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Abstract 
 

Future projections indicate an increase in food and energy demands, creating a pressure on land use, 

while there is an urgent global need for climate change mitigation. Bioenergy is foreseen as potential 

option to meet future energy demands and reduce greenhouse gas (GHG) emissions. However, the 
sustainability of biofuels depends on availability of biomass, logistics and impacts on ecosystems, that 

are strictly dependent on locations and regional characteristics. This study presents a bottom-up 
approach to assess spatially explicit sustainability of bioenergy-livestock integrated systems (BLIS) in 

Brazil, to understand their contribution to future energy demands and GHG mitigation targets, and 
their impacts on Ecosystem Services (bioenergy production, GHG mitigation, zero direct deforestation, 

reduction of food competition). The proposed integration considers livestock intensification and use of 

biofuels by-products as animal feed supplement, taking advantage of synergies between these two 
value chains. Three different technological options were considered, Tech1_Sugarcane considers an 

autonomous sugarcane plant producing ethanol, electricity, and animal feed; in Tech2_Corn, corn is 
processed during sugarcane offseason, producing ethanol, corn oil and animal feed (DGS); 

Tech3_Soybean considers a biodiesel plant integrated with sugarcane plant. Techno-economic and 

environmental implications of the three BLIS technological options were modelled using the Virtual 
Biorefinery, developed at LNBR/CNPEM. After exclusion of biodiversity hotspots, biomes and scattered 

feedstock production, 18 million hectares of pasture inside Sugarcane Agroecological Zoning could be 
available for BLIS expansion. Tech1_Sugarcane has the highest potential for bioenergy production 

(89 billion liters) and GHG mitigation (139 million tonnes of CO2eq) among the technological options, 
and Tech3_Soybean presents the highest profits. Expansion of BLIS system in Brazil could contribute 

to meet future bioenergy demands and mitigation targets in the country while also alleviating 

pressure on land use for food and energy purposes, and without expanding on biodiversity hotspots 
and Pantanal and Amazon biomes. These results might help to support more assertive public policies 

regarding biofuel expansion in Brazil and contribute to achieve the ambitious targets assumed in the 
Paris Agreement.  

 

Keywords: integrated value-chains, supply-chain assessment, spatial analysis, techno-economic 
analysis, life cycle assessment  
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1. Introduction 
Production systems to optimize land use and mitigate GHG emissions 

Future projections indicate an increase in food and energy demands (Bauer et al., 2017; 

Popp et al., 2017; Riahi et al., 2017), creating a pressure on land use, while there is an urgent gloval 

need for climate change mitigation options (Roelfsema et al., 2020; van Soest et al., 2021). In this 

context, production systems that can optimize land-based outputs under climate change mitigation 

scenarios are key to meet future food and energy demands in sustainable way. Bioenergy is foreseen 

as potential option to meet future energy demands and reduce greenhouse gas (GHG) emissions 

(Daioglou et al., 2019; Frank et al., 2021; Jaiswal et al., 2017). However, the sustainability of 

bioenergy production depends on availability of biomass, logistics and impacts on the ecosystem, that 

are strictly dependent on location and regional characteristics (Hiloidhari et al., 2017; Humpenöder et 

al., 2018). Biomass productivity, previous land use, land conditions, soil and crop characteristics and 

climatic conditions demand site-specific assessment (Field et al., 2020; Granco et al., 2019; Zullo et 

al., 2018). There is a world trend to perform spatially explicit sustainability assessment and to 

regionalized life cycle impacts (Huijbregts et al., 2017; UNEP/SETAC, 2016; 2019). In an economic 

perspective, the biomass spatial distribution can generate high costs of recovery and transportation 

(Hiloidhari et al., 2017). Georeferenced sustainability impacts can be assessed integrating Life Cycle 

Assessment (LCA) with Geographic Information Systems (GIS) (Hiloidhari et al., 2017), and through 

spatially explicit optimalization of supply chains of bioenergy production, that can assess both 

economic and environmental impacts, such as costs and GHG emissions (Jong et al., 2017; Kim et al., 

2018; Laasasehano et al., 2019). 

Intensification of livestock production is one possible measure to release land for bioenergy 

production, without compromising meat production (Berndes et al., 2016; Cardoso et al., 2016; 

Santos et al., 2020).  Besides, cattle intensification can minimize associated GHG emissions while also 

being cost-effective (Cardoso et al., 2016; Silva et al., 2017). Among production systems that can 

intensify land use in sustainable way while also mitigating GHG emissions, there is the bioenergy-

livestock integration (Souza et al., 2021a). This system can happen by increasing cattle stocking rate 

or by finishing cattle in feedlots, this integration happens due to nutritional content as animal feed of 

bioenergy by-products (e.g., bagasse, yeast, distillers’ grains, meal) (Souza et al., 2019; 2021a).  

Brazil has huge potential to achieve a broader implementation of bioenergy-livestock integrated 

systems (BLIS), due to its considerably high bioenergy and livestock production; for instance, the 

country produces around 30 billion liters of ethanol and 5 billion liters of biodiesel (CONAB, 2021b, 

ANP, 2021) and has about 214 million cattle heads (IBGE, 2021). Also, the country is committed to 

reduce GHG emissions by 2030 and increase the share of bioenergy in its energy matrix as on its 

Nationally Determined Contributions (NDCs) (MMA, 2015).  

However, it is still unclear the potential contributions of these integrated systems to future 

energy demands and GHG mitigation targets in Brazil, and the impacts on ecosystems services 

associated with this expansion. In this context, the research questions addressed in this study include 

assess potential contributions of the integrated systems to future energy demands; assess the 

impacts of BLIS on the GHG mitigation targets in Brazil; and assess the impacts of BLIS expansion on 

ecosystems services. The main goal for this study was to identify best locations to expand BLIS while 

maximizing profits and minimizing GHG emissions and to assess the potential contribution of BLIS to 

future energy demands. For that, a spatially explicit sustainability assessment of BLIS expansion in 

Center-South region in Brazil was performed, considering land use restrictions (e.g., considering only 

pasture areas inside sugarcane agroecological zoning, no displacement of livestock). This assessment 

provided insights to identify optimal locations and optimal technological options of BLIS in Brazil, and 

considered the effects on zero direct deforestation, reduction of food competition and of possible 

biodiversity losses. The study was performed by integrating two models: Virtual Biorefinery (VB) 

developed by LNBR/CNPEM and BeWhere, developed by IIASA.  
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Optimization of bioenergy supply chain 

Within the biofuels supply chain, five main stages are encompassed: biomass production, 

logistics, biofuel production, distribution, and use (Yue et al., 2014). Unlike fossil fuel supply chain, in 

bioenergy production, the feedstock (biomass) production stage is the most challenging (Yue et al., 

2014). Although biomass production may be seasonal and has sparse spatial distribution, the supply 

and transportation to biofuel plants must be continuous and efficient (Garcia and You, 2015; Yue et al., 

2014). Thus, the challenges lie in performing feedstock supply planning that is efficient in harvesting, 

pre-processing, storage, and transportation to the production stage (Garcia and You, 2015; Yue et al., 

2014). Optimization models should combine detailed site-specific characteristics and impacts of biomass 

production, with variation in biomass productivity, different demands to be met, different carbon prices, 

among others. At first, supply chain optimization problems dealt only with achieving economic 

objectives, such as minimizing production costs or maximizing profits, for example. However, to analyze 

the sustainability of biofuels, it is necessary to meet environmental and social objectives as well, 

creating multi-objective optimization (Garcia and You, 2015).  

BeWhere model was developed by IIASA and has been applied to solve the optimization of 

bioenergy production supply-chains from variable biomasses worldwide (Table 1). It uses mixed 

integer linear programming (MILP) to set optimal locations to implement plants based on biomass 

supply and demand points, and optimal technological options (Leduc, 2009; Wetterlund 2010), the 

model is written in the commercial software GAMS (Rosenthal, 2017) and uses a CPLEX solver. In 

BeWhere, the objective problem was solved by transforming environmental indicators into economic 

ones, as in the case of Harahap et al. (2019) and Mesfun et al. (2017), which transformed emissions 

into costs through carbon tax accounting, or through environmental constraints to be met, such as 

stipulated greenhouse gas emission reduction targets (Patrizio et al., 2018). 

 

Table 1: Application of BeWhere to optimize bioenergy/biofuel supply-chain 

Reference Problem Location 

Harahap et al. (2019) 

To find best palm oil biodiesel plant 

configurations and locations, maximizing 

supply chain profits. 

Indonesia – Sumatra 

Jong et al. (2017) 

To find best locations, scale, technology, 

and configurations of forest biofuel plants, 

minimizing supply chain costs. 

Sweden 

Khatiwada et al. 

(2016) 

To find best technology option for 

sugarcane bioenergy production, 

minimizing supply chain costs. 

Brazil – São Paulo 

Mandova et al. (2018) 

To find best level of substitution of coal by 

biomass in steel mills, minimizing supply 

chain costs. 

EU – 28 

Mesfun et al. (2017) 

To find best options to integration of 

renewable energy systems into energy 

supply, minimizing supply chain costs. 

EU – Alpes region 
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Natarajan et al. 

(2014) 

To find best location, scale and feedstock 

for biodiesel production, minimizing supply 

chain costs. 

Finland 

Patrizio et al. (2018) 

To find best level of substitution of coal by 

biomass in steel mills, minimizing supply 

chain costs and meet targets of GHG 

mitigation 

USA 

Truong et al. (2019) 

To find best potentials of co-firing biomass 

in coal plants, minimizing supply chain 

costs. 

