considerably across models in both quantity and sources, with some showing Brazil either approaching carbon neutrality
(AIM/CGE, IMAGE), while others project it to become a global sink for CO2 through negative emissions (COFFEE, GCAM, POLES). COFFEE, GCAM
and POLES show negative emissions at some point during the time period, with GCAM earlier in the mitigation period (due to large scale
afforestation early on), COFFEE and POLES more towards the end. This negative emissions pro�le comes from BECCS (COFFEE) and
afforestation (GCAM, POLES). Some CCS from fossil energy sources also plays a part in decarbonising energy systems.

4 Discussion
Understanding what drives the differences across model results is important for the relevance of global scenarios for national policymaking
(Biggs et al., 2007; van Ruijven et al., 2013). Results presented here show signi�cant variation across models and for each scenario for energy,
land use, and GHG emissions. This may indicate a wealth of options and alternative pathways for Brazil’s future climate mitigation but could also
just re�ect the structural differences between the models.

IAMs arrive at a solution through endogenous adjustments to deployment levels of alternative technologies. These technologies' characteristics
(such as costs) are endogenously calculated, often based on outputs from other technologies within the models. There is a high degree of
dependency across sectors and at different points in the value chain of a particular commodity. As noted in Daioglou et al. (2020), investment
decisions in IAMs are not based solely on costs but also consider transitional and system integration factors, the energy demand context, as well
as market dynamics such as constraints on capacity expansion, capital turnover rates, and market share constraints of individual technologies.
This is also in line with the conclusions of Krey et al. (2019) and (Köberle, 2019) who showed the availability of alternative energy sources,
feedstocks or CDR options other than BECCS in the model structures is an important determinant of its reliance on bioenergy to meet mitigation
targets. As a result, it can be challenging to disentangle why models choose some technologies over others without exploring the dynamics that
lead to model decisions globally and at a regional level. Understanding the differences across models and unpacking what drives them is di�cult
with so many degrees of freedom available to the models and the variation across them. In this section, we shed some light on what causes some
of these differences, focusing on bioenergy use.

4.1 Synthesis of results
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Model strategies to meet the CO2 budget constraint are summarised in Table 2. While models project signi�cant amounts of bioenergy to be
produced in Brazil, domestic consumption depends on trade strategies, with some models preferring to export their local production. The fact that
IAMs solve the emission target globally may lead to differences in the distribution of regional efforts across models. Thus, individual model
projections for Brazil should be placed within the global mitigation strategies each model adopts (see Section 4.1.3). Overall, some form of carbon
sequestration is important in Brazilian energy (via BECCS, in power generation and liquids production) and land-use strategies (afforestation,
agricultural intensi�cation). Differences in carbon sequestration strategies point to different representations of land-based mitigation options and
competition between land uses and cost assumptions and availability across models for the different sequestration alternatives (AFOLU, BECCS
electricity, BECCS liquids, Fossil CCS). The role of non-biomass renewable energy (NBRE) to decarbonise electricity generation can be synergistic
or competitive with bioenergy in that models deploy both to decarbonise supply or one supplants the other. The foregoing has implications for the
various levels of PEC, LUC and GHG emissions.

4.1.1 Bioenergy production conversion and consumption
Differences in PEC across models can be challenging to explain because, in the value chain, many factors are modelled endogenously with
potential impact on results. Uncertainties could compound at each link. Using the bioenergy example, the resulting primary bioenergy
consumption will depend on the suite of technologies in each model that convert primary biomass to secondary bioenergy carriers (ethanol,
biodiesel, bioelectricity, bio-hydrogen, with or without CCS), and those that convert these to �nal energy services like mobility and heat (cars, truck,
planes, boilers etc.). This �nal energy demand also varies across the IAMs, despite the harmonisation of exogenous drivers such as economic and
population growth. The reason is that �nal energy is also in�uenced by the model methodology (recursive dynamic, equilibrium, optimisation) and
endogenous feedback (learning, price responses etc.). Also, bioenergy is constrained by land availability and productivity and the costs of
producing the primary bioenergy, which can be endogenously or exogenously set. Therefore, PEC in Brazil is subject to many dynamics and
constraints that differ across models and cannot be explained without careful tracing of the complete bioenergy supply chain. Still, the results
presented here also have some robust �ndings across the models.

