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Land conservation and large-scale renewable
energy systems are simultaneously possible in Brazil
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In brief

Brazil’s rich but sensitive ecosystems
face uncertainty amid deep
decarbonization efforts that could drive
significant land-use changes. Here, using
a spatially explicit energy system model,
we demonstrate that, with strategic,
location-wise planning of renewable
energy, including solar, wind, and
biofuels, Brazil can supply extensive
renewable electricity while safeguarding
key conservation areas without major
cost increases. Protecting and restoring
these lands increases carbon sinks,
delivering integrated co-benefits for
energy, climate, and ecology.
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SCIENCE FOR SOCIETY Brazil has a well-established history of renewable energy development, particularly
in the production of biofuels. The biofuel pathway, however, raised significant concerns, mainly due to land-
use conflicts that have caused socioecological challenges, considering the country’s stewardship of many
globally rich ecosystems. As Brazil moves toward net-zero emissions, expanding biofuels alongside solar
and wind power will intensify land-use competition. A critical yet unresolved science-policy question is
how to balance large-scale renewable energy deployment without compromising ecological integrity. Using
a high-resolution, spatially explicit energy system model, we demonstrate the feasibility of a cost-effective,
extensive renewable energy network that protects priority conservation areas while enabling an additional
770 million tons of annual CO, sequestration. Our study provides actionable strategies for policymakers
and stakeholders to reconcile the expansion of renewable energy and ecosystem protection in Brazil and
other ecologically sensitive regions.

SUMMARY

Brazil is especially relevant for tackling climate change while halting biodiversity loss due to its extensive
areas of ecological significance, such as the Amazon rainforest. Addressing the issue between land-use
demand for renewable energy development and protection of conservation land is key to aligning climate
and conservation goals. However, the country’s potential to achieve deep decarbonization through rapid
renewable energy expansion while preserving conservation land remains underexplored. Here, we leverage
a spatially explicit model through integrated, high-resolution sector coupling of Brazil’s energy systems and
find that doubling biofuel use by 2050 demands substantial land, primarily from degraded pastures. Strategic
coordination of wind, solar, and biofuels can achieve deep decarbonization, cutting CO, emissions by 40%-
91% while minimizing land competition and increasing system costs by less than 4%. Protecting these lands
also facilitates reforestation, potentially sequestering an additional 15.43 Gt of carbon, demonstrating a
viable synergy between climate mitigation and ecological integrity.

INTRODUCTION

There is a growing risk that energy transition conflicts with
other UN Sustainable Development Goals (SDGs), such as
SDG 15 (life on land), SDG 14 (life below water), and SDG 6
(clean water and sanitation).” In particular, large-scale land
requirements for bioenergy crops” and renewable energy (RE)
technologies®* can drive ecosystem loss and degradation.
This is particularly acute in Brazil, which is by far the most

®
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biodiverse country in the world® and therefore plays a key
role in both preserving biodiversity and enabling effective
climate mitigation through its energy and land-use strategies.

Brazil’s long-term commitments include climate neutrality by
2050° and using biofuels as vectors for decarbonization and
development, supported by the RenovaBio program launched
in 2020. However, these long-term goals fail to provide guidance
for spatial planning. By pushing new crops and pastures onto
native lands,” they risk worsening issues related to food security,
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land conflict, biodiversity,2’8 and deforestation, particularly in
the Cerrado savanna and Amazon rainforest. The problem also
extends to wind and solar farms, which require large spacing
areas and have already led to conflicts with local communities.”
Furthermore, several wind parks have been deployed in
priority areas for biodiversity conservation,'® which, despite
their importance in supporting ecosystem services, remain
unprotected and vulnerable to human activities that might lead
to land conversion and fragmentation. '’

From the energy system perspective, a massive expansion
and penetration of RE also leads to operational questions related
to balancing variable generation and demand. Energy systems
models with high temporal and spatial resolution can design
technically feasible RE supply systems,'? usually by performing
cost minimization. Previous research has advanced in exploring
long-term energy transition pathways using these models. For
instance, detailed technoeconomic studies indicate that RE
can meet Brazil’s long-term demand at competitive costs.'®'*
In the biofuel sector, an analysis using optimization methods
suggests that land-neutral methanol production offers carbon
dioxide (CO,) abatement costs comparable to those of other
mitigation strategies, with production potential reaching nearly
50% of Brazil’s current sugarcane ethanol output.® Another
approach involves the use of integrated assessment models
(IAMs), which provide a broader, cross-sectoral perspective by
incorporating interactions between land use, energy, agriculture,
and climate systems (e.g., BLUES for the Brazilian context).
Findings from a study using BLUES demonstrate that preserving
forests and restoring native vegetation are not only more cost
effective but also more impactful mitigation strategies compared
to relying solely on advanced technological solutions within the
energy sector.'®

Despite advances in understanding RE deployment and land-
use dynamics, it remains unclear whether Brazil can meet its
climate targets without increasing pressure on ecologically
sensitive areas, particularly when long-term sector coupling is
modeled. Furthermore, the long-term implications of alternative
decarbonization pathways at high temporal and spatial
resolution remain underexplored, both in technical terms (e.g.,
capacity expansion in highly electrified systems, operational
strategies, storage requirements, and dispatch) and in terms of
land-use conflicts and associated costs. This gap persists
because existing studies often address energy systems in
isolation, and those that attempt to integrate them typically rely
on significant simplifications.'®'” Clarifying these interactions
is particularly urgent as Brazil expands biofuel production under
the RenovaBio program and moves toward its 2050 net-zero
commitment.® As infrastructure decisions made today will
shape long-term outcomes, there is a timely need for integrated
evidence on how to align decarbonization strategies with land
conservation and broader SDGs.

Here, to fill these gaps, we develop a spatially explicit energy
system framework with a high temporal and spatial resolution.
The model integrates land-use constraints, including conserva-
tion-priority areas, Indigenous territories, and protected zones,
into a national capacity expansion model for Brazil. The frame-
work evaluates 16 policy-and-demand scenarios for 2050,
quantifying trade-offs between decarbonization pathways, land
use, and system costs. The results demonstrate that Brazil can

2 One Earth 8, 101520, November 21, 2025

One Earth

reduce emissions from the energy sector without sacrificing
priority lands for conservation or substantially increasing the
costs of production. Findings also reveal where biofuel
expansion risks land conflict (mainly with pasture and soybean
production). Further, retaining conservation-priority zones in
the “no-build” set allows their strategic reforestation to generate
a significant carbon stock and land restoration. As the speed of
energy system transformation increases at the same time as
the urgency to preserve the biosphere grows, it provides insights
for policymakers into sustainably achieving long-term decarbon-
ization simultaneous with other SDGs, which could also be incor-
porated in future research.

RESULTS

Methods summary
We build two complementary energy-system models for Brazil
in Calliope, which co-optimizes long-term capacity expansion
and dispatch (Figure 1A). The first model component assesses
bioenergy, considering suitable lands for feedstocks and their
seasonality, conversion technologies, storage, and transporta-
tion costs. The second model component depicts the energy
sector, including the expansion of mature technologies. Across
both models, we focus on scenarios for different degrees of elec-
trification (adding to the current electricity demand'®) combined
with policies of land use (preventing the use of conservation-rele-
vant lands for energy purposes) and fossil-fuel phaseout (enforc-
ing 100% RE supply), as well as the combination of both these
policies (Figure 1B). Our approach permits us to show how
much land is needed for bioenergy crops and energy-related
infrastructure in 76 zones (Figure 1C) and where this infrastruc-
ture should be located, as well as the resulting costs and land-
use impacts. Comparing scenarios with and without land-use
restrictions permits us to investigate the potential for negative
land-use emissions by shifting energy infrastructure away from
conservation-relevant lands (Figure 1D) to preserve and restore
them. For that, we calculate the potential contribution of
reforestation by using a carbon stock difference approach.
Brazil-Calliope is made available online and fully reusable for
further study of Brazil or other countries. Our results include
multiple years of bias-corrected wind and solar data covering
all of Brazil, as well as extensive georeferenced data, all of which
can be freely reused.

