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1 | INTRODUCTION

Abstract

Bioenergy could play a major role in decarbonizing energy systems in the context
of the Paris Agreement. Large-scale bioenergy deployment could be related to
sustainability issues and requires major infrastructure investments. It, therefore,
needs to be studied carefully. The Bioenergy and Land Optimization Spatially
Explicit Model (BLOEM) presented here allows for assessing different bioenergy
pathways while encompassing various dimensions that influence their optimal
deployment. In this study, BLOEM was applied to the Brazilian context by cou-
pling it with the Brazilian Land Use and Energy Systems (BLUES) model. This
allowed investigating the most cost-effective ways of attending future bioenergy
supply projections and studying the role of recovered degraded pasture lands in
improving land availability in a sustainable and competitive manner. The results
show optimizing for limiting deforestation and minimizing logistics costs results
in different outcomes. It also indicates that recovering degraded pasture lands is
attractive from both logistics and climate perspectives. The systemic approach
of BLOEM provides spatial results, highlighting the trade-offs between crop al-
location, land use and the logistics dynamics between production, conversion,
and demand, providing valuable insights for regional and national climate policy
design. This makes it a useful tool for mapping sustainable bioenergy value chain

pathways.
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Deep mitigation scenarios, including those aimed at lim-
iting global average temperature increase to below 1.5°C,
often indicate a prominent role for bioenergy as a miti-
gation option, especially when associated with carbon
capture and storage (CCS) systems (Clarke et al., 2014;

Rogelj et al., 2016). Brazil is a major producer and con-
sumer of bioenergy. Brazil is also projected to play a rele-
vant role in bioenergy production in the future, according
to scenarios consistent with ambitious mitigation targets
(Daioglou et al., 2020; Koberle et al., 2022). For instance,
the Brazilian Land Use and Energy Systems (BLUES)
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Integrated Assessment Model (IAM) indicates that bioen-
ergy would continue to supply a major share of energy de-
mand (Rochedo et al., 2018). The projection suggests that
the production of liquid biofuels would be the key route,
including first- and second-generation ethanol, biodiesel,
aviation biofuels, and green diesel (all associated with
CCS, except for biodiesel).

However, large-scale bioenergy deployment (with or
without CCS) faces many risks and challenges, including
biophysical, technological, economic, social, and institu-
tional ones. This includes the possible impacts on food
security, on biodiversity and soils (via land use and land-
use change), water requirements, emissions, and carbon
debt. If developed adequately, bioenergy systems have the
potential to contribute to climate change mitigation sig-
nificantly. However, if inappropriately expanded, they can
negatively impact climate, inducing direct and indirect
land-use changes, causing damages to biodiversity and
leading to water scarcity, as well as reducing food security
(Hasegawa et al., 2020; Kemper, 2015; Samsatli et al., 2015;
Smith et al., 2016).

Brazil is a major food producer and the location of
some of the world's most pristine forests and natural lands,
which have greatly suffered from large-scale deforestation
in recent decades (Rajdo et al., 2020; Rochedo et al., 2018).
Additionally, the country has large low-productivity pas-
ture areas with low stocking rates, which, if better man-
aged, could improve land availability even for uses beyond
pasture only (Braganca et al., 2022; Feltran-Barbieri &
Féres, 2021; Strassburg et al., 2014). In this context, a
prominent expansion of bioenergy needs to be carefully
considered in the light of agricultural and land-use poli-
cies to prevent negative impacts on food production, bio-
diversity and water availability.

While IAMs offer a consistent framework to access these
potentials, they normally lack details concerning bioen-
ergy supply chains, not thoroughly representing regional
specificities. This represents a crucial gap in the current
literature on mitigation pathways. Kéberle et al. (2022)
highlight the need for comprehensive and flexible model-
ling tools that can translate aggregate global projections of
IAMs into more robust spatially explicit local projections,
giving valuable and actionable regional insights in the
process. Moreover, better representing agricultural and
land-use dynamics and bioenergy development strategies
and how they are affected by regional characteristics and
economic, social and political drivers can improve the ap-
propriateness of IAMs for regional assessments and policy
design. In this context, linking IAMs and regional mod-
els could provide the complementary interaction between
global mitigation pathways since bioenergy, as a climate
mitigation option, cannot be fully interpreted without the
global context and regional strategies and aspects that

influence potentials, costs, logistics, and system expansion
(Gambhir et al., 2019).