Global results from the EMF-33 scenarios show that bioenergy allocation comes down to a choice between bioelectricity and liquid biofuels (Bauer
et al, 2018). In mitigation scenarios, the availability of BECCS in electricity generation and liquids production helps determine the value of
bioenergy vis-à-vis other low-carbon options like NBRE or nuclear. Some models (BET, DNE21+, FARM, GRAPE) have BECCS with electricity as the
only available CDR technology and tend to rely more heavily on this option to meet the carbon budget. Conversely, models with BECCS in liquids
production (AIM, COFFEE, GCAM, IMAGE, POLES) tend to have a more mixed approach, using NBRE to decarbonise electricity and dedicating
BECCS to decarbonise liquids. For example, IMACLIM-NLU deploys bioenergy to decarbonise liquids exclusively and, because it does not have a
BECCS-liquids option, it is the only model that does not deploy BECCS in any form in Brazil.

Concerning the deployment of bio-based electricity or liquid production, most models can only grow the share of an option by reducing the share
of the other. Exceptions are the COFFEE model, which explicitly models sugarcane as a feedstock for ethanol and bagasse bioelectricity.
Interestingly, IMACLIM-NLU adopts a bioliquids strategy despite not having CCS available in their production as feedstock is made available by the
full decarbonisation of power generation via NBRE alternatives (Figure 1b). For Brazil, this is not impossible as already over 70% of the electricity
comes from renewables (mostly hydro, see Section S1). Finally, the choice to deploy more liquid biofuels also depends on the availability of
alternative low-carbon electricity generation options like wind and solar and the extent to which the models include grid integration constraints on
their penetration (Daioglou, Rose, et al., 2020; Köberle, 2019).

4.1.2 Land use dynamics
The large disparity in land-use strategies projected by the models arises from how the models deal with land-use competition and intensi�cation,
the possibility for afforestation, and projections of food demand and productivity. Representation of land use dynamics across models follow
various methods, with associated shortcomings. IMACLIM-NLU and FARM have limited endogenous land use change representation whereby
natural forest area is exogenously determined in both and held �xed in EMF-33 scenarios[1]. This drives up the cost of bioenergy by putting it in
direct competition with food production for land. COFFEE and POLES do not have links to spatially explicit gridded land use models, and therefore
rely on regional average parameters for land use such as exogenous emission factors, production costs, land productivity. COFFEE models energy
and land use together under the same objective function, while POLES uses soft links to scenarios produced by the GLOBIOM agriculture and land
use model [2]. The IMAGE model has a “food-�rst” paradigm, where bioenergy potential is determined after determining land required to meet food
production needs, and bioenergy is not allowed to lead to deforestation. For an overview of the modelling of bioenergy feedstock supply in EMF-
33, see (Rose et al, this issue).

Most models show continued loss of natural lands (deforestation) to make room for cultivated areas for crop and livestock. All models display
increasing yields of bioenergy and food crops across all scenarios, with compounded annual growth rates (CAGRs) well above 1% per year in
some cases, with these yield improvements making room for production of food or bioenergy, or for afforestation. AIM/CGE, GCAM, and POLES
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are more optimistic about afforestation and its use as a CDR measure than other models, driven both by low cost assumptions for afforestation
and the high carbon stock and productivity of Brazilian forests. GCAM is particularly optimistic on afforestation and chooses to afforest as much
as is possible in the near-term. GCAM projects a 10-fold reduction in crop production and cropland from 2010 to 2030, a questionable outcome in
a country where agricultural production is such a large contributor to GDP (see Section S10).

Livestock intensi�cation has been recognised as a way to make land available for both food and bioenergy crops both globally (Cohn et al., 2014;
Havlik et al., 2014; Herrero et al., 2010) and in Brazil (Assad et al., 2015; Köberle et al., 2015; Köberle et al., 2020; Strassburg et al., 2014). As noted
in Section 3.2, most models show pasture area declining in Brazil across scenarios driven by increasingly productive livestock systems. IMACLIM-
NLU is an example of a model that explicitly represents livestock intensi�cation which the model deploys in Brazil in the baseline to its full
potential (Leblanc et al., this issue), which is how the model creates space for bioenergy production since it is not allowed to expand agriculture
onto natural lands. However, not all models represent intensi�cation endogenously. Although IMAGE shows an increase in pasture area, this is due
to cost competitiveness of the Brazilian livestock sector, causing projected gains from intensi�cation to be converted to higher production for
export.