Renewables meet high electrified demand with land
limits

The cost-minimizing energy system model was designed to pro-
vide an energy supply system for Brazil that meets all demands
for energy across the industry, transport, building, and agricul-
ture sectors. We consider the spatiotemporal variability of
renewable supply and energy demand resolved to 76 model re-
gions within Brazil with a 3-hourly resolution. The model is run
for all combinations of scenarios and policies, resulting in 16 sys-
tem configurations. In all cases, power generation relies mainly
on RE (Figure 2A). Detailed generation results are provided in
Table S1. In the baseline scenario with default, 100% RE, and
land-constrained (LC) policies, the system requires 394-398
GW of installed power generation capacity, 92%-100% of which
is RE technologies. With high levels of electrification in the
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Figure 1. Overview of the modeling framework and spatial representation of Brazil’s energy and land systems

(A) The workflow indicates the inputs, outputs, and post-processing stages, such as the required area calculations, land-use conversion analysis, and carbon
stock potential of reforestation in priority lands for conservation.

(B) Scenarios for energy demand and energy system transformation (y axis) and the policies for land use and renewable energy deployment (x axis). Each square
of the resulting scenario-policy matrix is assessed in our multi-model approach. The plot on the right represents the total final demand for fossil fuels, electricity,
bioenergy, and hydrogen.

(C) Seventy-six zones of the Brazil power system model. The two-letter state abbreviations (gray) and the numbers (red) refer to the zones belonging to each state.
Four of the zones, represented by light blue dots, are the regions considered for offshore wind energy. The name (gray) is related to the region and the number to
the zones of each region.

(D) Overview of existing protected lands (light green) and additional priority lands for conservation, which are removed from consideration for energy infrastructure
or bioenergy in the land-constrained (LC) policies.

net-zero scenario, Brazil would need more than three times for the net-zero scenario, our most ambitious case, Brazil
the installed capacity of the baseline, with the cost-optimal would deploy roughly 633 GW of onshore wind capacity, or 7.5
configuration consisting of 43% wind energy and 24% solar GW per 100,000 km? of land surface. This is less than half the
energy (although we know from studies elsewhere'® using current capacity density of Germany, which has roughly 60
near-optimal algorithms that it is possible to find solutions GW of onshore wind capacity as of 2023, that is, 17 GW per
with very different wind and solar shares with a small cost in- 100,000 km? of land surface, although the nature and extent of
crease). To put this into context, in the cost-optimal solution land-use conflicts may differ substantially between countries.

One Earth 8, 101520, November 21, 2025 3
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Figure 2. System capacity and renewable generation dynamics under different cost and policy assumptions

(A) Installed capacity in the reference weather year of four scenarios and four policies. The numbers above the bars indicate the range of levelized costs
of electricity in every scenario for the moderate case and the representative year 2017.

(B) Boxplots of installed capacity in the baseline (default) and net-zero (100% RE + LC) scenarios for three cases of costs: advanced, moderate, and conservative.
The light gray markers are the results across the weather years (2000-2019). The capex and opex (in parentheses) variations compared to the moderate case are
indicated below the boxplot.

(C) The dashed lines indicate the daily hydro storage over the reference year of baseline default (yellow) and net-zero 100% RE + LC (blue). All other results of
different weather years are in the transparent area.

(D) Wind power production over the reference year (dashed line) in the baseline default (yellow) and net-zero 100% RE + LC (blue) and other results of different
years (transparent area).

(E) Solar power production over the reference year (dashed line) in the baseline default (yellow) and net zero 100% RE + LC (blue) and other results of different

years (transparent area).

Due to the larger capacity required in high-electrification
scenarios, the levelized costs of electricity increase by 30%,
40%, and 53% in limited electrification, intensive electrifica-
tion, and net-zero scenarios, respectively, compared to the
baseline.

We perform two sensitivity analyses: first, running the baseline
scenario with both the default and the net-zero policies with
100% RE + LC across 20 weather years (2000-2019), and sec-
ond, varying the capital expenditure (capex) and operating ex-
penses (opex) of onshore wind and utility-scale photovoltaic
(PV) technologies based on the conservative, moderate, and
advanced cases of the National Renewable Energy Laboratory
(NREL).?° The weather year 2017 is the reference, and all results
refer to it unless otherwise indicated. The weather sensitivity
analysis shows that the standard deviation of installed capacity
in the net-zero scenario is higher than in the baseline scenario,
indicating that large renewable systems are more vulnerable
to weather conditions. The cost sensitivity analysis indicates
that the moderate case of wind farm costs resulted in larger
wind capacity than the advanced case (lower costs), where we
observed an increase in solar farm capacity (Figure 2B).

4 One Earth 8, 101520, November 21, 2025

We find that hydro reservoirs (145 TWh of maximal storage
capacity) remain the main electricity storage system. Their
dispatch changes with the addition of large-capacity wind farms
in the net-zero scenario (Figure 2C). In the dry season (from June
to September?"), wind power output is usually larger than in the
rainy season, implying a reduction in hydro dispatch (Figures 2D
and 2E). However, the system consumes much of the available
hydropower potential during the rainy season, when demand is
higher and wind potential is lower, implying less storage of
hydropower reserves. Dispatchable natural-gas-fired power
plants are still part of the solution for peak hours, particularly
during the rainy season (summer) in the baseline scenario.
However, in 100% RE cases, natural gas is completely replaced
by RE, including green hydrogen as storage, which is then con-
verted back to electricity through hydrogen combustion.

Electrification pathways require more power infrastructure
land than the baseline scenario, excluding the bioenergy-dedi-
cated lands. The estimated footprint for power generation infra-
structure, which in our accounting includes the turbine spacing
area for wind farms, increases from approximately 42,648 km?
in the baseline to 158,410 km? in the net-zero default scenario
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Figure 3. Biofuel production and land
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(A) Production of liquid biofuels in four scenarios:
baseline, gradual electrification, intensive electri-
fication, and net zero. The biofuel production is the
same for both default and land-constrained (+LC)
policies. The dashed line indicates today’s pro-
duction (37.9 billion liters). sc. represents ethanol
from sugarcane.
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to produce liquid biofuels from soybeans in four
scenarios. The total converted land is the same for
default and +LC policies.
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(199,353 km? in the 100% RE scenario). In this category, wind
farms account for 98%-99% of the area, because turbine
spacing dominates the spatial extent (see Table S2 for further
details). This footprint is reported separate from the land
physically converted for bioenergy feedstock cultivation.

Biofuel production sparks land-use conflicts

The bioenergy model includes 72 zones and five carriers: ethanol
from sugarcane (first and second generation), first-generation
ethanol from corn, biodiesel and hydrotreated vegetable oil
(HVO) from soybean, sustainable aviation fuel (SAF) from ethanol
and soybean, and charcoal. In our model we limit land availability
for sugarcane crops to the Agroecological Zoning of Sugarcane
(revoked decree that established spatial planning for sugarcane
crop expansion),”” that for corn exclusively to existing off-sea-
son crops (where corn is grown outside of the typical growing
season), and that for soybean to existing soybean crop areas.
Charcoal’s potential is given by existing silviculture activity.**
We run the bioenergy model for all scenario combinations,
considering both the default and the LC policy, using a 120-h
resolution. This resolution is appropriate given the slower dy-
namics of bioenergy systems, such as crop seasonality, biomass
processing, and storage constraints. Unlike power systems,
where RE fluctuations necessitate a finer temporal resolution
to capture short-term variability, bioenergy production operates
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(C) Land conversion to sugarcane crops to
produce ethanol. Default indicates that there is no
policy, while +LC represents the land-constrained
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on longer timescales, making the model
computationally feasible.