Vietnam 

Wetterlund et al. 

(2012) 

To find best location, size and 

configuration of biorefineries, minimizing 

supply chain costs. 

Europe Union 

Zetterholm et al. 

(2018) 

To find best supply chain configuration of 

co-gasification biorefineries, minimizing 

supply chain costs. 

Sweden 

 

 

2. Methods 
This study was performed as a bottom-up approach to assess the potential contribution of 

BLIS to future energy demands derived from the narratives of Shared Socioeconomic Pathways 

(SSPs) in Brazil (Andrade Jr. et al., 2019). By identifying potential locations to implement BLIS in 

Brazil, this study assessed the impacts of BLIS expansion on ecosystem services such as bioenergy 

production, GHG mitigation, zero direct deforestation, and reduction of food.  

The integration considered livestock intensification and use of biofuels by-products as animal 

feed supplement, taking advantage of synergies between these two value chains, and it was built 

upon positive experiences from pioneer projects in Brazil and in other countries (e.g., USA). As 

definition, all crops for cattle feed and for bioenergy production must be produced inside the 

integration boundaries to avoid land use change and/or displacement of livestock production. Data for 

the BLIS modelling, and environmental and economic parameters were collected from literature, and 

meetings with experts. Figure 1 represents the schematic diagram of the tools, methods and models 

applied in this study and the outputs from each one of them. The spatial assessment was performed 

using ArcGIS software to derive potential available area to expand BLIS in Brazil. Then, spatially 

explicit assessment of BLIS production, GHG emissions and profits were modeled in VB for all the 

available area. The preparation of the integration between the VB model and the BeWhere model was 

carried out. The optimization run on BeWhere will deliver the best technological options and locations 

to implement new BLIS plants in Brazil. 
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Figure 1: Schematic diagram of the methodology proposed in this study 

 

Spatialized Assessment 

Available area for BLIS expansion 

This study considered six Brazilian states, highlighted in blue in Figure 2: São Paulo, Mato 

Grosso, Mato Grosso do Sul, Paraná, Minas Gerais and Goiás. These states are responsible for 94% of 

corn produced in rotation with soybean (named second season corn), 90% of sugarcane production, 

67% of soybean production, and 54% of beef cattle production (IBGE, 2021a; 2021b; 2021c).  

 
Figure 2: Study area in Brazil – six states from Center-South region 

 

Within these six states, we (a) excluded biodiversity hotspots, (b) excluded Amazon and 

Cerrado biomes, (c) considered only pasture areas inside Sugarcane Agroecological Zoning (SAEZ) as 
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potential for expansion, (d) excluded polygons with area smaller than 40 hectares. Biodiversity 

hotspots are based on MMA (2007; 2017) classification of areas with considerably importance for 

nature and biodiversity conservation. An update of Hernandes et al. (2021) study was performed, 

considering the most recent land use in Brazil, to account for what is still pasture inside SAEZ. The 

current use and occupation of the remaining areas of the SAEZ were classified according to the maps 

provided by the MapBiomas network (MapBiomas, 2020). The SAEZ was developed in 2009 taking 

into consideration climate, hydrological and soil aspects (Manzatto et al., 2009), it excludes land with 

a slope greater than 12%; areas with native vegetation cover; the Amazon and Pantanal biomes; 

areas of environmental protection; indigenous lands; forest remnants, dunes, mangroves, 

escarpments and outcrops of rock, reforestation, urban and mining areas; and areas with sugarcane 

production in the year it was developed.  

  

Modelling and simulation of BLIS supply-chain 

The Virtual Biorefinery  

The complete assessment of the supply-chain of BLIS was performed on the VB (Bonomi et 

al., 2016), developed by the Brazilian Biorenewables National Laboratory (LNBR/CNPEM). This 

platform simulates techno-economic and environmental impacts of production chains of 

biorenewables, combining georeferenced data from the spatialized assessment, mathematical models 

and simulation tools of the entire production chain (i.e., agricultural, industrial, logistics, and product 

use phases). In this study, inventories of GHG emissions and profits of the BLIS supply-chain were 

created using VB, considering agriculture production (e.g., sugarcane, corn, soybean and cattle), 

logistics from agricultural to industrial plants (e.g., transportation of inputs, feedstocks and residues), 

and industrial conversion (e.g., ethanol, electricity, biodiesel).  

Sugarcane yield was modelled in the Crop Assessment Tool (Souza et al., 2021b) that 

implements the Agroecological Zone methodology (AZM) developed by the Food and Agricultural 

Organization (FAO) (Allen et al., 1998), considering climatic data from 35 years (1980-2015) in a 

spatial resolution of 27 km x 27 km (Xavier et al., 2015). Availability of sugarcane straw to be 

recovered to generate electricity was based on the suitability map developed in Souza et al. (2021c) 

study, considering 120 kg of straw (dry basis) per tonne of sugarcane produced (wet basis) 

(Menandro et al., 2017). The agriculture stage of production and transportation of main products, 

residues and inputs were simulated in CanaSoft ® (Cavalett et al., 2012) for sugarcane, for second 

season corn produced in rotation with soybean, and for beef cattle production. Data for production of 

corn and soybean in rotation was based on Matsuura and Picoli (2018), livestock modeling was based 

on Souza et al. (2019), Matsuura and Picoli (2018) and Picoli (2017). Modeling of industrial stage was 

performed in simplified models based on simulations from VB (Souza et al., 2019; Bonomi et al., 

2019; Milanez et al., 2014; Moraes et al., 2014; Junqueira et al., 2016; Dias et al., 2016). 

 

Technological options of BLIS  

Three different technological options were considered in this study: Tech1_Sugarcane; 

Tech2_Corn and Tech3_Soybean. Tech1_Sugarcane considers an autonomous sugarcane plant 

producing ethanol, electricity and animal feed; sugarcane cannot be storage and operates only during 

part of the year; thus, in Tech2_Corn, corn is processed during sugarcane offseason, producing 

ethanol, corn oil and animal feed (DGS); finally, Tech3_Soybean considers a biodiesel plant integrated 

with sugarcane plant. Detailed description of these three technological options in presented in Table 2 

and in Figure 3. 

In Tech1_Sugarcane, corn and soybean production is only to meet the necessary corn and 

soybean meal requirements of cattle feed. When there is ethanol from corn, there is an iterative 

calculation to share the available area for corn/soybean and sugarcane, since the sugarcane plant 

size defines the corn processing, and the corn processing defines the necessary area to produce corn, 
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that defines available area for sugarcane production. Corn processing capacity is restricted to 

available LCM material to operate CHP during offseason and by daily volume of sugarcane ethanol 

production, since the same equipment is used, also, the corn plant cannot operate more than 130 

days per year. The process considers dry grind pathway, with ethanol, distillers’ grains with solubles 

(DGS) (i.e., animal feed) and corn oil production. The plant operates during the sugarcane offseason 

supplied by sugarcane CHP extended operation. Soybean oil extraction and transesterification plants 

operate integrated with the sugarcane plant 200 days per year, using ethanol in the process (Olivério 

et al., 2014). In Tech2_Corn and Tech3_Soybean, necessary corn in cattle feed is replaced by DGS a 

proportion of 1:1 (Hoffman and Baker 2011). In the agricultural phase, manure from cattle on 

feedlots is applied on sugarcane field to replace part of N fertilizer (Matsuura and Picoli, 2018).  

In all technological options, the total available area is shared among production of sugarcane, 

corn, and soybean. Main industrial parameters for BLIS are presented in Table 3. Sugarcane plants 

are autonomous and operate 200 days per year. The processing capacity depends on available area 

and sugarcane modelled yield. The main product is anhydrous ethanol and electricity is produced 

using biomethane from vinasse anaerobic digestion (Moraes et al., 2014; Junqueira et al., 2016) and 

lignocellulosic material (i.e., sugarcane bagasse and straw) burnt in boiler for combined heat and 

power generation (CHP). After the sugarcane milling, part of bagasse is diverted to feed production 

and the remaining is sent to the CHP with straw. Electricity generation vary depending on the site-

specific recovery rate. The plant produces feed only if there is enough lignocellulosic material (LCM) 

material to meet the main plant energetic demands. Second season corn is always produced in 

rotation with soybean.  Feed production and composition is based on Souza et al. (2019). Considered 

corn and soybean yields are presented in Table 4.  Cattle stocking rate before integration was 

assumed to be 1 head per hectare for all the study area and each hectare of expanded crop must 

meet the nutritional requirements of one cattle head. The feedlots parameters are based on Souza et 

al. (2019). 

 

Table 2: Definition of the three assessed scenarios 

 Tech1_Sugarcane Tech2_Corn Tech3_Soybean 

Description 

Sugarcane plant 

production cattle 

feed.  

Cattle finished in 

feedlots. 

Sugarcane ethanol 

plant, with corn 

processing during 

sugarcane offseason.  

Cattle finished in 

feedlots. 

Sugarcane ethanol 

plant, with corn 

processing during 

sugarcane offseason.  

Soybean biodiesel 

production integrated 

with sugarcane plant. 