This study proposes a methodological approach for
a more detailed analysis of bioenergy value chains by
developing and applying a spatial-temporal model. In
the literature, there are several regional models to eval-
uate biomass supply chains in long-term climate change
mitigation strategies (Fajardy et al., 2018; Samsatli
et al., 2015; Zhang et al., 2019). However, to the best of
our knowledge, none of the existing models has been
applied to Brazil or accounts for land-use change emis-
sions, direct or indirect. Furthermore, these models have
not been directly linked to the outcomes of IAMs. Such
a link allows for consistent projections within global
resource and emission constraints while maintaining
regional and spatial details, providing a downscaling
of global and regional projections to a more relevant ac-
tionable level.

BLOEM uses a spatially explicit approach to land allo-
cation for bioenergy production, accounting for both the
spatial and temporal variations of biomass yields and land
availability, transportation and storage costs, including
the need for pretreatment of biomass for suitable storage
options, imports and exports, and the availability, location
and scale of conversion units. The model also describes
stock, investments and retirement of technologies and
captures the co-product and end-product values and their
respective logistics, and carbon capture, transportation
and sequestration.

In this study, we apply BLOEM to the Brazilian context.
We link it to the BLUES model to evaluate the dynamics of
bioenergy supply. We do this to better understand if bioen-
ergy production targets in mitigation scenarios can be met
without posing a threat to forests and protected natural
areas, as well as to investigate the role of land availability
for bioenergy expansion in Brazil.

This manuscript is structured as follows. Section 2
presents the methodology used. Section 3 presents the
results. Section 4 provides a discussion of the results.
Finally, Section 5 presents conclusions and future work
recommendations.

2 | MATERIALS AND METHODS

2.1 | The bioenergy and land optimization
spatially explicit model

BLOEM is a perfect foresight, spatially explicit, least-cost
optimization model. The model is formulated as a lin-
ear programming model, accounting for both total sys-
tem costs and greenhouse gas (GHG) emissions, aiming
to comply with a given bioenergy production target at a
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minimum cost. The model is implemented in the GAMS
modelling platform and solved using the CPLEX solver.
Model documentation, including its detailed mathemati-
cal formulation, and the lists of parameters and variables,
can be found in Tagomori (2022), BLOEM (2022), and in
the Supplementary Material.

2.1.1 | Objective function

The objective function, to be minimized, accounts for the
total system costs, as defined by Equation (1). It encom-
passes impacts of biomass production, biomass transpor-
tation, biomass conversion, final products transportation
and distribution, CO, capture, transportation and storage,
and GHG emissions.

Z= Y (IP+IPT+ 1P+ IFT 4+ ICC + ITO)Vi e T ()
teT

where Z represents the total system cost (to be minimized),
in unit of costs; I tBP represents the impacts of biomass pro-
duction in time “t”; ItBT represents the impacts of biomass
transportation in time “¢”; I tBC represents the impacts of bio-
mass conversion in time “t”; I tET represents the impacts of
bioenergy transportation (logistics and distribution) in time
“t”; I represents the impacts of carbon transportation and
storage in time “t”; and I tT G represents the impacts related
to GHG emissions in time “¢”. All impacts are measured in
units of costs.

2.1.2 | Land availability

The amount of land available for bioenergy crops is an
input to the model and can account for different con-
straints such as excluding protected land areas and
factoring agriculture-dedicated areas (in a food-first
concept, for example), among others. Land availability
is grid cell specific and can vary across time. The frac-
tion of a grid cell that is dedicated to produce bioenergy
crops (4,,,) is constrained by the amount of land avail-
able for bioenergy crop growth (LdAv,,), as defined by
Equation (2).