4.1.3 Global Context
The results shown in this manuscript are based on modelled scenarios where global carbon budgets are met. Thus, the projections for Brazil
should be understood within their global context, and the actions of other regions. This has important implications when interpreting the energy,
land-use, international trade, and resultant regional GHG pro�les. As explained above, the differences across model global and regional mitigation
strategies depend upon the complex interactions between the modelled availability and relative costs of different mitigation options (including
bioenergy, other renewables, and e�ciency improvement), constraints on the speed of energy system transition, and the relative demand of
different energy services (see table S1, and Daioglou et al. (2020)).

The EMF-33 project has highlighted that bioenergy trade dynamics are an important determinant of primary bioenergy consumption and
production in different model regions (Daioglou et al., 2020). Some models leverage the high potential for NBRE in Brazil allowing them to exploit
the country’s bioenergy potential to export surplus primary and/or secondary bioenergy as it has higher value in other regions. COFFEE and GRAPE
export any surplus biomass, while in IMACLIM-NLU, IMAGE and POLES biomass is produced primarily for export. Conversely, in GCAM Brazil
features as a food exporter (livestock products mainly, See Section S10), with afforestation as its main CDR strategy and, consequently, its
bioenergy is imported. DNE21+ exports small amounts of liquid biofuels and hydrogen produced from bioelectricity, but no primary biomass trade
is allowed in the model. Other models have limited biomass trade. Therefore, different trade strategies resulting from assumptions and the
representation of trade relations, as well as regional mitigation costs determine how speci�c regions feature within global results. Interestingly,
trade strategies for Brazil may preclude net negative emissions since any land productivity gains in the country can be absorbed by bioenergy
production for export, as for example in IMAGE.

Figure S5 shows projections of Brazilian and Global CO2 emissions for the Mitig-Full scenario, disaggregated across the Energy and AFOLU
sectors, as well as the total emissions (Energy + AFOLU). As shown, a plethora of emission strategies for Brazil are selected across models. The
�rst split across model strategies concerns the role of Brazil in global carbon budgets. As shown, BET, COFFEE, DNE21+, and POLES project Brazil
to be a major provider of CDR, supplying >10% of the required global net negative emissions by 2100. GCAM also does this early on via the AFOLU
sector with aggressive afforestation. Another set of models (AIM/CGE, FARM, GRAPE, IMACLIM-NLU, and IMAGE) depend less on net negative
emissions, and so Brazil also plays a less important role here.

The second split concerns the relative importance of the AFOLU and Energy sectors in the mitigation (and CDR) of Brazilian emissions. For BET,
COFFEE, DNE21+, GRAPE, and to a lesser extent IMAGE and FARM, the energy system is the primary purveyor of emission mitigation and net
negative emissions. These are models which project a signi�cant amount of BECCS. Other models show little or no negative emissions, explained
by a reliance on NBRE technologies to decarbonise power generation and the absence of BECCS-liquids options (FARM, IMACLIM-NLU). On the
other hand, AIM/CGE, GCAM and POLES show the AFOLU sector to provide most of the emission mitigation for Brazil, via afforestation and
agricultural intensi�cation.

4.2 Comparing to current trends
Brazil is currently one of the largest producers of bioenergy, mostly �rst-generation biofuels (from soy and sugarcane) and bioelectricity (from
sugarcane bagasse). Today, the most important energy crop in Brazil is sugarcane for the production of not only sugar and ethanol, but also
steam and electricity from combustion of bagasse in Rankine cycle thermal power plant. The very diverse bioenergy feedstock mix going to
virtually all sectors of the Brazilian economy is very particular to Brazil and is not well represented in model structures. Instead, most models
follow a global template of energy supply and demand with a uniform mix of technologies available in all regions of each model. This template
varies across models but not across regions in a single model.
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An issue that stands out is the underrepresentation of �rst-generation biofuels, since many IAMs downplay �rst-generation biofuels because
advanced biofuels are projected to be more competitive in the medium term (Bauer et al., 2018; Daioglou, Rose, et al., 2020; Rose et al, this issue).
Although the EMF-33 scenario protocol focused on advanced bioenergy technology (second-generation, usually combined with CCS), model
representation of �rst-generation bioenergy is not in line with current or potential uses in Brazil. For example, �rst-generation sugarcane ethanol is
by far the most important biofuel in Brazil today and likely to remain so for the foreseeable future (Köberle et al., 2020). In the case of biodiesel,
the 20% share of beef tallow in the feedstock (ANP, 2017) is something that is not included as an option in any of the models included here.