Liquid biofuel production reaches 74.7
billion liters in the baseline scenario,
almost double the current production,
but decreases to 43.3-17.2 billion in the
electrification scenarios (Figure 3A). Fos-
sil fuels still represent 57%, 39%, and
30% in baseline, limited, and intensive
electrification scenarios. First-generation
ethanol is still relevant in the intensive
electrification scenario, particularly for the industry sector (food
and beverage, ceramic, cement, etc.). However, in the net-zero
scenario, which assumes near-complete electrification, the de-
mand for ethanol is completely replaced by electricity. We as-
sume instead that the demand for hard-to-electrify transport
subsectors (aviation, shipping, and long-distance road freight)
is met by 44.6 billion liters of HVO and SAF, eliminating fossil
fuels for the transport sector. To see the detailed biofuel demand
for each subsector see the supplemental information.

We consider two technologies for SAF production; however,
we assume the least-cost option, hydroprocessed esters and
fatty acids (HEFA) plants with soybean oil as feedstock, is
used for SAF production. For HVO, we consider its production
exclusively from soybean and its existing crops. Due to the lower
yield of soy crops compared to sugarcane, the net-zero scenario
requires more land than other scenarios: 360,000 km? compared
to around 20,000-200,000 km? of dedicated land in the other
three scenarios (Figure 3B). The required areas and biofuel pro-
duction are summarized in Table S3.

Charcoal rises to 9.8 Mt (baseline) and drops to 8.9 Mt (electri-
fication and net zero) due to the electrification of the building and
agriculture sectors. Still, the production of charcoal exceeds cur-
rent levels by 44% (baseline) and 31% (electrification, net zero),
primarily due to its use in heavy industry (pig-iron steel and
cement).
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Sugarcane remains the primary feedstock for ethanol produc-
tion, and utilizing bagasse for electricity combined with storage
systems is more viable than second-generation ethanol in our
work (see Figure S1 for electricity in the co-generation process).
To avoid food conflict, we assume that corn-based ethanol
expansion beyond the current production is not possible, as it
requires almost twice the land to produce a liter compared to
sugarcane. Corn-based ethanol reached its maximum produc-
tion in all scenarios (0.67 billion liters).

We limit the production of soybean to existing soy crop
areas, but allow for expanding sugarcane to produce ethanol
on additional potential lands (classified into high, medium, and
low potential cultivation areas). This means that the land may
currently be used for something other than sugarcane. Resulting
from this, we find a large area conversion from pasture, a mosaic
of agriculture and pasture, and soybean to sugarcane crops
(Figure 3C). Lands dedicated to sugarcane conflict with 754—
4,629 km? of food production (excluding livestock and soybean
crops), being larger in the baseline scenarios and representing
3.9%-5.5% of the required land (see Table S4).

While sugarcane crops compete with other uses, results
show that land management can reduce the conflicts. For
example, 67%-81% of pasture lands converted to sugarcane
crops are degraded pastures (Figures 3D and 3E), which could
have higher livestock productivity through their recovery, occu-
pying a smaller area. Despite our findings, we observe that
there are available lands with high potential for sugarcane (over
23,000 km? in Mato Grosso do Sul) that are not part of our
optimal results, but with appropriate land management, these
areas could potentially alleviate the pressure on food production
lands. For soybean land conflict, adopting available and future
technologies and using further degraded pastures are additional
opportunities for production increase. Moreover, there are
techniques such as biological nitrogen fixation, no-tillage
farming, and integrated management of pests and diseases
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that,?* although well known in Brazil, remain underutilized on a
national scale.

Sensitivity analysis: Ethanol-to-e-methanol pathway
(alternative net-zero scenario)

In a sensitivity analysis, the alternative net-zero pathway,
meeting 50% of the long-term demand for light-duty vehicles
through sugarcane-based ethanol production, results in approx-
imately 26.7 million tonnes (Mt) of biogenic CO, emissions,
derived from fermenting 35.7 billion liters of ethanol. Capturing
this biogenic CO, presents an opportunity to synthesize around
24.6 billion liters of e-methanol. This volume of e-methanol could
replace 34.15% of the projected demand for HVO in the original
net-zero scenario, particularly supplying the shipping and long-
distance trucking sectors.

Producing this amount of e-methanol needs about 3.65 Mt
of green hydrogen, which, in turn, requires 204.44 TWh of renew-
able electricity. The majority of this energy demand stems
from the electrolysis process used to generate H,, highlighting
the importance of expanding Brazil’'s RE capacity. To put
this into context, the electricity required exclusively for the
electrolyzer represents 7.3% of the total electricity demand in
the alternative net-zero scenario. This total demand, which
includes both system demand and the electricity required for
hydrogen production used in e-methanol synthesis, is compara-
ble to the total electricity demand in the original net-zero
scenario, where 100% of light-duty vehicles are electrified.
Further analysis is needed to determine the optimal installed
capacity and its spatial distribution.

By producing e-methanol, the land required for soybean culti-
vation decreases from 360,000 to 122,400 km?. However, this is
partially offset by an increase of 48,572 km? in sugarcane area,
resulting in a total land use of 170,972 km?. Table S5 details
the land conversion through the expansion of sugarcane cultiva-
tion in the alternative net-zero scenario.
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Figure 5. Emission balance and reforestation potential

(A) Fuel combustion emissions from the agriculture, building, industry, and transport sectors and energy services; one-off land conversion emissions related to
the biofuel-dedicated lands; and annual iLUC emissions in the 100% RE and land-constrained scenarios (except life-cycle emissions). Hatched bars indicate
biogenic emissions. The dashed line indicates the potential annual CO, removal from reforestation and should be interpreted as a negative value.

(B) Accumulated carbon stock potential of six biomes from recovering 100% of priority lands for conservation. The percentage above the bars indicates the share
of land use that is pasture, soybean, and mosaic of agriculture and pasture. The absorption is for the area highlighted in (C).

(C) Potential area for reforestation by biome, considering the total area of priority lands for conservation. The number below the biome’s name represents the total

area of proposed recovery in 1,000 km?.

Land conservation adds minimal energy cost

The LC and 100% RE + LC policies entirely prevent the use of
lands with priority conservation status for energy purposes.
This shifts the deployment of wind and PV capacity or bio-
energy crops to different locations. The power system configu-
ration remains entirely unchanged when introducing land
constraints into the baseline scenario, as sufficient land
remains available at the most optimal deployment locations.
On the other hand, we observe significant changes in where
renewable electricity generation is deployed in the electrifica-
tion and net-zero scenarios. For biofuels, the largest shifts of
bioenergy crops occur when imposing land constraints in
the baseline scenario, which has the largest ethanol demand.
Sugarcane crops for ethanol production move into a new
arrangement, with a reduction of crops in the southeast and
an increase of crops in the midwest (Mato Grosso do Sul),
south (Parand), and northeast. Figure 4 shows the main
changes in wind and solar capacity in the net-zero scenario
and ethanol production in the baseline scenario.

We find that preserving priority land for conservation has no
cost effect in the baseline and only a minimal additional cost in
more electrified scenarios, ranging from 0.1% to 4% of the total
levelized costs without LC policy, even with significant shifts of
optimal locations. For sugarcane crops dedicated to ethanol
production, we observed that the total costs remain unchanged
with the land shifts. This further suggests that many near-optimal

alternative solutions exist and shows that a completely RE
system can co-exist with a strong land conservation policy.

Managing land and energy drives emission cuts
The baseline scenario has substantial emissions, reaching 887
MtCOsequiv from fossil fuel combustion and an additional 137
MtCOsequv from biogenic emissions (Figure 5A), referring to
the CO, released when recently grown biomass is burned
or digested. As the scenarios progressively shift toward elec-
trification, the emissions decline. In the net-zero scenario, the
emissions fall by 91%, compared to the baseline (without
biogenic emissions), to 79 MtCOzequiv- The remaining emissions
come from cement, chemical, and metallurgical industries, which
our model assumes cannot be decarbonized (possible solutions
such as carbon capture and storage [CCS] are not considered).
The carbon stock balance from land conversion to sugarcane
crops is positive, as many converted lands are currently
degraded pasture. The CO, removal varies according to the
demand for ethanol (Figure S2), being larger in the baseline
scenarios (174-223 MtCO,) and lower in the electrification sce-
narios (21-119 MtCO,). See Table S6 and Figure S3 for the alter-
native net-zero scenario. Scenarios with the default policy have
lower CO, absorption than the LC policy, in which removals in-
crease by 21-48 MtCO,. This is because with the LC policy,
we avoid land use for energy purposes in areas with larger car-
bon stock. Emissions due to land conversion for the production
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of HVO, SAF, corn-based ethanol, and biodiesel are considered
inexistent, as we restrict their feedstock production to existing
cropland areas and thus assume no changes in the land-
use class.