D A < LdAv, Vr e RP,VIEL,VcEC,VIET (3

reRB

where A, represents the fraction of land cover type “I” in
grid cell “c” dedicated to bioenergy crop “r” in time “t”; and
LdAv,,, represents the fraction of land cover type “I” in grid
cell “c” available for bioenergy production in time “t.”

2.1.3 | Logistics of biomass and biofuels

The flows of bioenergy crops between grid cells are
modelled according to the resource balance given by
Equation (3), in which the consumption of bioenergy
crops in a given grid cell (H,,,) accounts for crop growth
in the grid cell (Brit)and flows into and out of the grid cell.

B+ D Bnyuq=HBy + ) B, VreRP,YeceC,VieT
ceC ceC

3

where B, represents the production of bioenergy crop “r”’
in grid cell “c” in time “t,” in unit of output; Bn,,,, represents
the flow of bioenergy crop “r” from grid cell “c’” to grid cell
“c” in time “t” (the flow of bioenergy crop “r” into grid cell
“c”), in unit of output, e.g., GJ; HB,,, represents the con-
sumption of bioenergy crop “r” in grid cell “c”, in unit of
output; and Bn,,., represents the flow of bioenergy crop “r”
from grid cell “c” to grid cell “c”” in time “¢” (the flow of bio-
energy crop “r” out of grid cell “c”), in unit of output.
Similarly, bioenergy logistics accounts for the flows of
bioenergy products from the conversion facilities to geo-
graphically explicit local demands. For the logistics of dis-
tribution of final products (liquid biofuels) no constraints
on grid cell interconnections were added, so that grid cells
can communicate with each other regardless of the dis-

tance between them.

Byt D ENyuy=HEq + Y En,VreR\,¥ceC,VieT
cdeC creC
€y

where E,., represents the production of bioenergy product
“r” in grid cell “c” in time “t”; in unit of output per time;
En,,. represents the flow of bioenergy product “r” from
grid cell “c’” to grid cell “c” in time “t” (the flow of bioen-
ergy product “r” into grid cell “c”), in unit of output per time;
En,..; represents the flow of bioenergy product “r” from
grid cell “c” to grid cell “c’” (the flow of bioenergy product
“r” out of grid cell “c”), in unit of output per time; and HE,
represents the amount of bioenergy product “#” consumed

@ 9

in grid cell “c” in time “”, in unit of output per time.

2.1.4 | CO, logistics and storage constraints
CO, logistics (transportation and storage dynamics) ac-
count for flows of CO, from the conversion facilities to the
CO, storage sites, as shown in Equation (5).

Veap,, + Z Vg = Vseqcz|cecs + z Ve VeeC,VteT
cecC cdeC
(5
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where Veap,, represents the amount of CO, captured in

« 9

grid cell “c” in time “¢”, in unit of CO, emission; Vn,, rep-
resents the flow of CO, from grid cell “c’” to grid cell “c” in
time “t” (the flow of CO, into grid cell “c”), in unit of CO,
emission; Vn,., represents the flow of CO, from grid cell
“c” to grid cell “c’” (the flow of CO, out of grid cell “c”),
in unit of CO, emission; and Vseq,, represents the amount
of CO, sequestrated in grid cell “c” in time “t”, in unit of
CO, emission.

CO, storage is constrained by the cumulative storage
capacity of each selected storage site (c € CS), as seen in

Equation (6).

Y Vseq. < MaxSt.¥c e C5,Vi €T )
teT

where Vseq,, represents the amount of CO, sequestrated in

[TPR1]

grid cell “c” in time “¢,” in unit of CO, emission; and MaxSt,

represents the cumulative storage capacity of grid cell “c,” in
unit of CO, emission.