Main product Sugarcane ethanol 
Sugarcane 

and corn ethanol 

Sugarcane  

and corn ethanol 

Co-products 

Surplus animal feed 

(soybean meal), 

soybean oil, 

electricity,  

red meat 

Surplus animal feed 

(soybean meal and 

DGS),  

soybean oil,  

corn oil,  

electricity,  

red meat 

Surplus animal feed 

(soybean meal and 

DGS),  

soybean biodiesel,  

corn oil,  

electricity, red meat 
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Table 3: Main parameters of BLIS   

Parameters Value Unit 

Sugarcane plant 

Electricity from 

biomethane 
3 kWh/t sugarcane 

Steam yield 2 
kg steam/kg LCM, 50% 

moisture 

Steam consumption 350 kg/t sugarcane 

Energy consumption 30 kWh/t sugarcane 

Energy consumption 

(straw) 
25 kWh/t straw 

Ethanol yield 85 l/t sugarcane 

Soybean oil extraction 

Soybean oil yield 190 kg/t soybean 

Soybean meal yield 800 kg/t soybean 

Steam consumption 271 kg/t soybean 

Energy consumption 35 kWh/t soybean 

Soybean biodiesel plant 

Biodiesel yield 956 kg/t soybean oil 

Glycerin yield 117 kg/t soybean oil 

Steam consumption 300 kg/t soybean oil 

Energy consumption 15 kWh/t soybean oil 

Corn ethanol plant 

Ethanol yield 403 l/t corn 

DDGs yield 171 kg/t corn 

Steam consumption 345 kg steam/t corn 

Energy consumption 106 kWh/t corn 

Cattle on feedlot 



 

 

8 

Duration 120 Days 

Feed 22 kg/head.day 

Meat yield 55 %, mass basis 

Slaughter weight 480 Kg 

 

 

Table 4: Corn and soybean yields on the study area 

Yield Soybean (t/ha) Corn (t/ha) 

Paraná 3.3 5.4 

Mato Grosso do Sul 3.2 4.8 

Mato Grosso 3.2 5.7 

São Paulo 3.2 4.8 

Minas Gerais 3.1 5.1 

Goiás 3.1 5.9 

Source: IBGE (2021a; 2021b; 2021c) 
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Figure 3: Overview of three technological options of BLIS  
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Supply-chain GHG emissions and profits 

The GHG emissions for the integrated systems are calculated using a Life Cycle Assessment 

(LCA) methodology, using inventories generated by VB model. The focus of this study was on the 

GHG emissions of BLIS technological options. The functional unit is 1 MJ of ethanol in a cradle-to-

gate approach, using energetic allocation among products. Recipe Midpoint 2016 (Huijbregts et al., 

2017), method was applied using Global Warming category that measures GHG emissions in CO2eq. 

Avoided emissions are the difference among carbon intensities of ethanol and gasoline carbon 

intensity (i.e., 87.4 gCO2eq/MJ), and of biodiesel and diesel (i.e., 86.5 gCO2eq/MJ) (Matsuura et al., 

2018). 

CanaSoft® generates an environmental inventory that includes emissions to air, soil, and 

water from the production and application of NPK fertilizers (nitrogen, phosphate, and potassium), 

soil correctives, and agrochemicals; fuel production and burnt on agricultural operations; machinery 

production and use; and application of agro-industrial residues on the field (e.g., sugarcane vinasse, 

filter cake, ashes). Industrial inventory considers the effects of chemicals, biomass (such as 

sugarcane bagasse and straw) burned in boilers and building materials.  

The costs of the supply chains are calculated using the inventories derived from the VB. The 

supply-chain profits are the difference from revenues and costs, that rely on cash flow analysis. The 

cash flow analysis depends on capital expenditures (CAPEX): investment in buildings, equipment, 

herd, working capital, etc; on revenues: based on market prices of main outputs such as ethanol, 

sugar, electricity, beef cattle, and others (Table 5); and on operating costs (OPEX): costs associated 

with feedstock, labor, maintenance, inputs, utilities, feed, etc. The annualization of CAPEX was 

performed considering 25 years of expected plant lifetime and a discount rate of 12% per year. 

Economic values consider December 2019 as reference, when 1.0 US$ equaled 4.0 R$. The feedstock 

and transportation costs vary depending on the site location. Sugarcane plant investments are 

calculated on VB and were adjusted to varying processing capacities of feedstock.  

 

Table 5: Considered market prices for products and co-products of BLIS 

 

Products Price 

Ethanol (R$/l) 1.94 

Electricity (R$/MWh) 211.1 

Soybean meal (R$/kg) 1.7 

Soybean oil (R$/kg) 2.7 

Biodiesel (R$/kg) 3.5 

Glycerin (R$/kg) 2.2 

DGS (R$/kg) 0.7 

Corn oil (R$/kg) 2.8 

Cattle, in live weight (R$/kg) 9.9 
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Integration of Virtual Biorefinery and BeWhere 

Spatially explicit assessment of GHG emissions and profits of BLIS 

The main task of this work was to integrate the VB and BeWhere models. The approach to 

integrate these two models is presented in Figure 4. The VB was adapted to the georeferenced 

assessment, considering each grid cell as a production site, and generated the necessary economic 

and environmental inventories to perform the spatially explicit sustainability assessment, considering 

the regional characteristics to produce biofuels. 

In several regions of the study area, biomass production is relatively low and scattered, so 

that it would be necessary to source biomass from long distances to achieve the minimum viable 

processing of a sugarcane mill, which could be economically unviable. For this, we performed a 

preliminary assessment carrying out agglomeration of grid cells to determine potential sites for 

implementation of new biorefineries, respecting some restrictions. It was considered a maximum 

average radius allowed for the plant (approximately 40 km), minimum and maximum processing sizes 

(2 to 8 million tonnes processed annually, considering only sugarcane production), and restriction of 

the maximum number of grid cells to be clustered (up to 5), so as not to exceed the maximum radius 

allowed. The agglomeration was carried out using ArcGIS and python programming.  

The cradle-to-gate costs, revenues and GHG emissions were calculated per candidate site to 

map potential ethanol production, potential avoided GHG emissions and potential profits. At the same 

time, VB inventories were adjusted and converted to be read by BeWhere model, this stage of the 

framework was performed using python programming. Finally, some BeWhere optimizations were 

carried out on GAMS, inserting the VB data and also writing the codes for future optimization, better 

described on the next section. 

 

 
Figure 4: Diagram of VB and BeWhere integration approach 

 

Optimization 

Optimal locations to implemented BLIS in Brazil will be defined using BeWhere with data 

generated on VB model. The optimization will be a snapshot for the years 2020, 2030, 2040 and 

2050, with the objective of maximizing total profit. Total profit will be calculated as the difference in 

revenues and costs per candidate site, considering the cradle-to-gate costs (i.e., CAPEX and OPEX) 

and revenues, distribution costs from candidate site to demand point, revenues with carbon credits 

(i.e., avoided GHG emissions), and distribution GHG emissions from candidate site to demand point. 

The maximization of profit will be restricted to available feedstock supply and cattle feed 

requirements. The costs and emissions associated with fuel distribution will be calculated considering 

the distance between each one of the candidate sites to each one of the demand points, calculated 

on ArcGIS with the available network infrastructure of roads in the study area. The distribution will be 

simplified, considering only the routes from network infrastructure to the demand points, using 

freight costs from the National Land Transport Agency (ANTT) (Brazil, 2020) and GHG emissions 

inventories from Ecoinvent 3.5 (Ecoinvent, 2018). 
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The future ethanol demands are those from Andrade Jr. (2019) study that interpret them for 

SSP1, SSP2 and SSP3 narratives (Table 6). The SSPs provide a better understanding of future global 

demands of economic sectors taking into consideration narrative storylines of challenges to 

adaptation and mitigation of climate change that combines social, economic and environmental 

trends (e.g., future changes in demographics, human development, economy and lifestyle, policies 

and institutions, technology, and environment and natural resources) (O’Neil et al., 2017, 2014; Riahi 

et al., 2017).  

SSP 1: Sustainability—Taking the green road considers low challenges to adaptation 

and mitigation due, mostly, to high levels of education, income growth, low population, reduction in 

inequality, strong institutions prioritizing sustainable development and a society aware of social, 

cultural, and economic costs of environmental degradation. The scenario presents modern energy, 

technological development, low patterns of energy consumption and social acceptability for 

renewable energy and bioenergy, which leads to a reduction in fossil fuel consumption (Bauer et al., 

2017; O’Neil et al., 2017, 2014; Popp et al., 2017; Riahi et al., 2017; van Vuuren et al., 2017).  

SSP 2: Middle of the road is not only an extrapolation of current trends but includes 

historical patterns such as emerging economies growing quickly and then slowing down after 

reaching higher levels of income, and also uneven growth patterns among countries. Overall, this 

uneven development reflects is an intermediate scenario compared to SSP1 (low challenges to 

mitigation and adaptation) and SSP 3 (high challenges for both mitigation and adaptation). There is a 

medium population growth, medium energy intensity, a gradual reduction of fossil fuel consumption 

and energy use, and a moderate modernization of final energy mix (Bauer et al., 2017; Fricko et al., 

2017; O’Neil et al., 2017, 2014; Popp et al., 2017; Riahi et al., 2017).  

In SSP 3: Regional rivalry—A rocky road, the countries are concerned with local 

development, which negatively affects the global development and generates inequality. The slow 

growth in income and technological improvements, together with ineffective institutions (i.e., 

environmental concern) and low investments in education leads to high population growth (mostly in 

developing countries) and high challenges to both mitigation and adaptation. It presents high 

resource intensity and fossil fuel dependence and environmental degradation, due to low priority for 

environmental concerns. In the energy sector, the traditional bioenergy remains important; there is 

low technological development and high fossil fuel dependence (Bauer et al., 2017; Fujimori et al., 

2017; O’Neil et al., 2017, 2014; Popp et al., 2017; Riahi et al., 2017). 

