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1 Abstract1

Brazil is crucial to tackling climate change and halting biodiversity loss. Yet given its2

intention to rely on biofuels for clean energy, there is a growing risk that uncoordi-3

nated policy leads these goals to compete with each other. Here we explore their inter-4

play through long-term energy scenarios based on a spatially explicit energy system5

model. We find that in a baseline scenario where Brazil doubles biofuel use by 2050,6

substantial dedicated land is needed, converting mostly degraded pastures. More im-7

portantly, with appropriate planning, renewable energy combined with biofuels can8

meet demand in highly electrified systems where emissions decline by 40%-91% with-9

out conflicting with conservation-relevant lands and without a noticeable effect on en-10

ergy system costs. Finally, these conservation-relevant lands can be reforested and11

thereby contribute up to 15.43 Gton of carbon stored, showing that climate changemit-12

igation and ecosystem recovery can be synergistic.13

2 Introduction14

Though it is critical for successful climate mitigation, there is a growing risk that the15

clean energy transition conflicts with other Sustainable Development Goals such as16

SDG 15 (life on land), SDG 14 (life below water), and SDG 6 (clear water and sanita-17

tion) [1]. In particular, large-scale land requirements for bioenergy crops [2] and re-18

newable energy technologies [3, 4] can drive ecosystem loss and degradation. This is19

particularly acute in Brazil, which is by far the most biodiverse country in the world20

[5] and therefore critical for stemming biodiversity loss while being critical for suc-21

cessful climate mitigation through its energy and land use. Despite the importance of22

conservation-relevant lands for supporting ecosystem services, many remain unpro-23

tected and vulnerable to human activities that might lead to land conversion and frag-24

mentation [6]. Brazil’s long-term commitments include climate neutrality by 2050 [7]25

and using biofuels as vectors for decarbonization and development, supported by the26

RenovaBio program launched in 2020. However, these long-term goals fail to provide27

guidance for spatial planning. By pushing new crops and pastures onto native lands28

[8], they risk worsening issues related to food security, land conflict, biodiversity [2, 9]29
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and deforestation, particularly in the Cerrado savanna and Amazon rainforest. Like-30

wise, onshore wind farms have been leading to conflicts with local communities [10],31

while several parks have been deployed in priority areas for biodiversity conservation32

[11].33

From the energy system perspective, a massive expansion and penetration of renew-34

able energy leads to operational questions related to balancing variable generation and35

demand. Energy systemsmodels with high temporal and spatial resolution can design36

technically feasible renewable energy supply systems [12], usually by performing cost37

minimization. However, most such studies use location-specific resource profiles, as-38

suming (implicitly) unlimited land availability [13]. Also, many studies do not consider39

sector coupling and the interdependencies among different energy carriers, leaving40

potential synergies and curtailment minimization unaddressed [14, 15].41

Here, we explore both the long-term future of the Brazilian energy system and its con-42

nection to land use and biodiversity conservation through a spatially explicit multi-43

model that minimizes costs while meeting the demand for 2050 (Figure 1a). The first44

model component assesses bioenergy, considering suitable lands for feedstocks and45

their seasonality, conversion technologies, storage, and transportation costs. The sec-46

ond model component depicts the power sector, including the expansion of mature47

technologies. Across both models, we focus on scenarios for different degrees of elec-48

trification (adding to the current electricity demand [16]) combined with policies of49

land use (preventing the use of conservation-relevant lands for energy purposes) and50

fossil fuel phaseout (enforcing 100% renewable energy supply), as well as the combi-51

nation of both these policies (Figure 1b). Our approach permits us to show how much52

land is needed for bioenergy crops and energy-related infrastructure in 76 zones (Fig-53

ure 1c), where this infrastructure should be located, as well as the resulting costs and54

land use impacts. Comparing scenarios with and without land use restrictions per-55

mits us to investigate the potential for negative land-use emissions by shifting energy56

infrastructure away from conservation-relevant lands (Figure 1d) to preserve and re-57

store them. For that, we calculate the potential contribution of reforestation by using58

a carbon stock difference approach (Figure 1d).59
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Figure 1 a, The workŕow 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 őnal demand for fossil

fuels, electricity, bioenergy, and hydrogen. c, 76 Zones of the Brazil power systemmodel.

The two-letter state (grey) 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 (grey) is related to the region and the numbers 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.
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Our study is the first comprehensive analysis of Brazil’s complex interactions between60

renewable energy, land use, and conservation. As the speed of energy system transfor-61

mation increases at the same time as the urgency to preserve the biosphere grows, it62

provides insights for policymakers into sustainably achieving long-term decarboniza-63

tion simultaneously to other Sustainable Development Goals (SDGs). Our underlying64

model is made available freely online and fully re-usable for the further study of Brazil65

or other countries. Our results includemultiple years of bias-corrected wind and solar66

data covering all of Brazil, as well as extensive geo-referenced data, all of which can be67

freely re-used.68

3 Results69

3.1 Renewables canmeet even highly electriőed future demand70

Webuild a cost-minimizing energy systemmodel to design anenergy supply system for71