2.1.5 | Bioenergy production targets

Bioenergy production targets include domestic produc-
tion targets and export targets, if applicable, and should
meet the local bioenergy demands as follows.

Pb,y + Ex,o, = HE,,Yr e RF,VceC,vteT (7)

where Pb,, represents the domestic production target for
bioenergy product “r” in grid cell “c” in time “¢”; in unit
of output per time; Ex,,, represents the export target for
bioenergy product “r” in grid cell “c” in time “¢”; in unit of
output per time; and HE,,, represents the local bioenergy
demands, that is, the amount of bioenergy product “r”

«© 9

consumed in grid cell “c” in time “¢,” in unit of output per
3.0
2.5

2.0

Bioenergy Production Targets from BLUES (EJ)

FIGURE 1 Bioenergy production
levels and technologies portfolio for the

] 15
W Biojet
DBiodiesel
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time. For accounting simplicity of the export dynamics,
we consider that the bioenergy exported from a grid cell
is consumed in that grid cell (therefore, part of the local
bioenergy demand).

2.2 | The Brazilian context

The model can be applied to suit the user's specification,
such as coverage, and spatial and temporal resolution. In
this study, the model is configured for Brazil: the Brazilian
territory is divided into 2912 square grid cells of 50km in
length. The time frame goes from 2020 to 2050 in decadal
time steps. The model was coupled with the BLUES model
(BLUES, 2022; Koberle et al., 2022; Rochedo et al., 2018),
developed by CENERGIA, COPPE/UFRI.

2.2.1 | Bioenergy production targets

The bioenergy production levels for this study were based
on the NDC scenario developed with the BLUES model.
This scenario is based on an updated Brazilian Nationally
Determined Contribution (NDC) (Brasil, 2022), assuming
that it will be implemented by 2030 and reflecting a continua-
tion of such measures from 2030. The updated Brazilian NDC
aims at reducing GHG emissions by 37% and 50% in 2025 and
2030, respectively, compared to 2005 levels (Brasil, 2022).
The degraded pastures recovery target of 30 million hectares
by 2030 is based on the Plan for Adaptation and Low Carbon
Emission in Agriculture (Plano ABC+) (MAPA, 2021).

The technologies’ portfolio (Figure 1) includes first-
generation ethanol from sugarcane (with and without car-
bon capture), biodiesel from oil crops, and lignocellulosic
biofuels (biojet and green diesel, with and without carbon
capture) from woody biomass. Further details regarding
the technologies’ portfolio, such as investments, operation

B GreenDiesel_CCS
W Ethanol1G_CCS

W GreenDiesel

2030 2040 2050
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and maintenance costs and conversion efficiencies, can be
found in the Supplementary Material.

2.2.2 | Biomass yields, potentials, and costs
Potential biomass yields at the grid level were obtained
from IMAGE (Integrated Model to Assess the Global
Environment) LPJmL (Lund-Potsdam-Jena managed
Land), which computes photosynthesis, maintenance and
growth respiration (Doelman et al., 2018; IMAGE, 2022;
PIK, 2022). Actual yields were calculated by applying a
management factor to potential yields. Such factors repre-
sent management and farmer behaviour that, in turn, affect
crop yields and ensure that the actual yields match empiri-
cal data (Daioglou et al., 2016). All yields were reported on
dry basis. For oil crops, a small step of calibration combin-
ing the data from IMAGE (yields on a grid level) and the
data from BLUES (regional level differences in yields) was
necessary to better represent the expected behaviour of soy-
bean since oil crops are a pool of different crops, including
other crops with minor relevance for biofuel production.

The biomass supply potentials for each crop were deter-
mined based on actual yields and land availability. Supply
costs for biomass include farm gate costs, land rent costs
and costs for biomass collection (transportation within a
given grid cell). Farm gate costs at a regional level were ob-
tained from Angelkorte (2019). Costs for biomass collection
within the grid cell were based on Tagomori et al. (2019)
and adapted to different feedstocks. Land rent costs at the
grid level were obtained from Doelman et al. (2020).