Even second-generation biofuel routes tend to be underrepresented, and those advanced biofuel routes that are included tend to be the same
across models. For instance, most IAMs do not explicitly model second-generation biofuels from sugarcane bagasse, which is expected to be an
important biofuel production route with a pilot plant already in operation in Brazil[3]. Moreover, ethanol itself can be converted to jetfuel or diesel
for example via an alcohol-to-jet (ATJ) route (de Jong et al., 2015) that is not present in most models (except COFFEE) but which is identi�ed by
the Brazilian model BLUES as a viable option (Köberle et al., 2020). All this suggests that capturing the speci�cities of bioenergy consumption in
Brazil is something most IAMs cannot do reliably.

On negative emissions technologies (NETs), detailed techno-economic analysis have shown BECCS-liquids to have high potential in decarbonising
Brazil’s transportation system as well as for exports of low-carbon liquid fuels, with emphasis on advanced biofuels from sugarcane products
(Köberle et al., 2020; Tagomori et al., 2019). Although there is plenty of carbon storage potential in Brazil, there are no CCS pilot projects currently
in place and, as is the case globally, governance issues will need to be resolved before major CO2 storage can take place. However, should CCS
become a viable option in the future, model results suggest Brazil could become an important carbon sink.

Achieving the low land-use change emissions and CDR projected by the models would require reversal of current trends of deforestation which,
although much reduced from peak 2004-2005 levels in the Amazon (INPE, 2017; MCTIC, 2016; Nepstad et al., 2009; SEEG, 2019), is still far from
zero and has grown recently from the minimum level of 4,571 km2 in 2012 (Brasil, 2017a; INPE, 2017; Soares-�lho et al., 2014; Rochedo et al.,
2018). Deforestation in the other Brazilian biomes, especially in the Cerrado biome[4], is also still high (Brasil, 2017a, 2017b; Rochedo et al., 2018).
As a result, LULUCF accounted for about 65% of Brazil’s CO2 emissions in 2019, down from its 80% peak in 2005, but still adding up to 74% of
cumulative CO2 emissions since 1990 (SEEG, 2019). Recent political reversals have undermined policies that sustain the continued reductions in
deforestation, which has risen again since 2012 (Amigo, 2020; Lovejoy & Nobre, 2019; Rochedo et al., 2018). As for the future, there is no o�cial
target to end deforestation in the country, although the Brazilian NDC has a target to end illegal deforestation by 2030 (GofB, 2015). However,
recent political rhetoric has undermined environmental legislation, and forest protection has become a bargaining chip (Rochedo et al., 2018).

On the other hand, yield improvements can potentially reduce the land use change trade-offs by reducing pressures on forested areas and even
sparing land for afforestation. This applies particularly to a vast, ine�ciently used pasture area with high potential for land-sparing through
intensi�cation that could provide space for bioenergy production growth (Assad et al., 2015; A. Köberle et al., 2015; A. C. Köberle et al., 2020;
Strassburg et al., 2014). Pastureland intensi�cation is here de�ned as improvement of pasture management to increase productivity (kg of
product per hectare per year) and stocking rates (animals per hectare) in such a way that they approach the biophysical potential of Brazilian
pastures in the various biomes and locations in the country. This usually involves higher use of inputs such as diesel, fertilisers and lime but
produces signi�cant gains in productivity with potential net reductions in GHG emissions (Cardoso et al., 2016). Although intensi�cation potential
as a mitigation option is debatable (Smith, 2013), the low e�ciency of current livestock systems in Brazil opens the door for mitigation through
e�ciency improvements that decouple the activity from deforestation (De Oliveira Silva et al., 2016; Silva et al., 2017; Strassburg et al., 2014)

Agricultural intensi�cation raises the opportunity costs of conservation since higher yields imply possible higher pro�ts depending on the elasticity
of demand (Byerlee et al., 2014) and greater incentives to convert land (Nepstad et al., 2009; S. K. R. Rose et al., 2013) and, because this aspect is
not captured in IAMs, the land-sparing potential of intensi�cation may be overestimated. Moreover, there is need for sustained investment if
agricultural yields are to reach the levels implied by the model results in this study, and this is true for all crops, including energy crops. In addition,
it would most likely mean implementation of current best practices from the most productive regions in those lagging behind. One outcome of
climate policies in Brazil could be the reversal of the downward trend in sugarcane yield via a return of investments, spurred by the higher value of
the crop as a low-carbon feedstock.