Brazil that meets all demands for energy across the industry, transport, buildings, and72

agriculture sectors. We consider the spatio-temporal variability of renewable supply73

and energy demand resolved to 76 model regions within Brazil with a 3-hourly resolu-74

tion. The model is run for all combinations of scenarios and policies, resulting in 1675

system configurations. In all cases, power generation relies mainly on renewable en-76

ergy (Figure 2a). In the baseline scenario with default, 100% RE, and land-constrained77

policies, the system requires 394-398 GW of installed power generation capacity, 92-78

100% of which are renewable energy technologies. With high levels of electrification79

in the net zero scenario, Brazil would need more than three times the installed capac-80

ity of the baseline, with the cost-optimal configuration consisting of 43% wind energy81

and 24% solar energy (though other combinations of wind and solar energy are equally82

possible). To put this into context, in the cost-optimal solution for the net zero sce-83

nario, our most ambitious case, Brazil would deploy roughly 633 GW of onshore wind84

capacity, or 7.5 GW per 100,000 km2 of land surface. This is less than half the current85

capacity density of Germany, which has roughly 60 GW of onshore wind capacity as of86

2023, that is, 17 GW per 100,000 km2 of land surface. This suggests that meeting even87

highly electrified future demand is possible with renewables in Brazil.88

Weperform two sensitivity analyses: first, running the baseline scenario with both the89

default and net zero policies with 100% RE + LC across 20 weather years (2000-2019),90

and second, varying the capital expenditure (capex) and operating expenses (opex) of91

onshore wind and utility-scale PV technologies based on the conservative, moderate92

and advanced cases of NREL [17]. The weather year 2017 is the reference, and all re-93

sults refer to it unless otherwise indicated. The weather sensitivity analysis shows that94

the standard deviation of installed capacity in the net zero scenario is higher than in95

the baseline scenario, indicating that large renewable systems are more vulnerable to96
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weather conditions. The cost sensitivity analysis indicates that the moderate case of97

wind farm costs resulted in larger wind capacity than the advanced case (lower costs),98

where we observed an increase in solar farm capacity (Figure 2b).99

 

Hydro storage Solar power

Onshore wind
Capex (Opex)

Utility-scale PV
-8% (-9%)

+19% (+19%) +31% (+23%)

-18% (-7%)
- -

Wind power

a b

c d e

Figure 2 a, Installed capacity in the reference weather year of four scenarios and four

policies. b, Box plots of installed capacity in the baseline (default) and net zero

(100%RE+LC) scenarios of three cases of costs: advanced, moderate, and conservative. The

light grey markers are the results across the weather years (2000-2019). The capex and opex

(in parenthesis) variations compared to themoderate case are indicated below the box plot.

c, The dashed line indicates 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).

We find that hydro reservoirs (145 TWh of maximal storage capacity) remain the main100

electricity storage system. Their dispatch changes with the addition of large-capacity101

wind farms in thenet zero scenario (Figure 2c). In the dry season (from June to Septem-102

ber [18]), wind power output is usually larger than in the rainy season, implying a re-103
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duction in hydro dispatch (Figure 2d and Figure 2e). However, the system consumes104

much of the available hydropower potential during the rainy season, when demand is105

higher and wind potential is lower, implying less storage of hydropower reserves. Dis-106

patchable natural gas-fired power plants are still part of the solution for peak hours,107

particularly during the rainy season (summer) in the baseline scenario. However, in108

100% RE cases, natural gas is completely replaced with renewable energy, including109

green hydrogen as storage, which is then converted back to electricity.110

3.2 Biofuel production sparks land use conŕicts111

Althoughwind and solar farms have a substantial land use footprint, particularly in the112

net zero scenarios, direct land use is relatively low - for example, wind farms can be113

placed on farmland, and solar farms can co-exist with grazing animals or certain types114

of agriculture. However, crops for biofuel production need a significant dedicated land115

area, in theworst case, leading to land conversion fromother uses to agriculture. Given116

the stated aim of Brazil to let biofuels play a key role in decarbonization, it is important117

to investigate the resulting land footprint more closely.118

The bioenergymodel includes 72 zones and five carriers: ethanol from sugarcane (first119

and secondgeneration), first-generation ethanol fromcorn, biodiesel andhydrotreated120

vegetable oil (HVO) from soybean, sustainable aviation fuel (SAF) from ethanol and121

soybean, and charcoal. In our model we limit land availability for sugarcane crops to122

the Agroecological Zoning of Sugarcane (revoked decree that established spatial plan-123

ning for sugarcane crop expansion) [19], that for corn exclusively to existing off-season124

crops (where corn is grown outside of the typical growing season), that for soybean to125

existing soybean crop areas. Charcoal’s potential is given by existing silviculture ac-126

tivity [20]. We run the bioenergy model for all combinations of scenarios with default127

and land-constrained policy in a 120-hourly resolution.128

Liquid biofuel production reaches 74.7 billion liters in the baseline scenario, almost129

double the current production, but decreases to 43.3-17.2 billion in the electrification130

scenarios (Figure 3a). Fossil fuels still represent 57%, 39%, and 30% in baseline, lim-131

ited, and intensive electrification scenarios. First-generation ethanol is still relevant132

in the intensive electrification scenario, particularly for the industry sector (food and133

beverage, ceramic, cement, etc). However, in the net-zero scenario, which assumes134

near-complete electrification, the demand for ethanol is completely replaced by elec-135

tricity. We assume instead that the demand for hard-to-electrify transport subsectors136