 

Table 6: Future ethanol demands per SSP per decade for Brazil 

Products 2020 2030 2040 2050 

SSP1 (EJ) 0.9 1.4 1.6 1.5 

SSP2 (EJ) 0.7 1.0 1.1 0.8 

SSP3 (EJ) 0.6 0.7 0.8 0.5 

 

To define the ethanol distribution points, we considered that the current demand share per 

municipality in Brazil will remain in the future. We normalized the total demand for the ten largest 

cities in terms of ethanol demand in Brazil (Table 7).  
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Table 7: Distribution points for ethanol demand in Brazil. 

 

State City Demand share (%) 
Normalized 

Demand share (%) 

São Paulo São Paulo 11.9% 45.2% 

Goiás Goiânia 2.2% 8.5% 

Minas Gerais Belo Horizonte 2.2% 8.4% 

São Paulo Campinas 1.7% 6.5% 

Paraná Curitiba 1.6% 6.0% 

Rio de Janeiro Rio de Janeiro 1.5% 5.8% 

São Paulo Ribeirão Preto 1.4% 5.3% 

Mato Grosso Cuiabá 1.4% 5.1% 

São Paulo Guarulhos 1.2% 4.6% 

São Paulo Sorocaba 1.2% 4.5% 

 

 

The optimization will consider a variable carbon price per carbon credit generated (i.e., tonne 

of avoided CO2eq emission). The prices derive from SSPs narratives per decade for Latin America 

(Riahi et al., 2017), presented in Table 8.  

 

Table 8: Carbon prices considered for Brazil (R$/tonne of avoided CO2eq emission) 

Scenario 2020 2030 2040 2050 

SSP1 24.2  90.0  197.3  274.9  

SSP2 45.9  94.4  143.0  233.0  

SSP3 -    -    305.4  506.7  

 

3. Results and discussion 
Available area for BLIS expansion 

After excluding biodiversity hotpots, Amazon and Cerrado biomes and considering current 

pasture areas inside SAEZ, this study estimates Brazil has about 18 million hectares suitable to expand 

BLIS systems, divided in 1696 grid cells, represented in Figure 5, with the location of the ten demand 

points. Each grid cell has a specific available area for expansion, sugarcane, corn and soybean yield, 

and straw recovery rate.  
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Figure 5: Available area for BLIS expansion and considered ethanol demand points in Brazil 

 

Spatially explicit assessment of BLIS supply-chain 

 

Considering sugarcane plant as the principal conversion system that supports the corn and 

soybean plants, we started our assessment calculating how much sugarcane could be produced per 

grid cell. The result is presented in Figure 6, only 14% of total grid cells could produce more than 2 

million tonnes of sugarcane per year, our cut off value for minimum production. Most of grid cells 

could produce less than 1 million tonne per year, which means biomass supply is too spread. 
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Figure 6: Spatially explicit sugarcane production in total available area for expansion 

 

We performed the agglomeration of grid cells in candidate sites to run VB for the 

technological options. From the total 18 million hectares, after agglomeration, 2 million hectares were 

excluded, and they represent grid cells that were too isolated (mostly in Mato Grosso state) and 

couldn’t meet the maximum radius restriction. In Figure 7 and 8 there is the visual representation of 

the spatially explicit sugarcane production in technological options 1, 2 and 3, respectively in the total 

316 candidate sites. In the case of BLIS, not only sugarcane is produced in the available area, but all 

feedstocks for cattle feed also need to be produced within the available area, as definition to avoid 

displacement of land, in the case if Tech1_Sugarcane, only a small portion of the area is used for 

corn production in rotation with soybean, and most of candidate sites produce around 3 to 5 million 

tonnes of sugarcane per year. However, for Tech2_Corn and Tech3_Soybean, more land is used to 

produce corn and soybean and less sugarcane is produced, as illustrated in Figures 8 and 9. 

Sugarcane production is up to 2 million tonnes per year in most of candidate sites, which means that 

in order to have higher sugarcane processing capacities, closer to the Brazilian reality of around 4 

million tonnes per year, more grid cells should be agglomerated for Tech2_Corn and Tech3_Soybean, 

however, to a better comparison, we kept the same amount of candidate sites and available area per 

site for all technological options. 
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Figure 7: Spatially explicit sugarcane production in Tech1_Sugarcane after agglomeration 

 

 
Figure 8: Spatially explicit sugarcane production in Tech2_Corn and Tech3_Soybean after 

agglomeration 
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Although Tech2_Corn has corn ethanol to complement sugarcane ethanol production, when 

comparing corn and sugarcane ethanol in the same area, less corn ethanol is produced due to 

considerably lower agricultural yields (Figures 9 and 10). Corn average agricultural yield (5 t/ha) is 

too small compared to sugarcane yield (75 t/ha). In Tech1_Sugarcane, a large amount of candidate 

sites produces more than 350 million liters of ethanol per year, while in Tech2_Corn and 

Tech3_Soybean, this number is less than 250 million liters of total ethanol. When comparing 

Tech2_Corn and Tech3_Soybean (Figures 10 and 11), a relatively small amount of ethanol is used to 

produce biodiesel, so less ethanol is available in this last option, but this difference is considerably 

small to be visualized in the maps. 

 

 
Figure 9: Spatially explicit potential ethanol production in Tech1_Sugarcane 
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Figure 10: Spatially explicit potential ethanol production in Tech2_Corn 

 

 
Figure 11: Spatially explicit potential ethanol production in Tech3_Soybean 
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When considering potentials of avoided GHG emissions, Tech1_Sugarcane has the highest 

potentials (Figure 12), of around 0.4 to 0.8 million tonnes of avoided CO2eq per candidate site. Again, 

since considerably less ethanol is produced in Tech2_Corn, this technological option presented lower 

potential (Figure 13), with average avoided emissions of around 0.3 million tCO2eq per candidate site. 

However, when comparing Tech2_Corn and Tech3_Soybean, the latter presents higher potential 

since biodiesel is also produced (Figure 14). Ethanol carbon intensity ranged from around 12 to 23 

gCO2eq/MJ in the three technological options. Brazilian average carbon intensity of 1G sugarcane 

ethanol is around 21 gCO2eq/MJ (Matsuura et al., 2018). The lowest values could be found in 

candidate sites with high sugarcane yield and high straw recovery rates.  

 

 
Figure 12: Spatially explicit potential of GHG avoided emissions in Tech1_Sugarcane 



 

 

20 

 
Figure 13: Spatially explicit potential of GHG avoided emissions in Tech2_Corn 

 

 
Figure 14: Spatially explicit potential of GHG avoided emissions in Tech3_Soybean 



 

 

21 

Finally, comparing the potential profits of all candidate sites, Tech3_Soybean present the 

highest values (Figure 17), mostly because of higher market value for biodiesel compared to soybean 

oil. In Tech1_Sugarcane (Figure 15), most of candidate sites would have profits of around 200 to 400 

million R$ per year, equivalent to around 50 to 100 dollars. Due to lower biofuel production, 

Tech2_Corn (Figure 16) present the lower profits comparing to the other options. 

 
Figure 15: Spatially explicit potential of profits in Tech1_Sugarcane 
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Figure 16: Spatially explicit potential of profits in Tech2_Corn 

 
Figure 17: Spatially explicit potential of profits in Tech3_Soybean 
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In Figure 18 there is the sum of total potential of ethanol production, avoided GHG emissions 

and profits per technological option. The 89 billion liters produced in Tech1_Sugarcane (or 1.98 EJ 

per year) are 2 times more than the remaining volume demanded by SSP1 in 2030, after part of the 

demand is met by the current ethanol production of around 30 billion liters (CONAB, 2020). Even 

considering the expansion of Tech3_Soybean, that has the lowest potential among the options, 85% 

of SSP1 demand for 2030 could be met. For SSP3, that has the lowest ethanol demands, total ethanol 

produced in Tech1_Sugarcane would be 8 times higher than the remaining demand. Regarding 

potential to mitigate GHG emissions, Tech1_Sugarcane represents 15% of the total 900 million 

tonnes of CO2eq that might be mitigated by 2030 according to Brazilian NDC, that established GHG 

emissions in 2030 must be reduced in 43% compared to the 2.1 GtCO2eq emitted in 2005 (Brasil, 

2015).  Although, Tech1_Sugarcane resulted in best potentials to produce ethanol and to avoided 

GHG emissions, Tech3_Soybean was the best option considering profitability. It can be explained by 

revenues associated with biodiesel sell. When comparing Tech2_Corn and Tech3_Soybean, it is 

possible to observe biodiesel production increased potential avoided emissions, but when comparing 

to Tech1_Sugarcane to Tech3_Soybean, the production of biodiesel was not enough to surpass 

Tech1_Sugarcane potentials to avoided GHG emissions. It can be explained because the comparison 

of technological options was carried out considering the same area and sugarcane ethanol has the 

highest yields, thus more biofuel is produced. This tradeoff will be considered in the optimization that 

will be performed using BeWhere.  