2.2.3 | Land availability scenarios

BLOEM accounts for five different types of land: forests,
agricultural land, pastures, urban areas and other lands

TABLE 1 Land availability scenarios.

Scenario name Tag
Reference REF
Reference with carbon price REF_C
Pasture recovery PAS
Pasture recovery with carbon price PAS C
Weak governance WGV

(including savannahs, grasslands and scrublands).
The land-use dynamics and land cover calibration are
based on projections from IMAGE-LPJml (Doelman
et al., 2018). IMAGE provides maps indicating the por-
tion of grid cells used for urban, agriculture, forest, and
other natural lands. All urban areas were considered
unavailable for bioenergy crops. Furthermore, a food-
first principle is applied where agricultural areas are
also deemed off-limits. For the remaining grid cell frac-
tion, a cap of 25% was applied to savannahs and 90% to
scrublands and/or grasslands. In all cases, no more than
75% of a grid cell can be used for bioenergy crop growth.

Food crops have priority over energy crops for land al-
location. However, sugarcane and oil crops are both food
and energy crops, already being partly directed to bioenergy
production. Therefore, a fraction of agricultural land was
deemed available for bioenergy (Daioglou et al., 2019; van
Vuuren et al., 2021). The calculation of these fractions is
based on comparing the Food and Agriculture Organization
of the United Nations (FAO) numbers (FAO, 2018) with
national statistics for ethanol and biodiesel production
(ANP, 2020; UNICA, 2019). Furthermore, agricultural lands
projected to be abandoned are also deemed available for bio-
energy production (Doelman et al., 2018).

To evaluate the role of land availability in land allo-
cation for bioenergy, we developed scenarios where a
share of depleted pasture lands is deemed available. This
share is based on Plano ABC+, which has a target of 30
million hectares of degraded pastures recovered by 2030
(MAPA, 2021). Forests were deemed unavailable for bio-
energy crops, except for the weak governance scenario
(WGV), where no forest and natural land protection poli-
cies were applied.

An overview of the land availability scenarios is pre-
sented in Table 1.

None of the Brazilian NDCs released so far explicitly
refer to carbon prices. However, to evaluate the effects a

Land availability Carbon price
Other land No
Bioenergy land

Other land Yes
Bioenergy land

Other land No
Bioenergy land

Recovered pastures

Other land Yes
Bioenergy land

Recovered pastures

Other land No
Bioenergy land

Forests (no forest protection)
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carbon price could have on land allocation decisions, we
also ran the reference and the pasture recovery scenarios
assuming a carbon price trajectory consistent with 1.5°C
global scenarios available in the AR6 Scenarios Database
(Byers et al., 2022), as displayed in Table 2.

2.2.4 | Logistics interconnections

Biomass can be transported from one grid cell to another,
depending on the location of the conversion facilities.
The logistics interconnections for biomass transportation
were constrained by a maximum distance of 300 km from
the centroid of the grid cell where the crop is being grown
to the centroid of the grid cell where the conversion facil-
ity is located. The costs for biomass and biofuel transpor-
tation were determined based on Tagomori et al. (2019)
and Vera et al. (2020), adapting the load weight according
to the feedstock or product being transported. Tortuosity
factors were adapted from Fajardy et al. (2018).

2.2.5 | CO, storage sites

For this study, we have selected three potential carbon
storage sites. All selected storage sites are mature oil and
gas fields: one onshore and two offshore. The maximum
storage capacity for all sites, onshore and offshore, was col-
lected from Nogueira et al. (2022) and Oliveira et al. (2020).
The costs of CO, onshore transportation via pipelines were
based on da Silva et al. (2018). The costs of CO, offshore
transportation were based on Nogueira et al. (2022). The
choice of storage sites was based on data availability and
the required experience regarding the geological structure,
physical properties, feasibility, and safety of the potential
sites. Saline aquifers were excluded due to geological un-
certainties and limited seismic data availability.