(aviation, shipping, and long-distance road freight) is met by 44.6 billion liters of HVO137

and SAF, eliminating fossil fuels for the transport sector. To see the detailed biofuel138

demand for each subsector see the Supplementary Material.139
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Figure 3 a) Production of liquid biofuels in four scenarios: baseline, gradual

electriőcation, intensive electriőcation, and net zero. The biofuel production is the same for

both default and land-constrained (+LC) policies. The dashed line indicates today’s

production (37.9 billion liters). (sc.) represents ethanol from sugarcane. b) Total dedicated

land area in km2 to produce liquid biofuels from soybeans in four scenarios. The total

converted land is the same for default and land-constrained policies. c) Land conversion to

sugarcane crops to produce ethanol. Default indicates that there is no policy, while +LC

represents the land-constrained policy (the use of priority lands for conservation is not

allowed for energy purposes. d) Level of pasture degradation (severe, intermediary, and no

degradation) in areas with high potential for sugarcane crops. e) Converted area of pasture

to sugarcane crops in four scenarios with no policy (default) and +LC (land-constrained).
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We consider two technologies for SAF production, however, we assume the least-cost-140

option (HEFA plants with soybean oil as feedstock) are used for SAF production. For141

HVO, we consider its production exclusively from soybeans and their existing crops.142

Due to the lower yield of soy crops compared to sugarcane, the net zero scenario re-143

quiresmore land than other scenarios: 360,000 km2 compared to around 20,000-200,000144

km2 of dedicated land in the other three scenarios (Figure 3b).145

Charcoal rises to 9.8Mton (baseline) and drops to 8.9Mton (electrification andnet zero)146

due to the electrification of the building and agriculture sectors. Still, the production147

of charcoal exceeds current levels by 44% (baseline) and 31% (electrification, net-zero),148

primarily due to its use in heavy industry (pig iron steel, and cement).149

Sugarcane remains theprimary feedstock for ethanol production, andutilizingbagasse150

for electricity combined with storage systems is more viable than second-generation151

ethanol in our work. To avoid food conflict, we assume that corn-based ethanol expan-152

sion beyond the current production is not possible as it requires almost twice the land153

to produce a liter compared to sugarcane. Corn-based ethanol reached its maximum154

production in all scenarios (0.67 bln L).155

We limit the production of soybean to existing soy crop areas, but allow for expand-156

ing sugarcane to produce ethanol on additional potential lands (classified into high,157

medium, and low potential cultivation areas). This means that the land may currently158

be used for something other than sugarcane. Resulting from this, we find a large area159

conversion frompasture,mosaic of agriculture andpasture, and soybean, to sugarcane160

crops (Figure 3c). Although rice and coffee have a smaller share, their conversion to161

sugarcane crops may impact food production. Together, the converted area sum up to162

848 km2 in the baseline scenario (default) and would decline to 328 km2 in extensive163

electrification (default).164

While sugarcane crops compete with other uses, results show that land management165

can reduce the conflicts. For example, 67-81% of pasture lands converted to sugarcane166

crops are degraded pastures (Figure 3d,3e), which could have higher livestock produc-167

tivity through their recovery occupying a smaller area.168

3.3 Restricting use of conservation priority land does not lead to higher costs169

The land-constrained (LC) and 100% renewable (RE) + land-constrained (RE+LC) poli-170

cies entirely prevent the use of lands with priority conservation status for energy pur-171

poses. This shifts the deployment of wind and PV capacity or bioenergy crops to differ-172

ent locations. The power system configuration remains entirely unchanged when in-173

troducing land constraints in the baseline scenario, as sufficient land remains available174

at the most optimal deployment locations. On the other hand, we observe significant175
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changes in where renewable electricity generation is deployed in the electrification176

and net zero scenarios. For biofuels, the largest shifts of bioenergy crops occur when177

imposing land constraints in the baseline scenario, which has the largest ethanol de-178

mand. Sugarcane crops for ethanol production move into a new arrangement, with179

a reduction of crops in the Southeast and an increase of crops in the Midwest (Mato180

Grosso do Sul), South (Paraná), and Northeast. Figure 4 shows the main changes in181

wind and solar capacity in the net zero scenario and ethanol production in the base-182

line scenario.183
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Figure 4 Shifts in the installed capacity of wind and solar farms (left) and in ethanol

production (right) when land-constrained policy is considered. The őrst map represents the

changes in the net zero scenario, and the second one indicates the changes in the baseline

scenario.