 

 
Figure 18: Comparison of potentials, avoided emissions and profitability in the three technological 

options 

 

Uncertainties 

The results presented in this study do not consider impacts of pasture conditions (e.g., level 

of degradability) on agriculture yields. Sugarcane modeled yields consider climatic characteristics of 

each region. We assumed a fixed cattle stocking rate of one cattle head per hectare in all study area, 

a spatially explicit livestock yield could influence the results, since all cattle heads should be fed with 

crops and by-products produced inside the integration boundaries, which means more animal feed 

production would be demanded in sites with higher stocking rates. Besides, corn and soybean plants 

animal feed are not a competitor with biofuel production, and in the case of sugarcane plants, it does 

not impact negatively on biofuel production (Souza et al., 2019; Sparovek et al., 2009). Future 

studies should include spatially explicit and modeled yield for corn, soybean and livestock stocking 

rate, and possible climate change impacts in crop yields. 

The environmental sustainability impact was focused on calculation of GHG emissions. 

Regarding impacts on biodiversity, we excluded biodiversity hotspots for the available area for BLIS 

expansion, however no assessment was carried out to consider biodiversity losses and/or gains due 

to the replacement of pasture with crops (i.e., sugarcane, corn, soybean). Although carbon stocks 

associated land use change emissions can have significant contribution to overall life cycle emissions 

(Bordonal et al., 2016; Figueiredo et al., 2017), it was not carried out in this study. Also, no 
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assessment of soil organic carbon emissions (SOC) and impacts of BLIS on water availability was 

performed in this study. 

The integration as presented here happens with livestock at the final stage of production 

cycle (Souza et al., 2019, Picoli, 2017), where all cattle heads can be finished in feedlots. Detailed 

modelling should be carried out to understand the integration at all production cycle, such as cow and 

calf system. This initial stage of livestock production has limitations on the use of biofuels by-products 

as animal feed, and less land could be released.  

  

Potentials of BLIS in Brazil 

Despite the uncertainties of BLIS in this study, this production system has great potential to 

meet future ethanol demands and GHG mitigation targets. The integrated production can also 

contribute to zero deforestation, avoiding land use displacement (Souza et al., 2019). Also, it can 

provide reduction on land competition for food and energy production due to the use of bioenergy 

by-products as animal feed that replace or reduce grazing and crop production for feed purposes 

(Moreira et al., 2020; Popp et al., 2016). Studies have suggested that after pasture intensification, 37 

to 50 million hectares could be available for bioenergy expansion without causing land use 

displacement (Alkimin et al., 2015; Lossau et al., 2015). 

The results presented in this report show the full potential of the available area for expansion 

to meet future ethanol demands and GHG mitigation targets, as well as the spatially explicit avoided 

GHG emissions, supply chain costs, revenues and their variability according to locations. A spatially 

explicit sustainability assessment of BLIS is key to help to produce bioenergy without compromising 

feedstock availability, food security, land use, biodiversity, among others. Further optimization with 

BeWhere will allow to select the best candidate sites and the best technological option to meet the 

specific ethanol demands per SSP per decade.  

 Future bioenergy demands of projection studies rely largely on 2G ethanol (Andrade Jr et al., 

2019; Jaiswal et al., 2017); however, worldwide cellulosic ethanol is still not produced in large 

volumes. To meet the future bioenergy demands with conventional biofuel production would require 

a large area, what could cause negative land displacement and impacts on natural vegetation and 

food production, often associated with large scale deployment of bioenergy (Cherubin et al., 2021; 

Frank et al., 2021; Humpenoder et al., 2018). 

  

 

4. Final remarks 
Bioenergy-livestock integrated systems are an important option for future land use management 

strategies in Brazil and have great potential to meet future bioenergy demand and GHG mitigation 

targets without land use displacement, biodiversity loss and competition with food production. 

This study may support decision makers and encourage the formulation of enhanced public 

policies for the bioenergy sector based on the potentials to meet future energy demands and GHG 

mitigation targets, and to alleviate pressure on land use. Assessment of potential areas for 

implementation of BLIS was presented, indicating that their implementation would be possible in the 

Center-South region of Brazil. We believe that these results might help to support more assertive 

public policies regarding biofuel expansion in Brazil and contribute to achieve the ambitious targets 

assumed in the Paris Agreement. 

There is still potential to explore and address uncertainties in the spatially explicit assessment of 

BLIS expansion in the country, such as refine crop and livestock yield, account for carbon stocks, 

impacts on water use, and consider complete cycle of livestock production. 

 

 

 



 

 

25 

5. References 
 

1. Alkimim, A., Sparovek, G., Clarke, K.C., 2015. Converting Brazil’s pastures to cropland: An 

alternative way to meet sugarcane demand and to spare forestlands. Appl. Geogr. 62, 75–84. 

https://doi.org/10.1016/j.apgeog.2015.04.008 

2. Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Irrigation and drainage. Rome: FAO, 

22p. (FAO. Irrigation and Drainage Paper, 56) 

3. Andrade Jr., M. A. U., Valin, H., Soterroni, A. C., Ramos, F. M., Halog, A., Exploring future 

scenarios of ethanol demand in Brazil and their land-use implications. Energy Policy, 134, 

110958. https://doi.org/10.1016/j.enpol.2019.110958   

4. ANP, 2021. Painel Dinâmico. Matéria-Prima. Dynamic panel. Feedstock. URL 

https://app.powerbi.com/view?r=eyJrIjoiOTlkODYyODctMGJjNS00MGIyLWJmMWItNGJlNDg0

ZTg5NjBlIiwidCI6IjQ0OTlmNGZmLTI0YTYtNGI0Mi1iN2VmLTEyNGFmY2FkYzkxMyJ9&pageNam

e=ReportSection8aa0cee5b2b8a941e5e0%22 (accessed 9.2.21). 

5. Bauer, N., Calvin, K., Emmerling, J., Fricko, O., Fujimori, S., Hilaire, J., Eom, J., Krey, V., 

Kriegler, E., Mouratiadou, I., Boer, H.S. de, Van den Berg, M., Carrara, S., Daioglou, V., 

Drouet, L., Edmonds, J.E., Gemaat, D., Havlik, P., Johnson, N., Klein, D., Kyle, P., Marangoni, 

G., Masui, T., Pietzcker, R.C., Strubegger, M., Wise, M., Riahi, K., van Vuuren, D.P., 2017. 

Global Environmental Change. Shared Socio-Economic Pathways of the Energy Sector – 

Quantifying the Narratives 42, 316–330. 

6. Berndes, G., Chum, H., Leal, M.R.L. V, Sparovek, G., 2016. Bioenergy feedstock production 

on grasslands and pastures: {Brazilian} experiences and global outlook. 

7. Bonomi, A., Cavalett, O., Cunha, M.P., Lima, M.A.P., 2016. Virtual Biorefinery - An 

Optimization Strategy for Renewable Carbon Valorization. Springer International Publishing, 

Switzerland  

8. Bordonal, R., O., Lal, R., Aguiar, D. A., Figueiredo, E. B., Perillo, L. I., Adami, M., Rudorff, B. 

F. T., La Scala, N., 2015. Greenhouse gas balance from cultivation and direct land use change 

of recently established sugarcane (Saccharum officinarum) plantation in south-central Brazil. 

Renewable and Sustainable Energy Reviews, 52, 547-556.  

https://doi.org/10.1016/j.rser.2015.07.137 

9. Brasil, 2020. RESOLUÇÃO Nº 5.867, DE 14 DE JANEIRO DE 2020. Disponível em: 

https://www.in.gov.br/en/web/dou/-/resolucao-n-5.867-de-14-de-janeiro-de-2020-

238315084. Consultado em: Agosto 2021. 

10. Cardoso, A.S., Berndt, A., Leytem, A., Alves, B.J.R., de Carvalho, I. das N.O., de Barros 

Soares, L.H., Urquiaga, S., Boddey, R.M., 2016. Impact of the intensification of beef 

production in Brazil on greenhouse gas emissions and land use. Agric. Syst. 143, 86–96. 

https://doi.org/10.1016/j.agsy.2015.12.007 

11. Cavalett, O., Chagas, M.F., Magalhães, P. S. G., Carvalho, J. L. N., Cardoso, T. F., Franco, H. 

C. J., Brainbeck O. A., Bonomi, A., 2016. Chapter 3 - The Agricultural Production Model. In: 

Virtual Biorefinery - An Optimization Strategy for Renewable Carbon Valorization. Springer 

International Publishing, pp. 13–52. https://doi.org/10.1007/978-3-319-26045-7_7 

12. Cherubin, M.R., Carvalho, J.L.N., Cerri, C.E.P., Nogueira, L.A.H., Souza, G.M., Cantarella, H., 

2021. Land Use and Management Effects on Sustainable Sugarcane-Derived Bioenergy. Land 

10, 72. https://doi.org/10.3390/land10010072 

13. CONAB, Companhia Nacional de Abastecimento, 2020. Acompanhamento da safra brasileira 

de cana-de-açúcar, v.8– Safra 2020/21, n. 4 - Quarto levantamento. Monitoring of the 

Brazilian sugarcame harvest. Brasília, DF. 

https://doi.org/10.1016/j.rser.2015.07.137
https://doi.org/10.1016/j.agsy.2015.12.007
https://doi.org/10.1007/978-3-319-26045-7_7
https://doi.org/10.3390/land10010072


 

 

26 

14. CONAB, Companhia Nacional de Abastecimento, 2020. Acompanhamento da safra brasileira 

de cana-de-açúcar, v.8– Safra 2020/21, n. 4 - Quarto levantamento. Monitoring of the 

Brazilian sugarcame harvest. Brasília, DF. 