The estimation of indirect land-use change (iLUC) emissions
varies depending on the method used. For soybean-based
biofuels, we consider a range of values derived from different
methods. In the baseline scenario, iLUC emissions range from
36 to 75 MtCOsequiv- Under limited and intensive electrification
scenarios, these values are reduced by 42% to 80%, respectively
(Table S7). However, in the net-zero scenario, iILUC emissions
increase significantly, ranging from 80 to 214 MtCOyequiv, due to
the high demand for biofuels in hard-to-electrify sectors.

We find that land management toward land recovery and refor-
estation in conservation-relevant lands could further help mitigate
climate change and potentially neutralize the remainder emis-
sions from hard-to-electrify subsectors. When lands are freed
up from energy use in scenarios with the LC policy, the potential
CO, sequestration due to reforestation is high. A total of 15,430
MtCO,qquiv additional carbon stored is possible (Figure 5B),
without considering possible losses due to wildfires. The Amazon
rainforest contributes to 72% of the potential, followed by the Cer-
rado, which has an additional carbon stock of 2,090 MtCOsequiv
and contains the largest area of priority lands for conservation
(Figure 5C). Apart from the carbon stored, the annual CO, absorp-
tionis slightly higher in the Cerrado (386 MtCOxequiv year")thanin
the Amazon (314 MtCOoequiv year™"). Table S8 shows the annual
removal by biome after reforestation.

Most of the land proposed for reforestation is currently used
for pasture and soybean production in all biomes (91%-99%),
while food production (excluding beef) represents 0.98%. There
is a potential for better land management, particularly of pas-
tures, but the high dependency on soy-based biofuel in the
net-zero scenario may itself lead to significant land conflicts.

Although we report the total carbon stock, that pool accumu-
lates gradually over time. Growth rates differ by biome, with peak
sequestration around year 2025 before declining.”® Thus, the
strongest climate-mitigation impact of reforestation arrives a
few decades after implementation.

DISCUSSION

We find that optimal energy systems rely mainly on RE, even in
highly electrified systems. In our scenarios, onshore wind is the
predominant source of clean electricity, followed by centralized
solar generation, regardless of the policy considered. Offshore
wind farms were not assumed to be cost competitive in our
work, but based on work elsewhere in the world,'? it is reason-
able to assume that, looking for near-optimal alternative energy
system configurations, systems with high shares of offshore
wind would be equally feasible. The power system transition
and expansion are expected to increase significantly in highly
electrified scenarios. Statements about the total investment
are not possible in our work, since the costs refer exclusively
to the capacity expansion and do not account for expenses
related to transmission infrastructure, charging stations, indus-
trial adaptation, and other necessary components for a highly
electrified system. Additional research is necessary to investi-
gate these issues.
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The demand for biofuels in 2050 is significant for both the net-
zero (HVO and SAF) and the baseline scenarios (mainly ethanol),
exceeding the current level of biofuel production. Crops for bio-
fuels need significant direct land use, leading to land conversion,
impacting particularly existing pastures and soybean crops in
baseline and electrification scenarios. Land conversion leads
to considerable iLUC emissions in both the baseline and the
net-zero scenarios. In the latter, emissions rise significantly
due to the intensive use of soybean as a feedstock to decar-
bonize hard-to-electrify sectors. These values should be treated
as indicative of the range of potential impact due to the high level
of uncertainty. A deeper analysis of converted pasture lands
reveals they are primarily degraded pastures, suggesting
potential positive outcomes through transitions to sugarcane
crops and increased ecosystem services, as also confirmed in
another study.”® Biofuels in the net-zero case are fully based
on soybean feedstock, requiring a land area equivalent to 49%
of Brazil’s current soybean land (360,000 km?).?” With a substan-
tial portion of current soybean production being dedicated to
animal feed (76%°°), further land expansion may occur to meet
energy and non-energy feedstock demand.

Without significant worldwide dietary shifts and land manage-
ment, Brazil risks facing land conflicts and deforestation. Diversi-
fying feedstocks could help alleviate the land conflict associated
with biofuel production, although it may not completely eliminate
land stress. We consider only national demand for energy;
however, the demand for biofuels may be considerably higher if
they are traded internationally.

The required area for the expansion of the energy system,
particularly for biofuels, is significant. Restricting the energy-
related use of priority lands for conservation impacts the energy
system’s configuration and feedstock crops’ location. Findings
show that the LC policy is a strategic way to mitigate biodiversity
loss, resulting in no significant difference in energy costs
compared to cases without land restriction. Even in the more
electrified scenarios, where optimal locations may undergo sub-
stantial shifts, the cost increase does not surpass 4% beyond
the optimal cost. However, these costs represent the levelized
cost of energy without considering the reallocation of transmis-
sion expansion, for instance. Accordingly, the reallocation
without significant change in costs should be viewed strictly as
generation-level costs, not as systemwide totals. Nonetheless,
historical data from Brazil’s national energy plans suggest that
transmission capex typically comprises only 5%-10% of total
energy-sector investment.?® Given this relatively small share,
the additional expansion required to accommodate infrastruc-
ture reallocation under conservation-priority land restrictions is
likely to have a limited impact on overall system costs.

Given the considerable uncertainties in future technology
costs, this can be considered an insignificant increase and
essentially the same cost as the cost-optimal configuration.
Past work using modeling to generate alternatives (MGA)
methods has considered a cost increase of even 10%
acceptable.®”

Another point of attention is water use, which we ignore in our
model. Although sugarcane crops for ethanol production are
shifted to regions with a well-developed agribusiness sector,
the water conflict between consumptive uses is a drawback,
particularly in the northeast region, where irrigation is necessary
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in an area regularly suffering from droughts.®'*** See Figure S4
and Table S9 for details on irrigation needed for sugarcane-
based ethanol.

Regardless of the LC policy, our findings indicate that
emissions can almost double the current levels if no significant
changes are made in the energy transition. In the net-zero sce-
nario, emissions from fuel combustion decreased by 91%
compared to the baseline but still had a remainder associated
with heavy industries. Although not included in this work, CCS
has been discussed as an alternative for net-zero pathways in
industry.®® However, in Brazil, a commercial scale of CCS can
take another 12 years and cost USD 305/tCO,.**

Bioenergy is essential to reduce emissions in sectors where
electrification is difficult (e.g., aviation, maritime, and long-
distance road transportation). Its biogenic emissions are ab-
sorbed by the plants grown in a carbon-neutral cycle. Still,
reforestation in conservation-relevant lands has a huge
potential for carbon sequestration (16 times the emissions
in the baseline scenario). However, while burning emissions
are instantaneous, removals by the natural cycle might take a
long time.®® Such lags in resequestrating carbon might nega-
tively impact rapid decarbonization.

Our analysis explores technically and environmentally feasible
energy transition pathways for Brazil while recognizing that
certain aspects remain beyond its current scope. The study
assumes a strong role for biofuels in decarbonizing hard-to-
electrify sectors and excludes large-scale deployment of CCS.
Political and institutional dynamics —such as lobbying influences
and employment dependencies within the ethanol sector—were
not explicitly modeled but may shape the real-world implemen-
tation of the technically optimal pathways identified here.
Similarly, transmission costs, pipeline infrastructure, and emis-
sions from wildfires and industrial processes were not included
due to data limitations.