5 Conclusions
The EMF-33 project has highlighted that, at a global level, IAMs agree on the importance of biomass and bioenergy as a climate change mitigation
measure (Bauer et al., 2018). This study focuses on the projections for a speci�c region, Brazil, and presents and assesses the projections of this
region across global models. By doing this, we aim to identify potential robust bioenergy futures for Brazil and identify and assess variation in
results across models.

Modelled bioenergy strategies for Brazil vary across models. While this indicates the plethora of possible regional strategies, it also limits the
usefulness of IAMs for local policymaking. The differences in regional strategies arise from differences in the structure of different IAMs
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(particularly how they deal with land use and AFOLU emissions), their parameterisation, the resulting global energy and land-use strategies, and
the narratives which guide these strategies. Those models that lack a BECCS option in liquid biofuels production and an afforestation land
strategy (BET, DNE21+, FARM, GRAPE) show lower use of liquid biofuels and provide high levels of carbon dioxide removal by deploying large
scale use of biomass to produce electricity combined with CCS. Other models focus their bioenergy strategy on liquid biofuels with other
renewables decarbonising the electricity sector (AIM/CGE, GCAM, IMACLIM-NLU). A third set of models shows a mixed deployment of these
technologies, always combined with BECCS (COFFEE, IMAGE, POLES).

While the model comparison presented does not offer robust projections of bioenergy use in Brazil, all the models agree on the importance of this
region's AFOLU sector. This could either be via increased afforestation to provide high CDR levels consistent with 2°C scenarios (AIM/CGE, GCAM)
or via bioenergy production to decarbonise the energy system (local or for export) and provision of CDR via BECCS. In all cases, bioenergy plays a
signi�cant role in the Brazilian energy system by 2050 (23-77% of PEC), and intensi�cation of agriculture and pastures, in particular, is an
important part of all modelled pathways.

Model projections of Brazil cannot be viewed independently of the global context. The results shown in this manuscript are based on modelled
scenarios where global carbon budgets are met. Thus, the projections for Brazil should be understood within the global context and the actions of
other regions. Bioenergy and land-use projections of Brazil are potentially pivotal in this context providing signi�cant greenhouse gas mitigation
capacity either by local afforestation and the use of BECCS or by producing low (or negative) emission fuels exported to other regions.
Speci�cally, the IMAGE, IMACLIM-NLU and POLES models project Brazil to export most of its bioenergy production to regions where it has a higher
decarbonisation value. The potential importance of Brazil in global carbon budgets is further highlighted by the fact that some models (BET,
COFFEE, DNE21+, POLES, and GCAM in the short-medium term) project Brazil to be a signi�cant provider of CDR, supplying >10% of the required
global net negative emissions by 2100 by either BECCS or Afforestation.

The aggregated description of IAMs of agricultural and land-use strategies, bioenergy feedstocks, and conversion technologies may limit their
appropriateness for regional assessments. This is highlighted by the fact that the current diverse bioenergy feedstock mix going to virtually all
sectors of the Brazilian economy is not well represented in most IAMs. Instead, they follow a global template of energy supply and demand with a
uniform mix of technologies in all regions of each model, varying across models but not across regions in a single model. This simpli�cation
could lead to IAMs downplaying 1st generation biofuels (Bauer et al 2018; Daioglou et al, 2020), while sugarcane ethanol is by far the most
important biofuel in Brazil today. Furthermore, IAMs tend to aggregate technologies and dynamics which determine agricultural intensi�cation and
land-use change, particularly livestock intensi�cation and economic and political drivers of land-use change. These simpli�cations, in turn, affect
projected bioenergy potentials, prices, and competitiveness.