2.2.6 | Spatial distribution of bioenergy
production targets

Data on population density from the Brazilian Institute
of Geography and Statistics were used to spatially dis-
tribute the demand for bioenergy products (IBGE, 2020).

TABLE 2 Carbon price trajectory.

Carbon price [US$/tCO,]

Trajectory 2020 2030 2040 2050
1.5°C 50th percentile 0 100 250 400

Note: Based on Byers et al. (2022).

Municipalities under 300,000 inhabitants were excluded.
The distribution according to population density was
crossed and matched with data on states capitals’ loca-
tions and the locations of fuels and biofuels distribution
terminals (EPE, 2022).

2.2.7 | Emission factors

A set of emission factors was used to represent all emis-
sions along the production and use a chain of bioenergy.
The emission factors at the grid level for land-use change
were obtained from IMAGE, following the methodology
proposed by Daioglou et al. (2016, 2017). These factors in-
clude the instantaneous emissions (emissions due to land
clearing) and the gradual emissions over time (the differ-
ences in carbon stocks between the area used for crops
and the natural vegetation counterfactual). For gradual
emissions, this study has chosen a 30-year period. A sec-
ond emission factor was applied for biomass production to
represent the emissions from energy use during produc-
tion (in this case, conventional diesel fuel). The factor of
fuel consumption per crop, per region, was obtained from
BLUES as proposed by Angelkorte (2019). The emission
factor for conventional diesel fuel was obtained from
the IPCC Guidelines for National Greenhouse Gases
Inventories (IPCC, 2006). A third emission factor related
to using fertilizers, per crop and region, was obtained from
BLUES, as proposed by Angelkorte (2019). Fourth, the
emission factors for biomass conversion in the use phase
were obtained from IMAGE (Daioglou et al., 2015, 2019).
These are specified per bioenergy product per technology.
Finally, the emission factors for biomass and biofuel trans-
portation were determined based on Vera et al. (2020),
combining data on fuel consumption, load weight and
the emission factor related to the fuel in use (in this case,
conventional diesel fuel). More details can be found in the
Supplementary Material.

3 | RESULTS

3.1 | Costsupply curves

Figure 2 presents cost supply curves for sugarcane, oil
crops and woody biomass, assuming no competition
between them. Potentials range from 6 EJ (oil crops) to
around 14-18 EJ (woody biomass and sugarcane, respec-
tively) in 2030, and from around 7 EJ (oil crops) to 14-20
EJ (woody biomass and sugarcane, respectively), in 2050.
The stagnation in woody biomass potentials in 2050 com-
pared to 2030 is due to a combination of the expansion
of agricultural land and lower yields, where food crops
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FIGURE 2 Costsupply curves for sugarcane (a), oil crops (b)
and woody biomass (c).

move into the high-yield areas, leaving lower-yielding
remaining lands. The availability of degraded pasture
lands significantly increases the potential for biomass
supply in all cases, reaching around 8 EJ for oil crops, 17
EJ for woody biomass, and 24 EJ for sugarcane in 2050.

3.2 | Land allocation, land-use change,
and emissions

Figure 3 presents the results for land-use change and di-
rect land-use change emissions, for the entire time frame

(2020-2050). To put these figures into context, land allo-
cation in Brazil, in 2020, accounted for approximately 371
Mha of forests, 75 Mha of agricultural land, 221 Mha of
pasture lands and 172 Mha of other lands (IBGE, 2018).