Nevertheless, our results make a clear case for the possibility
of achieving deep decarbonization by 2050 while protecting and
restoring conservation-relevant land, all while building on Brazil’s
strengths of natural resources (abundant hydropower, bioenergy
potential, and wind and solar resources). Brazil's Nationally
Determined Contributions (NDCs) and the SDGs are synergistic.
For example, restoring ecological lands can reduce emissions
and preserve biodiversity (SDG 15). Yet, reforestation alone is
insufficient, since a transition to clean energy is essential to avoid
local pollution and support sustainable cities and communities
(SDG 11). Careful spatial planning will help minimize environ-
mental impact and conflicts and should also be conducted for
“low-land-footprint technologies” like wind farms, since their
necessary support infrastructure might still affect ecological
corridors and natural habitats. Also, although our analysis
excludes areas of environmental conservation, the remaining
land should not be interpreted as unoccupied or free from
potential conflict. Many of these areas are known to be inhabited
or used by traditional communities (e.g., quilombolas), which
are vulnerable to large-scale infrastructure deployment. The
problem of large-scale appropriation of public lands for RE
development has already been highlighted in past work.*®
Further research is needed to better understand and incorporate
these dynamics, particularly given the limited availability of data
on these communities’ occupations in Brazil.
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Finally, addressing climate change and halting biodiversity
loss have become an urgent issue involving all societal levels.
Brazil has the potential to become a major player in the fight
against climate change and ecological degradation if policy is
designed accordingly.

METHODS

We developed the Brazilian energy model using Calliope and
analyzed four scenarios: baseline, limited electrification, inten-
sive electrification, and net zero. Then, we explored these
scenarios under land conservation and 100% renewable system
policies. Finally, we proposed the recovery of conservation-
relevant lands to estimate their contribution to carbon storage
(Figure S5).

We prepared the model inputs in a pre-processing step
that included spatial analysis (land availability), time series of
renewable resources and demand, and scenario definition. As
the final results from the model, we obtained the energy system
configurations across multiple scenarios and weather years. Be-
sides the energy-related results, we discussed further implica-
tions on converted lands and greenhouse gas (GHG) emissions.

Energy system models

We built the Brazilian energy model using Calliope, an open-
source, linear optimization-based energy modeling tool with
the default objective function of minimizing total system cost or
emissions while meeting all energy demands according to
Equation 1,

minz = Y (cost(loc :: tech,cost = cos t))

loc::techcostk

+ > (unmet_demand(loc ::

loc::carrier timestep
carrier, timestep) - bigM),
(Equation 1)

where k is associated with the costs of each technology
(tech) and location (loc). Unmet demand is multiplied by bigM,
a large positive constant representing an upper bound or an
infinite value in mathematical models.®” For more details, see
Figure S6.

Calliope is flexible and appropriate for highly renewable sys-
tems, since the framework can incorporate resource fluctuations
through time series and spatial nodes. However, large energy
models usually suffer from high computational costs. Due to
our extensive scope, we split the model into two parts (the bio-
energy model and the power and hydrogen model) that can be
run independently (see Figure S7). With that, we kept the compu-
tational complexity manageable and increased accessibility to
further research without necessarily depending on high-perfor-
mance computing (HPC). We used the solver Gurobi.*®

With the bioenergy model, we investigated liquid and solid bio-
fuels. The power and hydrogen model explored two other car-
riers: electricity and hydrogen. Electricity in the bioenergy model
is an exclusive production from by-products. Part of its produc-
tion is consumed at the refinery or distillery, and the surplus goes
to the grid. The surplus power generation in the bioenergy model
was then discounted from the demand of the energy model.
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We included time series of demand and RE in the power
model available at hourly resolution. We ran the scenarios of
the energy model at a 3-hourly resolution on a DelftBlue high-
performance computer.®® The bioenergy model was run at a
120-hourly resolution.

Scenarios

We investigated four scenarios: baseline, limited electrification,
extensive electrification, and net zero. The baseline represents
the demand estimation for 2050 from the Brazilian Energy
Research Office (EPE)."® Based on this demand, we made
assumptions about demand variations for electrification and
net-zero scenarios using different carriers. To ensure logical
and realistic assumptions, we considered electrification tech-
nologies that are already fully developed. However, there may
be obstacles related to infrastructure or technical implementa-
tion that can potentially hinder the progress of electrification
(e.g., the absence of charging stations for electric vehicles in
remote regions, irrigation in rural areas not connected to the
grid, etc.). Therefore, limited electrification considers these
barriers and has a smaller share of electrification (even with
available technology at a commercial scale); extensive electri-
fication and net-zero scenarios assume barrier elimination
and, consequently, a higher level of electricity demand. The
detailed assumptions for every subsector are available in the
supplemental information.

In this study, net zero refers exclusively to scenarios explicitly
designed to reduce fossil fuel use in the energy sector to a level
that is as low as technically and economically feasible, leaving
only minimal residual emissions to be balanced. Scenarios with
higher fossil-fuel reliance, even if their emissions could be offset
by reforestation, are not classified as net zero, as our definition
emphasizes direct decarbonization rather than achieving bal-
ance primarily through land-based removals.

Besides the exploratory demand scenarios, we analyzed them
under four policies:

® Default: no new policy is implemented.

® LC: priority lands for conservation are preserved.

® 100% renewable power system (100% RE): the power sys-
tem is transitioned to 100% RE.

® LC combined with 100% renewable power system (LC +
100% RE): priority lands for conservation are preserved,
and the power system is transitioned to 100% RE simulta-
neously.

The net-zero pathway relied heavily on HVO, resulting in
extensive land requirements for soybean cultivation. As a
sensitivity analysis, we proposed an alternative pathway that
uses biogenic CO, captured from the fermentation of sugar-
cane-based ethanol to produce e-methanol. We assumed
that 50% of the light-duty vehicle fleet was electrified, while
the remaining 50% continued to operate on ethanol (rather
than 100% electrified). The outcomes are mainly presented in
the supplemental information.

We analyzed the sensitivity of the power system capacity to
weather years and cost variation. For the weather analysis, we
investigated 20 years of wind, solar, and hydro resources and
demand profiles. For the cost analysis, we considered three
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levels for wind, solar, and battery costs, conservative (higher
costs), moderate, and advanced (lower costs), based on data
published by the NREL.?°

In this study, net zero refers to a state in which GHG emissions
from the electricity and hydrogen sectors are reduced to the
lowest technically and economically feasible level, with only resid-
ual emissions balanced by CO, removal from reforestation. This
definition is sector specific and does not imply that the entire
economy achieves net-zero emissions. Certain industrial subsec-
tors, such as cement and chemical production, are expected to
retain a degree of fossil-fuel dependence due to technological
and economic constraints. Consequently, while the modeled
net-zero pathway nearly eliminates fossil-fuel use in the energy
sector, it co-exists with residual emissions from other sectors
that are not addressed within the scope of this study.

Several pathways and technologies can be explored in sce-
narios. It is important to note, however, that our objective was
not to forecast future demand. Instead, we analyzed different
scenarios while considering specific constraints.

Land availability

Land availability is a key factor in determining the maximum
available area for technologies or feedstocks that require large
areas and could impact human activities or natural ecosystems.

We excluded lands protected by law, public forests,'" rivers,
lakes,*® and Indigenous territory'" in all scenarios and policies,
as they have a well-known role in conservation and mitigating
climate change.*" For further details, see Figure S8A. We applied
a buffer of 2 km around these areas.“” We further excluded urban
areas with a buffer of 0.5 km. This first criterion applied to all sce-
narios due to legal ineligibility for large-scale deployments. Then,
for the LC policy, we excluded priority lands for conservation.*®
These lands are not currently protected by law, but they are
conservation-relevant areas due to their high biodiversity impor-
tance. These areas maintain ecological services, such as carbon
storage, water regulation, and nutrient cycling. The data are
based on the systematic conservation planning (SCP) method*®
(see Figure S8B). Although they are an important instrument for
spatial planning, many large-scale wind or solar parks have
been built ignoring these lands. For existing parks, the exclusion
of relevant ecological lands was not taken into consideration.