Wefind that preserving priority land for conservation has no cost effect in the baseline184

and only a minimal additional cost in more electrified scenarios, ranging from 0.1% to185

4% of the total levelized costs without land-constrained policy, even with significant186

shifts of optimal locations. For sugarcane crops dedicated to ethanol production, we187

observed that the total costs remain unchanged with the land shifts. This further sug-188

gests that many near-optimal alternative solutions exist and shows that a completely189

renewable energy system can co-exist with a strong land conservation policy.190

3.4 Landmanagement and energy transition are essential to reduce emissions effec-191

tively192

The baseline scenario has substantial emissions, reaching 887 MCO2eq from fossil fuel193

combustion and an additional 137 MCO2eq from biogenic emissions (Figure 5a). As the194

scenarios progressively shift towards electrification, the emissions decline. In the net195
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zero scenario, the emissions fall by 91% compared to the baseline (without biogenic196

emissions), to 79MCO2eq. The remaining emissions come from cement, chemical, and197

metallurgical industries, which our model assumes cannot be decarbonized (possible198

solutions such as CCS are not considered).199

The carbon stock balance from land conversion to sugarcane crops is positive, asmany200

converted lands are currently degraded pasture. The CO2 removal varies according201

to the demand for ethanol, being larger in the baseline scenarios (174-223 MCO2) and202

lower in the electrification scenarios (21-119 MCO2). Scenarios with the default policy203

have lower CO2 absorption than the land-constrained (LC) policy, in which removals204

increase by 21-48 MCO2. This is because with the land-constrained policy we avoid205

land use for energy purposes in areas with larger carbon stock. Emissions due to land206

conversion for the production of HVO, SAF, corn-based ethanol, and biodiesel are con-207

sidered inexistent, as we restrict their feedstock production to existing cropland areas208

and thus assume no changes in the land use class.209

SoybeanAgric./pasture Other

% = Pasture + Soybean +
Mosaic of Agriculture and Pasture

96%

Amazon
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rainforest

Energy

Buildings

 Limited elec.

Intensive elec.

Baseline

91%
95%

92%

99%

18

127

299

84

Figure 5 a) Fuel combustion emissions from the agriculture, building, industry, transport

sectors, and energy services for hydrogen production in the 100% RE scenarios (except LCA

emissions). The plot does not include the power sector. The dots represent the biogenic

emissions. b) Carbon stock potential of six biomes by recovering 100% of priority lands for

conservation. The percentage above the bars indicates the share of land use that is pasture,

soybean, andmosaic of agriculture and pasture. The absorption is for the area highlighted

in 5c. 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 1000 km2.
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Wefind that landmanagement toward land recovery and reforestation in conservation-210

relevant lands could further help mitigate climate change. When lands are freed up211

from energy use in scenarios with the land-constrained (LC) policy, the potential CO2212

sequestration due to reforestation is high. A total of 15,43 MCO2eq additional carbon213

stored is possible (Figure 5b), without considering possible losses due to wildfires. The214

Amazon Rainforest contributes to 72% of the potential, followed by the Cerrado, which215

has an additional carbon stock of 2,090MCO2eq and contains the largest area of priority216

lands for conservation (Figure 5c). Apart from the carbon stored, the annual CO2 ab-217

sorption is slightly higher in the Cerrado (386 MCO2eq.year
−1) than in the Amazon (314218

MCO2eq.year
−1).219

Most of the land proposed for reforestation is currently used for pasture and soybean220

production in all biomes (91-99%), while food production (excluding beef) represents221

0.98%. There is a potential for better land management, particularly of pastures, but222

the high dependency on soy-based biofuel in the net zero scenario may itself lead to223

significant land conflicts.224

4 Discussion225

We find that optimal energy systems rely mainly on renewable energy, even in highly226

electrified systems. In our scenarios, onshore wind is the predominant source of clean227

electricity, followed by centralized solar generation, regardless of the policy consid-228

ered. Offshore wind farms were not assumed to be cost-competitive in our work, but229

based on work elsewhere in the world [15], it is reasonable to assume that looking for230

near-optimal alternative energy system configurations, systems with high shares of231

offshore wind would be equally feasible. The demand for biofuels in 2050 is signifi-232

cant for both the net zero (HVO and SAF) and the baseline scenarios (mainly ethanol),233

exceeding the current level of biofuel production.234

Crops for biofuels need significant direct land use, leading to land conversion, im-235

pacting particularly existing pastures and soybean crops in baseline and electrification236

scenarios. A deeper analysis of converted pasture lands reveals they are primarily de-237

graded pastures, suggesting potential positive outcomes through transitions to sugar-238

cane crops and increased ecosystem services, as also confirmed in another study [21].239

Biofuels in the net zero case are fully based on soybean feedstock, requiring a land area240

equivalent to 49% of Brazil’s current soybean land (360,000 km2) [22]. With a substan-241

tial portion of current soybean production being dedicated to animal feed (76% [23]),242

further land expansion may occur to meet energy and non-energy feedstock demand.243

Without significant worldwide dietary shifts and landmanagement, Brazil risks facing244

land conflicts and deforestation. Diversifying feedstocks could help alleviate the land245

conflict associated with biofuel production, although it may not completely eliminate246
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land stress. We only consider national demand for energy, however, the demand for247

biofuels may be considerably higher if they are traded internationally.248

The required area for the expansion of the energy system, particularly for biofuels, is249

significant. Restricting the energy-related use of priority lands for conservation im-250

pacts the energy system’s configuration and feedstock crops’ location. Findings show251

that the land-constrained policy is a strategic way to mitigate biodiversity loss, result-252

ing in no significant difference in energy costs compared to cases without land restric-253

tion. Even in themore electrified scenarios, where optimal locationsmayundergo sub-254

stantial shifts, the cost increase does not surpass 4% beyond the optimal cost. Given255

the considerable uncertainties in future technology costs, this can be considered an256

insignificant increase and essentially the same cost as the cost-optimal configuration.257