15. Daioglou, V., Doelman, J.C., Wicke, B., Faaij, A., van Vuuren, D.P., 2019. Integrated 

assessment of biomass supply and demand in climate change mitigation scenarios. Glob. 

Environ. Chang. 54, 88–101. https://doi.org/10.1016/j.gloenvcha.2018.11.012 

16. Dias, M.O.S., Junqueira, T.L., Sampaio, I.L.M., Chagas, M.F., Watanabe, M.D.B., Morais, E.R., 

Gouveia, V.L.R., Klein, B.C., Rezende, M.C.A.F., Cardoso, T.F., Souza, A., Jesus, C.D.F., 

Pereira, L.G., Rivera, E.C., Maciel Filho, R., Bonomi, A., 2016. Chapter 7 - Use of the VSB to 

Assess Biorefinery Strategies, in: Virtual Biorefinery - An Optimization Strategy for Renewable 

Carbon Valorization. Springer International Publishing, pp. 189–256. 

https://doi.org/10.1007/978-3-319-26045-7_7  

17. Ecoinvent, 2018. Ecoinvent database, version 3.5. Disponível em: 

https://www.ecoinvent.org/database/older-versions/ecoinvent-35/ecoinvent-35.html. 

Consultado em: Agosto 2021. 

18. Field, J. L., Richard, T. L., Smithwick, E. A. H., Cai, H., Laser, M. S., LeBauer, D. S., Long, S. 

P., Paustian, K., Qin, Z., Sheehan, J. J., Smith, P., Wang, M. Q., Lynd, L. R. Robust paths to 

net greenhouse gas mitigation and negative emissions via advanced biofuels. Proceedings of 

the National Academy of Sciences, 8, 21968-21977, 2020. 

//doi.org/10.1073/pnas.1920877117 

19. Figueiredo, E. B., Jayasundara, S., Bordonal, R. O., Berchielli, T., Reis, R. A., Wagner-Riddle, 

C., La Scala, N., 2017. Greenhouse gas balance and carbon footprint of beef cattle in three 

contrasting pasture-management systems in Brazil. Journal of Cleaner Production, 142, 420-

431. https://doi.org/10.1016/j.jclepro.2016.03.132 

20. Frank, S., Gusti, M., Havlík, P., Lauri, P., DiFulvio, F., Forsell, N., Hasegawa, T., Krisztin, T., 

Palazzo, A., Valin, H., 2021. Land-based climate change mitigation potentials within the 

agenda for sustainable development. Environ. Res. Lett. 16, 024006. 

https://doi.org/10.1088/1748-9326/abc58a 

21. Frank, S., Havlík, P., Soussana, J.-F., Levesque, A., Valin, H., Wollenberg, E., Kleinwechter, 

U., Fricko, O., Gusti, M., Herrero, M., Smith, P., Hasegawa, T., Kraxner, F., Obersteiner, M., 

2017. Reducing greenhouse gas emissions in agriculture without compromising food security? 

Environ. Res. Lett. 12, 105004. https://doi.org/10.1088/1748-9326/aa8c83 

22. Fricko, O., Havlik, P., Rogej, J., Klimont, Z., Gusti, M., Johnson, N., Kolp, P., Strubegger, M., 

Valin, H., Amann, M., Ermolieva, T., Forsell, N., Herrero, M., Heyes, C., Kindermann, G., Krey, 

V., McCollum, D.L., Obersteiner, M., Pachauri, S., Rao, S., Schmid, E., Schoepp, W., Riahi, K., 

2017. Global Environmental Change. Marker Quantif. Shar. Socioecon. Pathw. 2 Middle---

Road Scenar. 21st Century 42, 251–267. http://dx.doi.org/10.1016/j.gloenvcha.2016.06.004 

23. Fujimori, S., Hasegawa, T., Masui, T., Takahashi, K., Herran, D.S., Dai, H., Hijioka, Y., 

Kainuma, M., 2017. Global Environmental Change. SSP3 AIM Implement. Shar. Socioecon. 

Pathw. 42, 268–283. http://dx.doi.org/10.1016/j.gloenvcha.2016.06.009O’Neil, B.C., Kriegler, 

E., Ebi, K., Kemp-Benedict, E., Riahi, K., Rothman, D.S., van Ruijven, B.J., van Vuuren, D.P., 

Birkmann, J., Kok, K., Levy, M., Solecki, W., 2017. Global Environmental Change. Roads 

Ahead Narrat. Shar. Socioecon. Pathw. Descr. World Futur. 21st Century 42, 169–180. 

http://dx.doi.org/10.1016/j.gloenvcha.2015.01.004 

24. Garcia, D. J., You F. (2015). Supply chain design and optimization: Challenges and 

opportunities. Computers and Chemical Engineering, 81, 153-170. 

http://dx.doi.org/10.1016/j.compchemeng.2015.03.015 

25. Granco, G., Caldas, M., De Marco, P. Potential effects of climate change on Brazil’s land use 

policy for renewable energy from sugarcane. Resources, Conservation & Recycling, 144, 158-

168, 2019. https://doi.org/10.1016/j.resconrec.2019.01.033 

https://doi.org/10.1007/978-3-319-26045-7_7
https://doi.org/10.1088/1748-9326/aa8c83
http://dx.doi.org/10.1016/j.compchemeng.2015.03.015


 

 

27 

26. Harahap F., Leduc S., Mesfun S., Khatiada D., Kraxner F., Silveira S.  (2019). Opportunities to 

Optimize Palm Oil Supply Chain in Sumatra, Indonesia. Energies, 12:420. 

doi:10.3390/en12030420 

27. Hernandes, T. A. D., Duft, D. G., Luciano, A. C. S., Leal, M. L. V. R., Cavalett, O., 2021. 

Identifying Suitable Areas for Expanding Sugarcane Ethanol Production in Brazil under 

Conservation of Environmentally Relevant Habitats. Journal of Cleaner Production, 125318. 

https://doi.org/10.1016/j.jclepro.2020.125318 

28. Hiloidhari, M., Baruah, D. C., Singh, A., Kataki, S., Medhi, K., Kumari, S., Ramachandra, T. V., 

Jenkins, B. M., Thakur, I. S. Emerging role of Geographical Information System (GIS), Life 

Cycle  Assessment  (LCA)  and  spatial  LCA  (GIS-LCA)  in  sustainable  bioenergy  planning. 

Bioresource Technology. 242, 218-226, 2017. 

http://dx.doi.org/10.1016/j.biortech.2017.03.079  

29. Hoffman, L. A., Baker, A., 2011. Estimating the Substitution of Distillers’ Grains for Corn and 

Soybean Meal in the U.S. Feed Complex. A Report from the Economic Research Service – 

USDA, US. 

30. Huijbregts, Mark, A. J., Steinmann, Z. J. N., Elshout, P. M. G, Stam, G., Verones, F., Vieira, 

M., Zijp, M., Hollander, A., van Zelm, T.  ReCiPe2016: a harmonised life cycle impact 

assessment method at midpoint and endpoint level. The International Journal of Life Cycle 

Assessment volume 22, 138–147, 2017. https://link.springer.com/journal/11367 

31. Humpenöder, F., Popp, A., Bodirsky, B.L., Weindl, I., Biewald, A., Lotze-Campen, H., Dietrich, 

J.P., Klein, D., Kreidenweis, U., Müller, C., Rolinski, S., Stevanovic, M., 2018. Large-scale 

bioenergy production: how to resolve sustainability trade-offs? Environ. Res. Lett. 13, 

024011. https://doi.org/10.1088/1748-9326/aa9e3b 

32. Husbandry – Brazil For the SRI project. Jaguariúna, Brazil. Available in: LCI-Agriculture-

2018.pdf (embrapa.br). Assessed in 23 September 2021. 

IBGE, 2021. Pesquisa da Pecuária Municipal Tabela 3939 - Efetivo dos rebanhos, por tipo de 

rebanho. Municipal Livestock Survey Table 3939 - Herd Efficiency, by type of herd. URL 

https://sidra.ibge.gov.br/tabela/3939 (accessed 3.10.21). 

33. IBGE, 2021a. Pesquisa da Pecuária Municipal Tabela 3939 - Efetivo dos rebanhos, por tipo de 

rebanho. Municipal Livestock Survey Table 3939 - Herd Efficiency, by type of herd. URL 

https://sidra.ibge.gov.br/tabela/3939 (accessed 3.10.21).  

34. IBGE, 2021b. Produção Agrícola Municipal Tabela 1612 - Área plantada, área colhida, 

quantidade produzida, rendimento médio e valor da produção das lavouras temporária. 

Municipal Agricultural Production Table 1612 - Planted area, harvested area, quantity 

produced, average yield, and production value of temporary crops.URL 

https://sidra.ibge.gov.br/Tabela/1612 (accessed 3.10.21).  

35. IBGE, 2021c. Produção Agrícola Municipal Tabela 839 - Área plantada, área colhida, 

quantidade produzida e rendimento médio de milho, 1a e 2a safras. Municipal Agricultural 

Production Table 839 - Planted area, harvested area, produced quantity, and average yield of 

corn, 1st and 2nd crops. URL https://sidra.ibge.gov.br/Tabela/839 (accessed 3.10.21). Leduc, 

S. Development of an Optimization Model for the Location of Biofuel Production Plants. Ph.D. 

Thesis, Luleå University of Technology, Luleå, Sweden, 2009. 