The land suitability for sugarcane crops was given by the Ag-
roecological Zoning of Sugarcane (ZAE Cana, in Portuguese).””
ZAE indicates the potential (high, medium, and low) of sugarcane
crops according to the soil’s physical, chemical, and mineralog-
ical characteristics and weather conditions (Figure S8C). For
corn-based ethanol, we considered its production only from
existing off-season crops, where corn is grown outside of the
typical growing season (Figure S8D). Soybean oil is the most
commonly used feedstock for biodiesel** and HYO** production
due to its high competitiveness compared to other oilseeds.*®
Charcoal is produced by existing silviculture activity given by
Souza et al.?*

Inconsistencies in defining and measuring land-use require-
ments (LURs) can lead to variations in reported values.”” These
differences come from methodological choices, such as whether
the area is defined by infrastructure only or by spacing area or in-
cludes temporary and remote areas. Here, to estimate the land
footprint of wind and solar farms, we considered the spacing
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area from theoretical approaches. For wind energy, the calcula-
tion was based on reference turbines—Vestas V150 (4 MW) for
onshore and Vestas V164 (8 MW) for offshore installations. The
required area was determined using an average spacing of
10D by 5D along the x and y axes, respectively, where D is the
rotor diameter.”® For utility-scale PV systems, we applied a
capacity area of 79 MWp/km?, as reported by the EPE.*° For
the rooftop PV area, see the “solar power” section.

Zones and links

Although Brazil has interconnected transmission lines covering
almost the entire territory, we created zones to include the het-
erogeneity of different regions (see Figure S9). We divided the
Brazilian state territories into zones following two steps. The first
was based on concession areas of power distribution com-
panies (described in Table S10). With that, we had a more real-
istic demand per zone, making it possible to distinguish the
share of electricity consumption in different economic activities
and population levels. In states with many companies, particu-
larly in the south and the southeast, we merged small concession
areas to form a single zone. In some large states (e.g., Pard),
where only single companies control distribution, we used
mesoregion limits to determine zones and divided the state’s de-
mand by the zone’s population. We excluded part of the Amazon
region where the supply comes from isolated systems.

We established links between zones to make the carrier ex-
change possible. For electricity, we identified the nearest exist-
ing substations®° to the centroid of each zone. Using the QGIS
function “simplify vector,” we simplified the existing and planned
transmission lines.*® We considered a general loss of 5% per
distance between zones.

Today, ethanol transportation relies mainly on road transport
for the internal market and shipping for exports. To calculate
the road distance between zones, we estimated the shortest
path through roads between the zone’s centroids using the
QGIS function “network analysis - shortest path.” Costs per
distance traveled by trucks were from Khatiwada et al.”’
Similarly, we created pipeline connections using the same road
path and assumed the costs and parameters of an existing
pipeline between Ribeirdo Preto and Paulinia.*”

Conversion technologies

For the bioenergy model, we considered five carriers: ethanol,
HVO, biodiesel, SAF, and charcoal. We assumed two types of
distillery for ethanol production that uses traditional sugarcane.
The first is the conventional one, able to produce first-generation
ethanol (from the juice) and generate electricity from the resid-
uals (bagasse).”® The second one produces both first- (juice)
and second-generation ethanol (bagasse). For corn-based
ethanol, we assumed a full distillery capable of processing only
corn and producing first-generation ethanol.

Capex refers to refinery installation costs and opex to annual
operational costs, both converted to USD/L (see Table S11 for
detailed costs). Here, opex includes feedstock costs as well.
For ethanol from sugarcane, we obtained the total refinery costs
from Khatiwada et al.”" and converted them to USD/L using the
historical productivity data for first-generation ethanol.®* We
considered a conversion factor for second-generation ethanol
production of 57 % from first-generation ethanol for conventional
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sugarcane.”® The capex includes the costs of first- and second-
generation ethanol. For second-generation ethanol, we included
enzyme expenses. We obtained capex and opex from the EPE**
for corn-based ethanol. Agricultural costs of corn crops are from
a typical farm located in Santa Catarina State.*®

Although technologies that produce second-generation
ethanol are more expensive, they become cheaper when the
costs are in terms of liters, since they can produce more ethanol.
In that sense, we set no costs for electricity generation and
added a payment for it, since there is no demand for electricity
in the bioenergy model. Based on the prices in auctions in
2022,°” we considered the average price of USD 76.49/MWh
and production of 1 MWh for every 3,800 L of ethanol produced.
This results in USD 0.0134 per liter of ethanol if the refinery
produces electricity from the bagasse.

The overall efficiency improvement happens through better
distillery conversion and agricultural progress.°® We considered
an annual productivity increase of 0.9% for conventional
s,ugarcane,59 as our estimation was based on historical values,
and many farms do not operate with cutting-edge technologies.
We considered that the efficiency increase for ethanol from corn
followed the same overall progress as traditional sugarcane.
Still, we assumed that ethanol capex and opex would be
reduced by 10% and 25%, respectively, by 2050.°°

Table S12 shows the pipeline parameters adopted for ethanol
transportation. We assumed parameters from an existing pipe-
line (Ribeirdo Preto-Paulinia).®”

Soybean oil is one of Brazil’s most commonly used feedstocks
for biodiesel and, consequently, a competitive feedstock option.
Here, we considered soy oil as a feedstock to produce HVO and
biodiesel in the long term. For SAF, we consider two types of
refineries: hydrotreatment of soybean oil (HEFA) and dehydration
and oligomerization of ethanol-alcohol-to-jet (ATJ technology).
Estimated costs for SAF are from Capaz et al.,°' for HVO from
the Danish Energy Agency,®” and for biodiesel from the EPE.**

About 80% of the charcoal production in Brazil is through
low-tech kilns, which lack the control of gas emissions generated
by carbonization.®® Here, we considered a more technologically
advanced system called Ondatec (microwave carbonization kiln)
and the feedstock from Eucalyptus urophylla, with costs
provided in the CGEE.®* We limited the charcoal and firewood
production, assuming their current production. In total, wood
production accounted for 3.3% as charcoal and 25% as
firewood, with the remainder comprising lumber, wood, and
other secondary products.®® With trees spaced 3 x 3 m, the total
potential per area is 358.81 GWh/kmZ.

To model e-methanol production, we considered a synthetic
fuel pathway based on the catalytic hydrogenation of CO,
derived from ethanol fermentation. The process requires two
primary inputs: green H, and biogenic CO,. We assumed the
production of e-methanol follows a stoichiometric ratio in which
1 ton of methanol requires 187.5 kg of hydrogen and 1,375 kg
of 002.66 Methanol is expressed in liters, with a conversion
factor of 0.7918 kg/L. The biogenic CO, is assumed to originate
from sugarcane-based ethanol production, primarily used to
supply light-duty vehicle demand. During fermentation, each
ton of ethanol generates approximately 950 kg of CO,.%”

In the power and hydrogen sector, we assumed costs given
by the EPE'® for conventional and mature technologies, such
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as hydropower plants, combined cycle gas turbine (CCGT), and
nuclear. For onshore wind and solar farms, rooftop PV, and bat-
teries, we considered costs for 2050 reported by the NREL.?° For
offshore wind farms, we estimated the costs based on equations
compiled by Tavares et al.%® and considered a reduction of 50%
by 2050.°° Reservoirs, batteries, and hydrogen technologies
were considered storage systems in our model, providing alter-
natives to fossil-fuel-based backup solutions and minimizing
curtailments or instability issues (Table S13).

For existing solar technologies, we considered a single
variable in our model called pv_existing. To find out the current
installed capacity of rooftop PV by zone, we aggregated the
PV’s capacity for every city’° by zone. For this case, we assumed
only the future costs of operation. Then we calculated the
average opex of pv_existing by considering that the current
configuration of utility-scale PV equals 36.7% and 63.3% for
rooftop PV.