In their current form, global IAMs have limited potential to supply robust insights into regional mitigation strategies. The supply, cost, and
effectiveness of bioenergy as a climate change mitigation measure depend a lot on the location of production, local environmental, technological,
feedstock, energy system speci�cities, and logistical constraints (Cintas et al., 2021; Daioglou et al., 2017; Donnison et al., 2020; S V Hanssen et
al., 2020; Langholtz et al., 2020). This suggests fertile ground for a new research agenda to improve regional representation in global IAMs with
improved spatial and technological resolutions. A productive starting point would be to link global and regional models as this would account for
both the global aspects of mitigation pathways (carbon budgets, international trade) and regional characteristics that affect resource potentials,
logistics, and dispatch. Improving regional differentiation of technologies and land-use dynamics should be a priority research agenda for IAMs.
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Tables
Table 1 – Scenarios analyzed in this study

Scenario CO2 Budget (2011-2100) Technology Restrictions

Baseline None no restrictions

Mitig-Full 1000 no restrictions

Mitig-No BECCS 1000 no BECCS

Mitig-No Adv Fuel 1000 no 2nd gen biofuels

Table 2. Summary of bioenergy and land-use strategies in Brazil for the Mitig-full scenario.
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Model Bioenergy PEC
in Brazil

(% of total)

Main bioenergy
conversion

Use of other
Renewables[1]

Use of
BECCS

AFOLU strategy Trade
strategy

Synthesis

2050 2100

AIM/CGE 6.0
EJ/yr
(50%)

7.2
EJ/yr
(55%)

Mostly Adv.
Biofuels.
Approximately
half combined
with BECCS.

Synergy Actively
Used

Afforestation,
bioenergy in
former
agriculture/pasture

Limited
trade of
bioenergy

Carbon budget
met via heavy
CDR, afforestation
and use of
renewables to
displace fossil
fuels.

 

 

Electricity
decarbonized via
use of wind
power.

 

Biomass used
primarily to
substitute use of
liquid energy
carriers.

BET 3.9
EJ/yr
(34%)

30.0
EJ/yr
(91%)

Electricity +
BECCS

Competition Actively
used

Bioenergy
produced on
former natural
lands

Limited
trade of
bioenergy

Bioenergy plays
an important role
in decarbonization
strategies.

 

BECCS with
electricity is the
only available
CDR technology.
So heavily
depends on this to
meet carbon
budget.

 

Produces
bioenergy by
clearing (non-
forest) natural
lands.

 

Energy services
electri�ed.

COFFEE 8.7
EJ/yr
(37%)

33.9
EJ/yr
(76%)

Electricity and
liquids (both with
BECCS)

Some
competition

Actively
used

Crops expansion
into former
pastures. Limited
LUC

Also
exports
bioenergy

Bioenergy plays
an important role
in decarbonization
strategies. Uses
BECCS with
advanced biofuels
to meet carbon
budget and
decarbonize liquid
fuels. Some bio-
based electricity
with heavy use of
other renewables.

 

Supply of
biomass limited to
residues to avoid
LUC emissions.
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Excess biomass
exported as it has
a higher value is
other regions.

 

DNE 31.6
EJ/yr
(77%)

73.0
EJ/yr
(77%)

Mostly electricity
+BECCS, some
biodiesel

Synergy Actively
used in
electricity

Bioenergy
expansion into
natural lands

Limited
trade of
bioenergy

Bioenergy plays
an important role
in decarbonization
strategies.
Extremely high
deployment of
bioenergy.

 

BECCS with
electricity is the
only available
CDR technology.
So heavily
depends on this to
meet carbon
budget.

Electri�es
demand.

 

Some liquid
biofuel production
to decarbonize
liquids.

 

Biomass
produced via
expansion into
natural lands.  

FARM 8.5
EJ/yr
(67%)

19.8
EJ/yr
(88%)

Electricity+BECCS Competition Mostly
without

Crops expansion
into former
pastures. Limited
LUC

Limited
trade of
bioenergy

Bioenergy plays
an important role
in decarbonization
strategies.

 

Bioelectricity with
BECCS is main
bioenergy
strategy, achieving
CDR while also
electrifying
demand. Bio-
based electricity
crowds out other
renewables.

 

Some liquid
biofuel production
to decarbonize
liquids

 

LUC limited via
pasture
intensi�cation
(price induced).

 

GCAM 5.1
EJ/yr
(29%)

8.6
EJ/yr
(45%)

Mostly Adv.
Biofuels +
BECCS; some 
Electricity +
BECCS

Synergy Actively
used

High afforestation
into agriculture
and natural lands

Importer
of
bioenergy
(exports
food)

Bioenergy is used
to decarbonize
liquid fuels,
combined with
BECCS. Some
electricity supply
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is also provided
by bioelectricity
with BECCS.