As expected, the weak-governance scenario leads to
higher land conversion of natural lands and, consequently,
higher direct land-use change emissions: 18.5 million hect-
ares of natural land converted, 80% of which are tropical
forests, leading to around 60 MtCO, emitted from direct
land-use change, in the period between 2020 and 2050. In
this scenario (NDC_WGYV), most (77%) of the converted
land is utilized for oil crops and woody biomass. The avail-
ability of degraded pasture lands reduces the conversion
of natural lands to some degree (NDC_PAS) while intro-
ducing a carbon price retracts such expansion significantly
(NDC_REF_C). Combining both measures (NDC_PAS_C)
leads to energy crops moving only toward pasture lands,
resulting in no direct land-use change emissions. When
comparing both reference (NDC_REF_C) and degraded
pasture (NDC_PAS_C) scenarios with a carbon price, we
observe a trade-off between direct land-use change emis-
sions and land-use change, with NDC_PAS_C accounting
for more land-use change (8 million ha vs. 6 million ha in
NDC_REF_C), due to the lower productivity of degraded
pasture lands, but lower direct land-use change emissions.

Figure 4 presents the differences in land allocation, in
2050, for all scenarios. Figure 5 presents installed capac-
ities in 2050, per region, per technology, for all scenarios
(top) and the geographic allocation of installed capacities
in 2050, per technology, for NDC_PAS_C (bottom, sim-
ilar figures for the other scenarios can be found in the
Supplementary Material). These figures provide a spatially
explicit perspective of the land-use changes displayed in
Figure 3, capturing regional specificities and patterns. The
scenarios with pasture recovery and enforced protection
of forests indicate that land expansion moves toward de-
graded pastures, reducing the conversion of other natural
lands. Land allocation is highly concentrated in the Center-
South of the country, with moderate participation of the
Northeast, especially around the coast where sugarcane
production in the region already takes place. The produc-
tion of biofuels with CCS is allocated to the coast, near the
CO, storage sites, to minimize CO, transport costs.

In all scenarios, sugarcane and oil crop production
remain prevalent in the Center-South region. When
degraded pastures are made available and are more at-
tractive due to the introduction of a carbon price (NDC_
PAS_C), energy crops expand toward the Center-West,
surpassing the installed capacities in the Southeast in
2050, and closing in on the borders of the Amazon re-
gion. However, under weak governance and the lack
of protection of forests, this expansion shifts toward
the Atlantic Forest, moving to the South and Southeast
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FIGURE 4 Land allocation for bioenergy crops, projections for 2050 for the reference scenarios, with and without carbon price (REF;
REF_C), the scenarios with pasture recovery, with and without a carbon price (PAS; PAS_C), and for the weak governance scenario (WGV).

coastline. In all scenarios, the production of biofuels 4 | DISCUSSION

with CCS (BECCS) is concentrated in the Southeast

and Northeast coasts due to the preferred proximity =~ While considering both the spatial and temporal dy-
to the CO, storage sites, which reduces costs for CO, namics of bioenergy systems, assessing the availability
transportation. and demand for resources, properly allocating available
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land, and establishing the necessary logistic interconnec-
tions, BLOEM provides a more robust evaluation of the
role bioenergy can fulfil in terms of both energy supply
and climate mitigation, as well as in offering support for
policy-making in sustainable bioenergy expansion. This
is especially relevant for Brazil, given the importance of
biomass and bioenergy for the current energy matrix and
their expected role in the future. It can also be a power-
ful tool for other regions where biomass potentials may be
relevant. The model formulation can be applied to differ-
ent regions, spatial resolutions, and time frames accord-
ing to the availability of required data and computational
effort and can be coupled with different IAMs at the na-
tional, regional, and global levels.

This study applied a food-first principle, where food
crops have a preference over energy crops, with no eco-
nomic interactions between bioenergy and food pro-
duction. As this means that emissions for bioenergy
are directly calculated, we do not calculate the possible

NDC_WGV

NDC_REF TN

FIGURE 5 Installed capacities

in 2050 per product, per region, for all
scenarios (a) and geographic allocation
of capacities in 2050, for NDC_PAS_C
(b). Note: N = north; NE = northeast;
CW = center-west; SE = southeast;

S = south.