In our model, the time series of variable resources includes
turbine or panel efficiency. Data for technology life-cycle emis-
sions of COpequiv are based on the IPCC Fifth Assessment
Report.”" This work compares life-cycle emissions from natural
gas and offshore wind farms. While hydropower plants can
also exhibit substantial life-cycle emissions, it was assumed
that no change to the hydropower fleet was made, and total
energy sector emissions were not accounted for; thus, these
emissions could be excluded from the analysis.

Time series of renewable energy and maximal capacity
RE resources are highly variable over a year and between years.
To analyze the weather variability, we considered two decades
of data for the baseline and net-zero scenarios. For the hydro-
power potential, we relied on the observed hydro resources
from existing hydropower plants, and for wind and solar time
series, we used reanalysis data from NASA’s MERRA-2."2

Hydropower

We used 20 years of affluent natural energy (ANE) data from the
National Operator of the Power System (ONS).”® The ONS de-
termines ANE using two inputs: natural flow (Qp.:) given in m*/s
and the average production (p) of the turbine-generator
ensemble linked to the elevation difference between the water
level associated with 65% of the usable water volume in the
upstream reservoir and the water level at tailrace, given in
MW/m®/s. Here, i is the hydropower plant, n represents the
number of hydropower plants in a basin, and t indicates the
period:

ANE = anonaf(i,t).p(i)-

i=1

(Equation 2)

Hydropower plants are in groups of basins, and we split the
hydropower time series into run-of-river and reservoir based
on the installed capacity of both technologies.

The raw hydro time series relies on the installed capacity
when data are collected, capturing the effects of changes to
the hydropower fleet through time. To obtain an estimate of
how the current fleet would have performed through these 20
years, the observed data were multiplied by the ratio of current
installed capacity to the capacity at each past moment. Data
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with negative or missing values were corrected by considering
the last non-negative number at the nearest date.

In a reservoir, the remaining ANE can be accumulated over a
certain period, working as storage. Table S14 shows the security
level for reservoirs given by the ONS.”*

Wind power

We simulated 20 years (2000-2019) of wind power generation
through Renewables.Ninja,”>~"" a platform based on reanalysis
data from MERRA-2. Bias correction using data assimilation
aimed to reduce or remove systematic errors by comparing the
data outputs with observed or already corrected data, bringing
them closer to the real values. To correct the bias of offshore
nodes, we simulated capacity factors of existing onshore wind
farms near the sea and compared them to actual capacity
factors, as indicated in a previous work.”® For onshore wind
farms, we used data from the Brazilian Wind Atlas’® to compare
with the simulated reanalysis data due to the absence of existing
wind farms in some regions of Brazil.

The Brazilian Wind Atlas provides the already corrected
parameters k and c of the Weibull distribution for 2013 at an
annual resolution. We generated synthetic wind speed and
calculated the probability of different wind speed events with
these factors. The Weibull density is estimated by Equation 3:%°

-4 o] ]

where factor k (unidimensional) describes the shape of the
Weibull distribution and factor c¢ indicates the scale in m/s.
Low values of k suggest a high frequency of low wind speed,
while low values of ¢ mean that the distribution is concentrated
around a narrower range of wind speeds (see Figure S10).
Figures S11 and S12 present the ¢ and k factors, respectively.

The turbine power production (Pf) is represented by
Equation 4:%°

(Equation 3)

Pt = /P(v)f(v).dv, (Equation 4)
where P(v) is the turbine power curve. While turbine models
are typically chosen for specific projects, for our analysis, we
chose recent commercial models with available data on
Renewables.Ninja. We considered turbines from Vestas V150
4MW and a hub height of 120 m for onshore wind farms and a
larger turbine for offshore wind farms, Vestas V164 8MW, and
a height of 100 m. We adopted a resolution of 0.5° x 0.625°
(latitude x longitude) for the wind simulation, which is the
same resolution as MERRA-2 (see Figure S13A).

The maximal installed capacity results from land availability
(km?) multiplied by a capacity density (MW/km?). We assumed
an installed capacity of 3.56 MW/km? for onshore wind farms
and 5.2 MW/km? for offshore wind, calculated based on an
average distance between the turbines of 10D and 5D in an x-y
axis,*® in which the D is the rotor diameter.

Solar power

Similar to the wind simulation, we obtained solar data from
MERRA-2 and the interface Renewables.Ninja, which provides
solar power outputs from interpolated grid cells and estimates
irradiance on the plane of the PV. Generally, the largest annual



One Earth

irradiation levels are obtained when the tilt of PV modules is
equal to the site latitude and when the module faces to the north,
in the Southern Hemisphere (azimuth = 0°).2" PV modules have
tits equal to the local latitude for each coordinate point.
We corrected the solar reanalysis data using the solar atlas
provided by INPE,®” which covers 16 years (2000-2015) with
monthly resolution. We used solar irradiation on every node’s
inclined plane (same as the latitude). For additional details on
the solar bias correction, see Figure S13B.

The capacity factor output from PV panels can be calculated
by multiplying the solar radiation incident on the tilted panels
by the panel’s parameters and dividing it by its rated power, as
indicated in Equation 5:

_ HxAxeff xL
B RP ’

where CF is the capacity factor, H is the solar radiation on the
tilted panel (Wh/m?), A is the area of the panel (m?), eff is the
panel’s efficiency, L is the coefficient for losses, and RP is
the panel’s rated power (Wp). We considered panels with an
area of 1.6 m?, an efficiency of 16%, a rated power of 260 Wp,
and a loss coefficient of 0.9 (i.e., 10% losses in the PV system).
For solar utility-scale PV, we applied the capacity area of 79
MWp/km?,*° while for rooftop PV, we assumed a density of
162.5 MWp/km?.

For rooftop PV, we assumed the surface availability in
m?/household given by region of Brazil,®®> which considers a
set of adjustment coefficients that account for physical and
structural constraints affecting PV deployment. These coeffi-
cients include cc (size factor) and co (orientation factor).
Additionally, for apartment buildings, we included cs (shading
factor), to account for the reduction in usable area due to
shading effects from surrounding structures, and cf (rooftop
occupation factor), to reflect the space occupied by essential
rooftop installations such as water tanks and HVAC systems.
These coefficients were applied to estimate the total effective
rooftop area, which was then multiplied by the number of
households estimated by IBGE®* (Table S15). For offshore
technologies, we considered available area for wind farms
and their optimal locations from previous work.”®

CF (Equation 5)

Bioenergy

Feedstocks for bioenergy production are variable resources,
since they depend on seasonal harvesting. In our work, sugar-
cane-based ethanol production results from suitable lands for
sugarcane crops combined with sugarcane yield and distillery
efficiency. We calculated overall productivity in terms of liters
per hectare using historical data from the National Supply
Company (Conab).®* We assumed data from four recent
harvests (from 2018 to 2022) to include possible changes in
sugarcane productivity due to weather variability, agricultural
and technological improvements, and sugar prices.

Our estimation was based on the total recoverable sugar
(TRS), a measure of quality and payment for sugarcane, which
indicates the potential to produce ethanol or sugar (see
Tables S16 and S17 for further details). However, several
variables that affect ethanol production (e.g., yield, sugarcane
variety, weather, soil, etc.) are available only aggregated and at
a state level, making it difficult to access the exact productivity
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at a farm/distillery level. To avoid having a single theoretical
value that can overestimate or underestimate the potential,
we assumed that low-suitability lands have a yield equal to the
first quartile of the dataset at the state level (4,896.87 L/ha).
We assigned the median (6,024.62 L/ha) and third quartile
(7,343.25 L/ha) to medium- and high-potential lands, respec-
tively. In our estimated yield, we removed today’s level of sugar
production to avoid food conflict. We included seasonality by
considering the first month of the harvest period of the most
common sugarcane variety (Table S18) in each state, given by
RIDESA Brasil®® and Embrapa Variedades.®®

The potential of sugarcane was determined based on the
Agroecological Zoning for Sugarcane crops,” and its value
was derived from historical data. The production of second-gen-
eration ethanol and surplus electricity depends on the type of dis-
tillery, which can generate either second-generation ethanol or
electricity using the by-products of sugarcane. We assumed an
annual efficiency improvement rate of 0.09% by the year 2030.
We considered the average prices across all states from January
2019 to January 2022 to estimate the sugarcane model’s inputs.