Past work using Modelling to Generate Alternatives (MGA) methods has considered a258

cost increase of even 10% acceptable [24].259

Another point of attention is water use, whichwe ignore in ourmodel. Although sugar-260

cane crops for ethanol production are shifted to regionswith awell-developed agribusi-261

ness sector, thewater conflict between consumptive uses is a drawback, particularly in262

the Northeast region, where irrigation is necessary in an area regularly suffering from263

droughts [25, 26].264

Regardless of the land-constrained policy, our findings indicate that emissions can al-265

most double the current levels if no significant changes are made in the energy tran-266

sition. In the net zero scenario, emissions from fuel combustion decreased by 91%267

compared to the baseline but still had a remainder associated with heavy industries.268

Although not included in this work, carbon capture and storage (CCS) has been dis-269

cussed as an alternative to net zero pathways in industry [27]. However, in Brazil, a270

commercial scale of CCS can take another 12 years and cost MUSD 58 to store 190 mil-271

lion tons of CO2 [28].272

Bioenergy is essential to reduce emissions in sectors where electrification is difficult273

(e.g., aviation, maritime, and long-distance road transportation). Its biogenic emis-274

sions are absorbed by the plants grown in a carbon-neutral cycle. Still, reforestation in275

conservation-relevant lands has a huge potential for carbon sequestration (16 times276

the emissions in the baseline scenario). However, while burning emissions are in-277

stantaneous, removals by natural cycle might take a long time [29]. Such lags in re-278

sequestrating carbon might negatively impact rapid decarbonization.279

4.1 Future work and conclusion280

Our scenario setup makes some strong assumptions, for example, that Brazil will in-281

deed rely heavily on biofuels for decarbonising hard-to-electrify sectors, and that there282
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will be no major deployment of CCS in Brazil. Further research could investigate the283

potential of CCS, as well as consider further types of feedstock for biofuels. More-284

over, more consideration of electricity and fuel transport alternatives could reveal fur-285

ther trade-offs between different decarbonisation strategies. We considered distance-286

related loss but left out the existing capacity and costs associated with transmission287

lines and the adaptation of pipelines for a hydrogen-based infrastructure. Also, we288

did not consider emissions fromwildfires and the industrial processes associated with289

non-energy-related uses. Finally, we assume the current land use will remain unal-290

tered by 2050. In reality, of course, land use can and likely will change significantly291

depending on public policy, economic development, and people’s behavior.292

Nevertheless, our results make a clear case for the possibility of achieving both deep293

decarbonisation by 2050 while protecting and restoring conservation-relevant land,294

all while building on Brazil’s strengths of natural resources - abundant hydropower,295

bioenergy potential, and wind and solar resource. Brazil’s NDCs and the SDGs are syn-296

ergistic. For example, restoring ecological lands can reduce emissions and preserve297

biodiversity (SDG 15). Yet reforestation alone is insufficient since a transition to clean298

energy is essential to avoid local pollution and support sustainable cities and commu-299

nities (SDG 11). Careful spatial planning will helpminimize environmental impact and300

conflicts, and should also be conducted for "low land footprint technologies" like wind301

farms, since their necessary support infrastructure might still affect ecological cor-302

ridors and natural habitats. Addressing climate change and halting biodiversity loss303

have become an urgent issue involving all societal levels. Brazil has the potential to304

become a major player in the fight against climate change and ecological degradation305

- if policy is designed accordingly.306

5 Methods307

We develop the Brazilian energy model using Calliope and analyze four scenarios:308

baseline, limited electrification, intensive electrification, and net zero. Then, we ex-309

plore these scenarios under land conservation and 100% renewable system policies.310

Finally, we propose the recovery of conservation-relevant lands to estimate its contri-311

bution to carbon storage.312

We prepare themodel inputs in a pre-processing step that includes the spatial analysis313

(land availability), time series of renewable resources and demand, and definition of314

scenarios. As the final results from themodel, we obtain the energy system configura-315

tions across multiple scenarios and weather years. Besides the energy-related results,316

we discuss further implications on converted lands and GHG emissions.317

The dataset for this paper is deposited at https://doi.org/10.5281/zenodo.318
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10366868, the power model at https://doi.org/10.5281/zenodo.8020907,319

and the bioenergy model at https://doi.org/10.5281/zenodo.8020971.320

Energymodel321

Webuild theBrazilian energymodel usingCalliope, anopen-source, linear optimization-322

based energymodeling tool [30]. Calliope is flexible and appropriate for highly renew-323

able systems since the framework can incorporate resource fluctuations through time324

series and spatial nodes.325

Large energy models usually suffer from high computational costs. Due to our exten-326

sive scope, we split the model into two parts (the bioenergy model and the power and327

hydrogenmodel) that can be run independently. With that, we keep the computational328