36. Jaiswal, D., De Souza, A.P., Larsen, S., LeBauer, D.S., Miguez, F.E., Sparovek, G., Bollero, G., 

Buckeridge, M.S., Long, S.P., 2017. Brazilian sugarcane ethanol as an expandable green 

alternative to crude oil use. Nat. Clim. Chang. 7, 788–792. 

https://doi.org/10.1038/nclimate3410 

37. Jong, S.; Hoefnagels, R.; Wetterlund, E.; Pettersson, K.; Faaij, A.; Junginger, M. Cost 

optimization of biofuel production — The impact of scale, integration, transport and supply 

chain configurations. Applied Energy, 195, 1055–1070, 2017. 

https://doi.org/10.1016/j.apenergy.2017.03.109 

https://doi.org/10.1016/j.jclepro.2020.125318
https://doi.org/10.1088/1748-9326/aa9e3b
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/203789/1/LCI-Agriculture-2018.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/203789/1/LCI-Agriculture-2018.pdf


 

 

28 

38. Junqueira, T.L., Moraes, B., Gouveia, V.L.R., Chagas, M.F., Morais, E.R., Watanabe, M.D.B., 

Zaiat, M., Bonomi, A., 2016. Chapter 8 - Use of VSB to Plan Research Programs and Public 

Policies, in: Virtual Biorefinery - An Optimization Strategy for Renewable Carbon Valorization. 

Springer International Publishing, pp. 257–282. https://doi.org/10.1007/978-3-319-26045-

7_8 

39. Khatiwada, D., Leduc, S., Silveira, S., Mccallum I., 2016b. Optimizing ethanol and 

bioelectricity production in sugarcane biorefineries in Brazil. Renew. Energy, 85, 371-386. 

https://doi.org/10.1016/j.renene.2015.06.009 

40. Kim, S.; Kim, S.; Kiniry, J. R. Two-phase simulation-based location-allocation optimization of 

biomass storage distribution. Simulation Modelling Practice and Theory, 86, 155-168, 2018. 

https://doi.org/10.1016/j.simpat.2018.05.006  

41. Laasasehano, K; Lensu, A.; Lauhanen, R.; Rintala, J. GIS-data related route optimization, 

hierarchical clustering, location optimization, and kernel density methods are useful for 

promoting distributed bioenergy plant planning in rural areas. Sustainable Energy 

Technologies and Assessments, 32, 45-57, 2019.  https://doi.org/10.1016/j.seta.2019.01.006 

42. Lossau, S., Fischer, G., Tramberend, S., van Velthuizen, H., Kleinschmit, B., Schomäcker, R., 

2015. Brazil’s current and future land balances: Is there residual land for bioenergy 

production? Biomass and Bioenergy 81, 452–461. 

https://doi.org/10.1016/j.biombioe.2015.07.024 

43. Mandova, H., Leduc, S., Wang, C., Wetterlund, E., Patrizio, P., Gale, W., Kraxner, F. (2018). 

Possibilities for CO2 emission reduction using biomass in European integrated steel plants 

Biomass and Bioenergy, 115, 231-243. https://doi.org/10.1016/j.biombioe.2018.04.021 

44. Manzatto, C.V., Assad, E.D., Bacca, J.F.M., Zaroni, M.J., Pereira, S.E.M. (2009). Zoneamento 

Agroecológico da Cana-de Açúcar: Expandir a produção, preservar a vida, garantir o futuro. 

Embrapa 58. 

45. MapBiomas. Mapbiomas.org. Disponível em: http://mapbiomas.org/pages/downloads. 

Consultado em: Janeiro de 2020. 

46. Matsuura, I. S. F., Picoli, J. F., 2-18. Life Cycle Inventories of Agriculture, Forestry and Animal  

47. Matsuura, M. I. S. F., Scachetti, M. T., Chagas, M. F., Seabra, J., Moreira M. M. R., Bonomi, 

A., Bayma, G., Picoli, J. F., Morandi, M. A. B., Ramos, N. P., Cavalett, O., Novaes, R. M. L. 

RenovaCalcMD: Método e ferramenta para a contabilidade da Intensidade de Carbono de 

Biocombustíveis no Programa RenovaBio, 2018.   Available  in:  

http://www.anp.gov.br/images/Consultas_publicas/2018/n10/CP10-2018_Nota-Tecnica-

Renova-Calc.pdf. Accessed in: July 20, 2020   

48. Menandro, L.M.S., Cantarella, H., Franco, H.C.J., Kölln, O.T., Pimenta, M.T.B., Sanches, G.M., 

Rabelo, S.C., Carvalho, J.L.N., 2017. Comprehensive assessment of sugarcane straw: 

implications for biomass and bioenergy production. Biofuels, Bioproducts and Biorefining. 11, 

488-504. 10.1002/bbb.1760 

49. Mesfun, S., Sanchez, D. L., Leduc, S., Wetterlund, E., Lundgren, J., Biberacher, M., Kraxner, 

F. (2017). Power-to-gas and power-to-liquid for managing renewable electricity intermittency 

in the Alpine Region. Renewable Energy, 107, 361-372. 

http://dx.doi.org/10.1016/j.renene.2017.02.020 

50. Milanez, A.Y., Nyko, D., Valente, M.S., Xavier, C.E.O., Kulay, L.A., Donke, A.C.G., Matsuura, 

M.I. da S.F., Ramos, N.P., Morandi, M.A.B., Bonomi, A.M.F.L.J., 2014. A produção de etanol 

pela integração do milho-safrinha às usinas de cana-de-açúcar: avaliação ambiental, 

econômica e sugestões de política. https//web. bndes. gov. br/bib/jspui/handle/1408/1921 

51. MMA - Ministry of the Environment (Ministerio do Meio Ambiente), 2007. Areas Prioritarias 

para Conservação, Uso Sustentavel e Repartição de Benefícios da Biodiversidade Brasileira: 

Atualização - Portaria MMA n9, de 23 de janeiro de 2007. Ministerio do Meio Ambiente, 

Secretaria de Biodiversidade e Florestas, Brasília, Brazil (in Portuguese). 

https://doi.org/10.1007/978-3-319-26045-7_8
https://doi.org/10.1007/978-3-319-26045-7_8
https://doi.org/10.1016/j.renene.2015.06.009
https://doi.org/10.1016/j.biombioe.2018.04.021


 

 

29 

52. MMA - Ministry of the Environment (Ministerio do Meio Ambiente), 2017. Areas Prioritarias: 

mapas por Bioma. Available at. www.mma.gov.br/biodiversidade/ biodiversidade-

brasileira/%C3%A1reas-priorit%C3%A1rias/item/489 (accessed April 2020) (in Portuguese). 

53. MMA, Ministério do Meio Ambiente, 2015. Intended Nationally Determined Contribution. URL 

https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Brazil%20First/BRAZIL%20iN

DC%20english%20FINAL.pdf  (accessed 2.16.21) 

54. Moraes, B.S., Junqueira, T.L., Pavanello, L.G., Cavalett, O., Mantelatto, P.E., Bonomi, A., 

Zaiat, M., 2014. Anaerobic digestion of vinasse from sugarcane biorefineries in Brazil from 

energy, environmental, and economic perspectives: Profit or expense? Appl. Energy 113, 

825–835. https://doi.org/10.1016/j.apenergy.2013.07.018  

55. Moreira, M.M.R., Seabra, J.E.A., Lynd, L.R., Arantes, S.M., Cunha, M.P., Guilhoto, J.J.M., 

2020. Socio-environmental and land-use impacts of double-cropped maize ethanol in Brazil. 

Nat. Sustain. 3, 209–216. https://doi.org/10.1038/s41893-019-0456-2 

56. Natarajan, K., Leduc, S., Pelkonen, P., Tomppo, E., Dotzauer, E. (2014). Optimal locations for 

second generation Fischer Tropsch biodiesel production in Finland. Renewable Energy, 62, 

319-330. http://dx.doi.org/10.1016/j.renene.2013.07.013 

57. O’Neil, B.C., Kriegler, E., Riahi, K., Ebi, K., Hallegatte, S., Carter, T.R., Mathur, R., van 

Vuuren, D.P., 2014. Climatic Change. New Scenar. Framew. Clim. Change Res. Concept Shar. 

Socioecon. Pathw. 122, 387–400. https://doi.org/10.1007/s10584-013-0905-2 

58. Olivério, J.L., Barreira, S.T., Rangel, S.C.P., 2014. Integrated biodiesel production in 

Barralcool sugar and alcohol mill, in: Sugarcane Bioethanol — R&D for Productivity and 

Sustainability. Editora Edgard Blücher, pp. 661–678. https://doi.org/10.5151/BlucherOA-

Sugarcane-SUGARCANEBIOETHANOL_57 

59. Patrizio, P., Leduc, S., Kraxner, F., Fuss, S., Kindermann, G.,  Mesfun, S., Spokas, K., 

Mendoza, A., MacDowel, N., Wetterlund, E., Lundgren, J., Dotzauer, E., Yowargana, P., 

Obersteiner, M. (2018). Reducing US Coal Emissions Can Boost Employment. Joule, 2, 2633-

2648. https://doi.org/10.1016/j.joule.2018.10.004 

60. Picoli, J.F., 2017. Perfil ambiental da produção integrada de etanol e pecuária de corte. 

Environmental profile of integrated ethanol and beef cattle production. Universidade Estadual 

de Campinas, Campinas.  