NDC_PAs TN

NDC_WGV NI

NDC_REF_C I

NDC_PAS_C [l

w

@ Green Diesel w/CCS

impacts of replacing food production (so-called indirect
land-use changes). Still, such patterns have been ob-
served in the past (e.g., deforestation for low-intensity
pasture turning, in time, into agricultural land for crops
used to produce animal feeds). The results present phys-
ical potentials and the sensitivities of bioenergy-related
land-use change and associated emissions in the pres-
ence of increasing bioenergy demand. It should be noted
that an approach also accounting for indirect land-use
change would not lead to higher emission factors as the
direct emission factors would, in that case, be much
lower.

Finally, IAMs scenarios usually use stylized assump-
tions about resource costs and logistical constraints for
large regions. Using BLOEM, the feasibility of IAMs sce-
narios can be assessed at the regional level, accounting for
logistical constraints, such as the logistics of feedstocks
and final products, investments and conversion capital,
hotspots for system expansion, location of conversion
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facilities and their connection to distribution and con-
sumer centers. However, the cost-optimal outcomes are
not necessarily true in the real non-cost-optimal world
where, for various reasons, from the social and economic
to the political spheres, large-scale deployments of bioen-
ergy might induce shifts in agricultural areas, resulting in
indirect land-use changes and endangering protected bi-
omes and biodiversity due to illegal deforestation. Other
current limitations include the lack of residues as feed-
stock and the lack of alternative practices, such as inte-
grated systems. Future developments include expanding
the model's capabilities to investigate impacts on other
feedstocks (e.g., agricultural and forestry residues) and
other resources such as water and biodiversity and in-
corporate competition with food production to evalu-
ate indirect effects on land use, better encompassing the
water-land-food-energy nexus.

5 | CONCLUSIONS

In this paper, we calculate in detail the land-use and emis-
sion consequences of detailed bioenergy scenarios that ac-
count for logistical considerations.

The results, first of all, show that in scenarios where
the protection of forests is enforced and bans on the use
of forest areas for bioenergy production are in place, de-
graded pasture lands become attractive for biomass pro-
duction even without a carbon price in place. Our results
indicate that using degraded pasture lands for bioenergy
production is attractive from both logistics (i.e., proximity
to distribution and demand) and climate (i.e., direct land-
use change emissions) perspectives. This shows potential
for pasture intensification and integrated systems (e.g., in-
tegrated livestock, forestry and pasture systems) that can
improve land availability, reducing the conversion of other
lands and relieving land pressures related to bioenergy.

Our results indicate that carbon pricing alone is not
enough to halt losses in natural land areas. The introduc-
tion of a carbon price reduces the expansion of energy
crops toward other natural land areas, being most effec-
tive when combined with policies aiming at recovering
degraded pasture areas. Such findings highlight the need
for strategic energy and climate policies that combine the
protection of natural areas and the recovery of degraded
lands to develop bioenergy more sustainably. It also
means that the protection of forests and other natural land
areas, the commitment with zero illegal deforestation and
the incentives to restore degraded lands are measures of
utmost importance, as well as their proper enforcement.
This is especially relevant given that the policies focusing
on stopping illegal deforestation, reforestation and na-
tive forest management are no longer on track with the

ambitions of the updated Brazilian NDC and the country's
climate goals.

The trade-off between the costs of deforestation and
the logistics costs/constraints plays a major role in the
model's land allocation decisions. From a modelling per-
spective, due to logistics constraints, the biggest direct risk
to deforestation is upon the Atlantic Forest: the proximity
of such forest areas to current production (and therefore,
current locations of conversion facilities), to CO, stor-
age sites (most of which are offshore) and to the larger
demand centers makes them more attractive than areas
located further away from conversion, distribution, and
consumption centers. Finally, it is important to reflect on
the fact that BLOEM is a cost-optimal model, and the real
world does not necessarily operate in a cost-optimal way.
In this context, even if our results here indicate that ex-
panding bioenergy production into the Amazon Forest is
not, from a logistics and modelling perspective, the least-
cost option, this does not mean there should be no con-
cern in its regard since other drivers (social, economic,
political) also play important roles in such decisions and
their outcomes.
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