complexity manageable and increase accessibility to further research without neces-329

sarily depending on high-performance computing (HPC).330

With the bioenergy model, we investigate liquid and solid biofuels. The power and hy-331

drogen model explores two other carriers: electricity and hydrogen. Electricity in the332

bioenergy model is an exclusive production from by-products. Part of its production333

is consumed at the refinery or distillery, and the surplus goes to the grid. The surplus334

power generation in the bioenergy model is then discounted from the demand of the335

energy model.336

We include time series of demand and renewable energy in the powermodel available337

at hourly resolution. We run the scenarios of the energymodel at a 3-hourly resolution338

on DelftBlue High-Performance Computer [31]. The bioenergy model is run at a 120-339

hourly resolution.340

Scenarios341

We investigate four scenarios: baseline, limited electrification, extensive electrifica-342

tion, and net zero. The baseline represents the demand estimation for 2050 from the343

Brazilian Energy Research Office (EPE) [16]. From that demand, wemake assumptions344

on demand varying the carrier for electrification andnet zero scenarios. To ensure log-345

ical and realistic assumptions, we consider electrification technologies that are already346

fully developed. However, theremay be obstacles related to infrastructure or technical347

implementation that canpotentially hinder theprogress of electrification (e.g. absence348

of charge stations for electric vehicles in remote regions, irrigation in rural areas not349

connected to the grid, etc). Therefore, limited electrification considers these barriers350

and has a smaller share of electrification (evenwith available technology at a commer-351

cial scale); extensive electrification and net zero scenarios assume barrier elimination352

and, consequently, a higher level of electricity demand. The detailed assumptions for353

every subsector are available in the Supplementary Material.354

14

https://doi.org/10.5281/zenodo.10366868
https://doi.org/10.5281/zenodo.10366868
https://doi.org/10.5281/zenodo.10366868
https://doi.org/10.5281/zenodo.8020907
https://doi.org/10.5281/zenodo.8020971


Besides the exploratory demand scenarios, we analyze them under four policies:355

• Default: No new policy is implemented.356

• Land-constrained (LC): Priority lands for conservation are preserved.357

• 100% renewable power system (100% RE): The power system is transitioned to358

100% renewable energy.359

• Land-constrained combined with 100% renewable power system (LC+100%RE):360

Priority lands for conservation are preserved, and the power system is transi-361

tioned to 100% renewable energy simultaneously.362

We analyze the sensitivity of the power system capacity to weather years and cost vari-363

ation. For the weather analysis, we investigate 20 years of wind, solar, and hydro re-364

sources and demand profiles. For the cost analysis, we consider three levels for wind,365

solar, and battery costs: conservative (higher costs), moderate, and advanced (lower366

costs) based on data published by [17] (see supplementary material).367

Land availability368

Land availability is a key factor in determining the maximum available area for tech-369

nologies or feedstocks that require large areas and could impact human activities or370

natural ecosystems.371

Weexclude lands protected by law, public forests [32], rivers, lakes [33], and indigenous372

territory [32] in all scenarios and policies. Then, for the land-constrained (LC) policy,373

we exclude priority lands for conservation [6]. These lands are not protected by law yet374

but are conservation-relevant areas due to their biodiversity importance. For rooftop375

PV, we assumed the surface availability in m2/household given by region of Brazil [34]376

and multiplied it by the number of households [35] to find the total available area. For377

offshore technologies, wavailable area forwind farms and their optimal locations from378

previous work [36].379

The land suitability for sugarcane crops is given by the Agroecological Zoning of Sug-380

arcane (ZAE Cana, in Portuguese) [19]. ZAE indicates the potential (high, medium, and381

low) of sugarcane crops according to the soil’s physical, chemical, and mineralogical382

characteristics andweather conditions. For corn-based ethanol, we considered its pro-383

duction only from existing off-season crops, where corn is grown outside of the typical384

growing season. Soybean oil is the most commonly used feedstock for biodiesel [37]385

and hydrotreated vegetable oil (HVO) [38] production due to its high competitiveness386

compared to other oilseeds [39]. Charcoal is by existing silviculture activity given by387

[20].388
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Zones and links389

Although Brazil has interconnected transmission lines covering almost the entire ter-390

ritory, we create zones to include the heterogeneity of different regions. We divide the391

Brazilian state territories into zones following two steps. The first one is based on con-392

cession areas of power distribution companies. With that, we have a more realistic393

demand per zone, making it possible to distinguish the share of electricity consump-394

tion in different economic activities and population levels. In states with many com-395

panies, particularly in the South and the Southeast, wemerged small concession areas396

to form a single zone. In some large states (e.g., Pará), where only single companies397

control distribution, we used mesoregion limits to determine zones and divided the398

state’s demand by the zone’s population. We exclude part of the Amazon region where399

the supply comes from isolated systems.400

We establish links between zones to make the carrier exchange possible. For electric-401

ity, we identify the nearest existing substations [40] to the centroid of each zone. Using402

QGIS function simplify vector, we simplify the existing and planned transmission lines403