Corn cultivation for energy purposes requires larger areas
than sugarcane, which can significantly impact food production
if consumption increases at a large scale.®” To avoid this, we
limited corn production for biofuels, considering its current pro-
duction. Yet, we defined the corn crop for energy purposes to be
available in the off-season of other main growing of existing
crops, with the harvest period varying by region. The most recent
harvest (2022-23) resulted in 126.4 million tonnes of corn, and
4.9% of this production was used to produce 4.5 billion liters
of ethanol.®® Here, we considered April for harvest in the north-
eastern region and January and February for the southeast and
south, respectively.®? Agricultural productivity was based on a
highly technological farm in Campos Novos, Santa Catarina
State, with a production of 10.8 tons/hectare.®® We assumed a
conversion productivity of 400 L of ethanol per tonne of corn.

To estimate the charcoal yield, we assumed the parameters
of Eucalyptus urophylla, which contains an estimated charcoal
potential of 42.5 kg per tree.® With tree spacing at 3 x 3 m,
the total potential per area is 358.81 GWh/km?. Here, we
assumed that charcoal was invariable over the year.

We assumed no temporal variability for soy oil as feedstock,
such as biodiesel, HVO, and SAF.

Demand

Energy demand includes five sectors: industry, transport, build-
ing, agriculture, and energy services. The baseline’s demand
(given by the EPE'®) is in terms of final energy (the energy
supplied to the equipment). To estimate the final energy demand
in the what-if scenarios of electrification and net-zero transition,
we first determined the useful energy (the energy service
required after conversion losses). This value was then multiplied
by the efficiency of the corresponding new energy carrier, as
expressed in Equation 6:

UEjx = FEjx.€jx, (Equation 6)

where the indexes j, j, and k are the carrier, the subsector, and
the final use (driving force, heating, direct heating, cooling, light-
ing, and electrochemical), respectively. The e is the fuel
efficiency given by the EPE.”"
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Our assumptions in alternative routes apply to useful energy.
The share of final demand may vary depending on changes in
total energy demand resulting from efficiency improvements.
For instance, we assumed that 75% of the useful demand for
rail transportation is met by electricity in limited electrification.
However, that becomes 60% when the final energy demand
is considered (Table S19). The distribution of demand by
subsectors is given by Table S20 and illustrated in Figure S14
for industry, Figure S15 for transport, Figure S16 for building,
Figure S17 for agriculture, and Figure S18 for energy. The
assumptions are explained in Table S21.

The hourly electricity demand is reported according to the
four subsystems by the ONS.?” To compute the demand
profile per zone, we applied the consumption proportion given
by distribution companies®™ to the demand. If a distribution
company operates in multiple zones, we used a proportion
based on the population of each zone.

Our model considers seven carriers (electricity, hydrogen,
ethanol, biodiesel, HVO, SAF, and charcoal). We focused
exclusively on large-scale biofuels to ensure the computational
manageability of our model, assuming that smaller carriers—
such as biogas, black liquor, and ancillary biomass—play a
role in specific niches or at small scale. We left other carriers
out of the model, such as fossil fuels that cannot be replaced
with other alternatives (i.e., in some industrial subsectors).
However, we considered them in the emission balance.

Emissions
We calculated the emissions and removals associated with the
energy sector and the land conversion to dedicated sugarcane
crops. For other bioenergy crops like soybean, corn, and char-
coal, we assumed that their production did not change land
use, as we restricted their cultivation to existing crops. Therefore,
their impact on emissions from land-use change was negligible.
However, we did consider the emissions derived from their
combustion, which were accounted for as biogenic emissions.
We estimated emissions and removals due to land-use
change using data on carbon stocks in living biomass (above
and below ground) and dead organic matter. We used the
“stock-difference approach” for land conversion emissions.
The total emission is given by Equation 7:

ac - Y (Ce = Cn)

(Equation 7)
—~ b —t

where C is the carbon stock in tons, and the indices are the
type of climate (j), type of vegetation (j), and management prac-
tice (k). t is the period considered. However, we assumed no
temporal variation; instead, we considered the carbon stock
by 2050. We calculated the current amount of carbon stored
and the potential amount that could be stored if sugarcane
crops were implemented. By comparing these two values, we
could estimate the difference between them. The specific fac-
tors used in calculating carbon stock and the additional CO,
removal or emission are provided by Araujo et al.’’ and
SEEG.”®

To estimate the carbon stock at t;, we assumed the current
land use. We clipped rasters from MapBiomes®® in the resulting
land for sugarcane crops. To convert a quantity of carbon to
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the equivalent CO,, we multiplied the carbon by the ratio of the
molecular weight of CO, to that of carbon (44/12).

iLUC emissions are associated with expanding pasture
and agricultural lands replaced by biofuel feedstock. Here,
we considered the iLUC factor of 13 g COzequiv/MJ for sugar-
cane ethanol.”® For soybean-based biofuels in Brazil,
specific iLUC values are not well established and are subject
to significant uncertainty. To reflect a reasonable range of
impacts, we adopted two reference values from global
models: 56 g COsequiv/MJ, derived from the IFPRI-MIRAGE
model in a study for the European Commission,”” and 150 g
COgequi/MJ, based on the GLOBIOM model.?® To account
for the higher energy yield of HVO compared to conventional
biodiesel, we applied a 7% reduction to these iLUC factors,
following the methodology proposed by Malins.®®

We also analyzed the potential of carbon removal by
restoring 100% of priority lands for conservation that are
currently occupied by human activities and are freed up in
terms of energy in scenarios with the LC policy. For that, we
also used the “stock-difference approach.” We excluded
the existing forests, cities, and non-vegetated lands from our
analysis. To find the area of each land-use type, we analyzed
a land-use raster dataset from Souza et al.?® within priority
lands for conservation.

We also considered the native vegetation types in the biomes
and regions to calculate the exact carbon storage impact. We
extracted this information from a shapefile provided by
ANA,"% which depicts native vegetation types within priority
areas. Using these data, we calculated the area covered by
each vegetation type. We applied a weighted average approach
to estimate the average carbon stock for each biome and region.
This involves assigning weights based on the respective areas
of different vegetation types, resulting in a more accurate
representation of carbon stock variations across biomes and
zones. For further details, see Figure S19.

Annual CO, removals by reforesting were estimated with
the stock-difference method, using the biomass-increment (in
tCO,/ha year™") data reported to the IPCC in Brazil's Fourth
National Communication.?* The analysis compares the current
land use (“before”) with the potential areas converted to
forest (“after”).

We calculated the emissions from fuel combustion of all
sectors. The emissions associated with the power sector
include both natural gas combustion in CCGT and the life-cycle
emissions of renewable technology manufacturing. Emissions
from biofuels are reported as biogenic emissions (i.e., reab-
sorbed by plants).

We considered emission factors of CO,, CH,, and N,O
from the Fourth National Communication of Brazil.”* Then,
we converted them in terms of COoequiv, CONsidering a global
warming potential (GWP) of 1 for CO,, 25 for CH,4, and 298
for N,O. For specific factors related to aviation, see
Table S22.
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Materials availability

All model outputs are openly available at Zenodo: https://doi.org/10.5281/
zenodo.10600013. The power system model can be accessed at Zenodo:
https://doi.org/10.5281/zenodo.8020907 and the bioenergy model at Zenodo:
https://doi.org/10.5281/zenodo.8020971. Installed capacities across multiple
scenarios are also available through our interactive web application: https://
energy.ita.br.

Data and code availability
The dataset is publicly available at https://doi.org/10.5281/zenodo.10366868.
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