 

There is an overall
reduction in the
demand of liquid
fuels via
electri�cation of
energy services.
Renewables (and
nuclear) are used
to decarbonize
electricity
production.

 

Afforestation is
the main CDR
strategy of Brazil. 
Consequently,
bioenergy use is
based on
imported
biomass/biofuels.

GRAPE 10.4
EJ/yr
(72%)

10.4
EJ/yr
(77%)

Mostly electricity
+ BECCS, also 1st

gen Biofuels

Competition In
bioelectricity

Crops expansion
into former
pastures. Limited
LUC

Exporter
(importer
by 2100)

Bioenergy plays
an important role
in decarbonization
strategies.

 

Both bio-electricity
(with BECCS) and
biofuels (without
BECCS) produced.
Very limited use of
other renewables
in electricity
production (only
hydropower).

 

LUC limited via
pasture
intensi�cation
(price induced).

IMACLIM-
NLU

7.2
EJ/yr
(74%)

7.1
EJ/yr
(76%)

Mostly Adv.
Biofuels

Synergy Limited Crops expansion
into former
pastures. Limited
LUC

Exports
most of
local
production

Bioenergy plays
an important role
in decarbonization
strategies.

 

Mostly production
of liquid biofuels
without BECCS,
for local
consumption and
export as it has a
higher value is
other regions.

 

There is an overall
reduction in the
demand of liquid
fuels via
electri�cation of
energy services.
Electricity sector
decarbonized via
renewables (wind
and hydropower).
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LUC limited via
pasture
intensi�cation
(price induced).

IMAGE 2.6
EJ/yr
(23%)

1.5
EJ/yr
(13%)

Electricity+BECCS
and Adv.
Biofuels+BECCS
(some 1st

gen.+BECCS)

Synergy Actively
used

Biomass
production on
former natural
lands

Exports
most of
local
production

Biomass plays a
limited role in
decarbonization
strategy of Brazil.
Some biofuel
production (with
BECCS).

 

Energy services
are electri�ed
(reduced demand
of liquids).
Electricity
decarbonized via
use of
hydropower, solar
and wind.

 

Biomass
produced
primarily for
export as it has a
higher value is
other regions.

 

Biomass
produced via
expansion into
natural lands.
Brazil displays
signi�cant AFOLU
emissions.

POLES 13
EJ/yr
(57%)

12.4
EJ/yr
(50%)

Electricity and
biodiesel (both,
mostly with
BECCS)

Synergy Actively
used

High afforestation
(note: POLES does
not have a land-
use model and
depends on
projections from
the GLOBIOM
model).

Exports
most of
local
production

Biomass has a
signi�cant role in
Brazil’s
decarbonization
strategy, via the
production of
liquid biofuels
(with BECCS).
Electricity
decarbonized via
use of
hydropower, solar
and wind.

 

Biomass
produced
primarily for
export as it has a
higher value is
other regions.

Figures
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Figure 1

Primary energy consumption and share of bioenergy in secondary energy consumption in Brazil. Panel (a) primary energy consumption in Brazil:
historical (left column), and model results (DNE21+ shown with separate scale). Panel (b), bioenergy consumption share of total electricity and
liquid fuels consumption in Brazil; Non-biomass renewable energy (NBRE) share of electricity. Source: Historical data from Brazil’s National Energy
Balance (EPE, 2015). Historical biomass consumption includes �rewood, black liquor and sugarcane products (juice, bagasse and molasses). For
historical bioenergy carriers, see Figure S1.
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Figure 2

Land cover and land use change in Brazil. a) & b) Land Cover in Brazil in 2010 ( Source: based on Köberle, 2018)). c) Land use change in Brazil
across models and scenarios for years 2030, 2050 and 2100, relative to 2010. Bars indicate the difference between the area of a given land cover
type in the labelled year and the base year 2010. Missing plots indicate infeasibility. FARM and IMACLIM-NLU don’t allow changes to area of
natural vegetation. The two omitted models either do not include endogenous land use change (POLES) or have spatial aggregation that does not
allow reporting for Brazil (DNE21+).
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Figure 3

Greenhouse gas emissions for Brazil. a) Brazil historical GHG emissions for year 2010. Source: Based on SEEG (2019). b) Same as a) but in
tabular form. c) GHG emissions for Brazil as projected by the models in EMF33 included in this study.
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