[40]. We consider estimated losses (5%) per distance between zones.404

Today, ethanol transportation relies mainly on road transport for the internal market405

and shipping for exports. To calculate the road distance between zones, we estimated406

the shortest path through roads between the zone’s centroids using the QGIS function407

network analysis - shortest path. Costs per distance traveled by trucks are from [41]. Sim-408

ilarly, we create pipeline connections using the same road path and assume the costs409

and parameters of an existing pipeline between Ribeirão Preto and Paulínia [42].410

Conversion technologies411

For the bioenergy model, we consider five carriers: ethanol, hydrotreated vegetable412

oil (HVO), biodiesel, and sustainable aviation fuel (SAF), and charcoal. We assumed413

two types of distilleries for ethanol production that use traditional sugarcane. The first414

one is the conventional able to produce first-generation ethanol (from the juice) and415

generate electricity from the residuals (bagasse). The second one produces both first-416

( juice) and second-generation ethanol (bagasse). For corn-based ethanol, we assume a417

full distillery capable of processing only corn and producing first-generation ethanol.418

The overall efficiency improvement happens through better distillery conversion and419

agricultural progress [43]. We consider an annual productivity increase of 0.9% for con-420

ventional sugarcane [44] since our estimation is based on historical values and many421

farms do not operate with available cutting-edge technologies. We consider that the422

efficiency increase for ethanol from corn follows the same overall progress as tradi-423

tional sugarcane. Still, we assumed that ethanol capex and opex will be reduced by424

16



10% and 25%, respectively, by 2050 [45].425

Soybean oil is one of Brazil’s most commonly used feedstocks for biodiesel and, con-426

sequently, a competitive feedstock option. Here, we conside soy oil as feedstock to427

produce HVO and biodiesel in the long term. For SAF, we consider two types of re-428

fineries: hydrotreatment of soybean oil (HEFA) and dehydration and oligomerization429

of ethanol (ATJ technology). Estimated costs for SAF are from[46], for HVO from [47],430

and for biodiesel from [37].431

About 80% of the charcoal production in Brazil is through low-tech kilns, which miss432

the control of gas emissions generated by carbonization [48]. Here, we consider amore433

technological system calledOndatec (microwave carbonization kiln) and the feedstock434

from Eucalyptus Urophylla with costs from [49].435

In the power and hydrogen sector, we assume costs given by EPE (Energy Research Of-436

fice) [16] for conventional andmature technologies, such as hydropower plants, CCGT,437

and nuclear. For onshore wind and solar farms, rooftop-PV, and batteries, we consider438

costs for 2050 reported by [17]. For offshore wind farms, we estimate the costs based439

on equations compiled by Tavares et al. [50] and consider a reduction by 50% by 2050440

[51].441

Time series of renewable energy andmaximal capacity442

Renewable energy resources are highly variable over a year and between years. To an-443

alyze the weather variability, we consider two decades of data for the baseline and net444

zero scenarios. For the hydropower potential, we rely on the observed hydro resources445

from existing hydropower plants, and for wind and solar time series, we use reanalysis446

data from NASA’s MERRA-2 [52].447

Hydropower448

We use 20 years of observed data of available hydropower from [53], and we aggregate449

them in basins. The data depend on the hydrological balance and the productivity of450

a hydropower plant. The cascades of hydropower plants connected through linkages451

amongwater bodies allow exchanging flows and increase the control over hydropower452

dispatch and storage.453

In a reservoir, the remaininghydro resource, accumulated over a certain period, works454

as potential power storage. The maximal storage in a basin in GWh, results from the455

sum of maximal storage from individual reservoirs. The minimum operation level to456

maintain the river’s ecosystem and its navigability limits the usage of stored hydro re-457

sources. Thus, the maximal storage is limited following the average security levels458

adopted by ONS [54].459
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Wind power460

Wesimulate 20 years (2000 to 2019) ofwindpower generation throughRenewables.Ninja461

[55, 56, 57], a platform based on reanalysis data fromMERRA-2. Bias correction using462

data assimilation aims to reduce or remove systematic errors by comparing the data463

outputs with observed or already corrected data, bringing them closer to the real val-464

ues. To correct the bias of offshore nodes, we simulate capacity factors of existing465

onshore wind farms near the sea and compare them to actual capacity factors, as indi-466

cated in a previouswork [36]. For onshorewind farms, we used data from the Brazilian467

wind atlas [58] to compare to the simulated reanalysis data due to the absence of exist-468

ing wind farms in some regions of Brazil.469

The maximal installed capacity results from land availability (km2) multiplied by a ca-470

pacity density (MW/km2). We assume an installed capacity of 3.56MW/km2 for onshore471

wind farms and 5.2MW/km2 for offshore wind, calculated based on [59].472

Solar power473

Similarly to the wind simulation, we obtained solar data from MERRA-2 and the in-474

terface Renewables.Ninja, which provides solar power outputs from interpolated grid475

cells and estimates irradiance on the plane of the PV. Generally, the largest annual ir-476

radiation levels are obtained when the tilt of PV modules is equal to the site latitude477

and when the module faces to the North, in the Southern hemisphere (azimuth = 0º)478

[60]. PVmodules have tilts equal to the local latitude for each coordinate point. We cor-479

rect the solar reanalysis data using the solar atlas provided by INPE [61], which covers480