61. Popp, A., Calvin, K., Fujimori, S., Havlik, P., Humpenoder, F., Stehfest, E., Bodirsky, B.L., 

Dietrich, J.P., Doelmann, J.C., Gusti, M., Hasegawa, T., Kyle, P., Obersteiner, M., Tabeau, A., 

Takahashi, K., Valin, H., Waldhoff, S., Weindl, I., Wise, M., Kriegler, E., Lotze-Campen, H., 

Fricko, O., Riahi, K., van Vuuren, D.P., 2017. Global Environmental Change. Land-use futures 

in the shared socio-economic pathways 42, 331–345. 

http://dx.doi.org/10.1016/j.gloenvcha.2016.10.002  

62. Popp, J., Harangi-Rákos, M., Gabnai, Z., Balogh, P., Antal, G., Bai, A., 2016. Biofuels and 

Their Co-Products as Livestock Feed: Global Economic and Environmental Implications. 

Molecules 21, 285. https://doi.org/10.3390/molecules21030285 

63. Riahi, K., van Vuuren, D.P., Kriegler, E., Edmonds, J., O’Neil, B.C., Fujimori, S., Bauer, N., 

Calvin, K., Dellink, R., Fricko, O., Lutz, W., Popp, A., Cuaresma, J.C., KC, S., Leimbach, M., 

Jiang, L., Kram, T., Rao, S., Emmerling, J., Ebi, K., Hasegawa, T., Havlik, P., Humpenoder, F., 

Da Silva, L.A., Smith, S., Stehfest, E., Bosetti, V., Eom, J., Gernaat, D., Masui, T., Rogej, J., 

Strefler, J., Drouet, L., Krey, V., Luderer, G., Harmsen, M., Takahashi, K., Baumstark, L., 

Doelmann, J.C., Kainuma, M., Klimont, Z., Marangoni, G., Lotze- Campen, Obersteiner, M., 

Tabeau, A., Tavoni, M., 2017. Global Environmental Change. The Shared Socioeconomic 

Pathways and their energy, land use, and greenhouse gas emissions implications: An 

overview 42, 153–168. https://doi.org/. http://dx.doi.org/10.1016/j.gloenvcha.2016.05.009 

64. Roelfsema M., van Soest, H. L., Harmsen, M., van Vuuren, D. P., Bertham, B., den Elzen, M., 

Höhne, N., Iacobuta, G., Krey, V., Kriegler E., et al., 2020. Taking stock of national climate 

https://doi.org/10.1016/j.apenergy.2013.07.018
http://dx.doi.org/10.1016/j.renene.2013.07.013
https://doi.org/10.5151/BlucherOA-Sugarcane-SUGARCANEBIOETHANOL_57
https://doi.org/10.5151/BlucherOA-Sugarcane-SUGARCANEBIOETHANOL_57
https://doi.org/10.1016/j.joule.2018.10.004
http://dx.doi.org/10.1016/j.gloenvcha.2016.10.002
https://doi.org/10.3390/molecules21030285
http://dx.doi.org/10.1016/j.gloenvcha.2016.05.009


 

 

30 

policies to evaluate implementation of the Paris Agreement. Nature Communications, 11, 

2096, https://doi.org/10.1038/s41467-020-15414-6 

65. Rosenthal, R. GAMS-A User’s Guide; GAMS Development Corporation: Washington, DC, USA, 

2017. 

66. Santos, J.S., Feltran-Barbieri, R., Fonte, E.S., Balmford, A., Maioli, V., Latawiec, A., 

Strassburg, B.B.N., Phalan, B.T., 2020. Characterising the spatial distribution of opportunities 

and constraints for land sparing in Brazil. Sci. Rep. 10, 1946. https://doi.org/10.1038/s41598-

020-58770-5 

67. Silva, O., R., Barioni, L.G., Hall, J.A.J., Moretti, A.C., Fonseca Veloso, R., Alexander, P., 

Crespolini, M., Moran, D., 2017. Sustainable intensification of Brazilian livestock production 

through optimized pasture restoration. Agric. Syst. 153, 201–211. 

https://doi.org/10.1016/j.agsy.2017.02.001 

68. Souza, N. R. D., Bruno, K. M. B., Henzler, D. S., Petrielli, G. P. Sampaio, I. L. M., Hernandes, 

T. A. D., 2021b. Influence of yield gap and straw recovery rates on ecosystem services 

associated with sugarcane electricity. Conference: 29THEUROPEAN BIOMASS CONFERENCE & 

EXHIBITION. http://dx.doi.org/10.5071/29thEUBCE2021-4CO.11.2 

69. Souza, N. R. D., Junqueira, T., Cavalett, O., 2021. Opportunities and challenges for 

bioenergy-livestock integrated systems in Brazil. Industrial Crops and Products, 173, 114091. 

https://doi.org/10.1016/j.indcrop.2021.114091 

70. Souza, N.R.D., Duft, D., Bruno, K., Henzler, D., Junqueira, T., Cavalett, O. and Hernandes, T., 

2021c. Unraveling the potential of sugarcane electricity for climate change mitigation in 

Brazil. Resources, Conservation and Recycling, 175, p.105878. 

71. Souza, N.R.D., Fracarolli, J.A., Junqueira, T.L., Chagas, M.F., Cardoso, T.F., Watanabe, 

M.D.B., Cavalett, O., Venzke Filho, S.P., Dale, B.E., Bonomi, A., Cortez, L.A.B., 2019. 

Sugarcane ethanol and beef cattle integration in Brazil. Biomass and Bioenergy 120, 448–

457. https://doi.org/10.1016/j.biombioe.2018.12.012 

72. Sparovek, G., Berndes, G., Barrett, A., Martins, S. P., Maule, R. F., Burgi, R., Smorigo, J. N., 

2009. Polos de Produção de Energia, Alimento e Cidadania, conceito e aplicação em políticas 

públicas. Poles of Energy Production, Food and Citizenship, concept and application in public 

policies. Piracicaba, Brasil. 

73. Truong, A. H., Patrizio, P., Leduc, S., Kraxner, F., Ha-Duong, M. (2019). Reducing emissions 

of the fast growing Vietnamese coal sector: The chances offered by biomass co-firing. Journal 

of Cleaner Production, 215, 1301-1311.  https://doi.org/10.1016/j.jclepro.2019.01.065 

74. UNEP/SETAC, 2016. Global Guidance for life cycle impact assessment indicators. Volume 1. 

75. UNEP/SETAC, 2019. Global Guidance for life cycle impact assessment indicators. Volume 2. 

76. van Soest, H. L., den Elzen, M. G. J., Van Vuuren, D. P., 2021. Net-zero emission targets for 

major emitting countries consistent with the Paris Agreement. Nature Communications, 12, 

2140. https://doi.org/10.1038/s41467-021-22294-x 

77. van Vuuren, D.P., Stehfest, E., Gernaat, D., Doelmann, J.C., Van den Berg, M., Harmsen, M., 

Boer, H.S. de, Bouwman, L.F., Daioglou, V., Edelenbosch, O.Y., Girod, B., Kram, T., 

Lassaletta, L., Lucas, P.L., Meijl, H. van, Muller, C., van Ruijven, B.J., van der Sluis, S., 

Tabeau, A., 2017. Global Environmental Change. Energy Land-Use Greenh. Gas Emiss. 

Trajectories Green Growth Paradigm 42, 237–250. 

http://dx.doi.org/10.1016/j.gloenvcha.2016.05.008 

78. Wetterlund, E. Interim Report Optimal Localization of Biofuel Production on a European Scale; 

IIASA Publ.: Laxenburg, Austria, 2010; p. 50. 

79. Wetterlund, E., Leduc, S., Dotzauer, E., Kindermann, G. (2012). Optimal localisation of biofuel 

production on a European scale Energy, 41, 462-472. doi:10.1016/j.energy.2012.02.051 

80. Xavier, A. C., King, C. W. & Scanlon, B. R., 2015. Daily gridded meteorological variables in 

Brazil (1980–2013). Int. J. Climatol. 36, 2644-2659. doi:10.1002/joc.4518. 

https://doi.org/10.1038/s41598-020-58770-5
https://doi.org/10.1038/s41598-020-58770-5
https://doi.org/10.1016/j.agsy.2017.02.001
https://doi.org/10.1016/j.biombioe.2018.12.012
https://doi.org/10.1016/j.jclepro.2019.01.065
http://dx.doi.org/10.1016/j.gloenvcha.2016.05.008


 

 

31 

81. Yue, D., You, F., Snyder, S. W. (2014). Biomass-to-bioenergy and biofuel supply chain 

optimization: Overview, key issues and challenges. Computers and Chemical Engineering, 66, 

36 – 56.  DOI: 10.1016/j.compchemeng.2013.11.016. 

82. Zetterholm, J., Petterssonb, K., Leduc, S., Mesfun, S., Lundgrena, J., Wetterlund, E. (2018). 

Resource efficiency or economy of scale: Biorefinery supply chain configurations for co-

gasification of black liquor and pyrolysis liquids. Applied Energy, 230, 912-924. 

https://doi.org/10.1016/j.apenergy.2018.09.018 

83. Zullo, J., Pereira, V. R., Koga-Vicente, A. Sugar-energy sector vulnerability under CMIP5 

projections in the Brazilian central-southern macro-region. Climatic Change, 149, 489–502, 

2018. https://doi.org/10.1007/s10584-018-2249-4 

https://doi.org/10.1007/s10584-018-2249-4