16 years (2000-2015) with monthly resolution. We use solar irradiation on every node’s481

inclined plane (same as the latitude).482

For solar utility-scale PV, we apply the density of 79 MWp/km2 [62], while for rooftop483

PV,we assume a density of 162.5MWp/km2. Here, we assume a PVmodulewith an area484

of 1.6 m2 and a capacity of 260 Wp.485

Bioenergy486

Feedstocks for bioenergy production are variable resources since they depend on sea-487

sonal harvesting. In our work, sugarcane-based ethanol production results from suit-488

able lands for sugarcane crops combinedwith sugarcane yield and distillery efficiency.489

We calculate overall productivity in terms of liters per hectare using historical data490

from the National Supply Company (Conab) [63]. We assume data from four recent491

harvests (from 2018 to 2022) to include possible changes in sugarcane productivity due492

to weather variability, agricultural and technological improvements, and sugar prices.493

Our estimation is based on the Total Recoverable Sugar (TRS), a measure of quality494
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and payment for sugarcane, which indicates the potential to produce ethanol or sugar.495

However, several variables that affect ethanol production (e.g. yield, sugarcane variety,496

weather, soil, etc) are available only aggregated and at a state level, making it difficult497

to access the exact productivity at a farm/distillery level. To avoid having a single the-498

oretical value that can overestimate or underestimate the potential, we assume that499

low-suitable lands have yield equal to the first quartile of the dataset at the state level.500

We assign the median and third quartile to medium and high-potential lands, respec-501

tively. In our estimated yield, we remove today’s level of sugar production to avoid502

food conflict. We included seasonality by considering the first month of the harvest503

period of the most common sugarcane variety (See Supplementary Material) in each504

state given by [64].505

Corn cultivation for energy purposes requires larger areas than sugarcane, which can506

significantly impact food production if consumption increases at a large scale [65]. To507

avoid this, we limited corn production for biofuels considering its current production.508

Yet, we define the corn crop for energy purposes to be available in the off-season of509

other main growing of existing crops, with the harvest period varying by region.510

To estimate the charcoal yield, we assume the parameters of Eucalyptus Urophylla,511

which contains an estimated charcoal potential of 42.5 kg per tree [66]. With trees512

spacing 3x3m, the total potential per area is 358.81 GWh/km2. Here, we assume that513

charcoal is invariable over the year.514

Weassumeno temporal variability for soy oil as feedstock, such as biodiesel, HVO, and515

SAF.516

Demand517

Energy demand includes five sectors: industry, transport, building, agriculture, and518

energy services. The baseline’s demand (given by EPE [16]) is in terms of final energy519

(the energy supplied to the equipment). To estimate the final demand in the what-if520

scenarios of electrification and net zero, we calculate the useful energy (the energy521

after conversion) and multiply that by the efficiency associated with the new carrier522

(efficiency is given by [67]). The share by subsectors is available in the Supplementary523

Material.524

The hourly electricity demand is reported according to the four subsystems by ONS525

[68]. To compute the demand profile per zone, we apply the consumption proportion526

given by distribution companies [69] to the demand. If one distribution company op-527

erates in more zones, we use a proportion based on the zone’s population.528

Ourmodel considers sevencarriers (electricity, hydrogen, ethanol, biodiesel, hydrotreated529

vegetable oil (HVO), sustainable aviation fuel (SAF), and charcoal. We leave other carri-530
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ers out of themodel, such as fossil fuels that cannot be replacedwith other alternatives531

(i.e., in some industrial subsectors). However, we consider them in the emission bal-532

ance.533

Emissions534

We calculate the emissions and removals associated with the energy sector and the535

land conversion to dedicated sugarcane crops. For other bioenergy crops like soybean536

and corn, we assume that their production does not change land use, as we restricted537

their cultivation to existing crops. Therefore, their impact on emissions balance is538

negligible.539

We use the "stock-difference approach" for land conversion emissions. This method540

calculates greenhouse gas emissions resulting from land-use change, which considers541

the net change in carbon stocks between the current land use and its conversion to542

sugarcane crops [70].543

We estimate emissions and removals due to land use change using data on carbon544

stocks in living biomass (above and below ground) and dead organic matter. We leave545

out the soil’s organic carbon due to a lack of data.546

We also analyze the potential of carbon removal by restoring 100% of priority lands for547

conservation that are currently occupied by human activities and are freed up in terms548

of energy in scenarios with the land constraints (LC) policy. For that, we also used the549

"stock-difference approach". We exclude the existing forests, cities, and non-vegetated550

lands from our analysis. To find the area of each land use type, we analyze a land use551

raster dataset from [20] within priority lands for conservation.552

We also consider the native vegetation types in the biomes and regions to calculate the553

exact carbon storage impact. We extract this information from a shapefile depicting554

native vegetation types within priority areas. Using this data, we calculate the area555

covered by each vegetation type. We apply a weighted average approach to estimate556

the average carbon stock for each biome and region. This involves assigning weights557

based on the respective areas of different vegetation types, resulting in amore accurate558

representation of carbon stock variations across biomes and zones.559
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