
 

 

 

 

 

 

 

 

 

 

Assessment of  successes and lessons 
learned for biofuels deployment  

Report Work packa ge 2 | Meta-analysis of existing 
studies  

 

IEA Bioenergy TCP 
Intertask project of Task 39, Task 40 , and Task 45 

 

 

 

 

 

 

  

 

 

  



      

 

 

 

 

 

 

 

 

 

 

Assessment of  successes and lessons learned for 
biofuels deployment  

Report Work package 2 | Meta-analysis of existing studies 

 

Heitor Cantarella, Glaucia Mendes Souza, Luiz Horta Nogueira,  
Rubens Maciel Filho, Gabriel Costa de Paiva, Nicholas Islongo Canabarro, 

Pablo Silva Ortiz, Tomas Ekbom, Jean Felipe Leal Silva 

 

Edited by 

Franziska Müller-Langer 

 

IEA Bioenergy TCP | Intertask project of Task 39, Task 40 and Task 45 

June 2023 

 

Copyright © 2023 IEA Bioenergy. All rights Reserved 

ISBN: 979-12-80907-29-5 

Published by IEA Bioenergy 

 

The IEA Bioenergy Technology Collaboration Programme (TCP) is organised under the auspices of the International Energy Agency  (IEA) but is 

functionally and legally autonomous. Views, findings and publications of the IEA Bioenergy TCP do not necessarily represent the views or policies of the 

IEA Secretariat or its individual member countries  

 



 

      

 1 

Index 
Executive summary ................................ ................................ ........................  2 

Key messages ................................ ................................ .............................  2 

Introduction  ................................ ................................ ................................ .  1 

Methodical approach ................................ ................................ .......................  3 

Results and discussion ................................ ................................ .....................  7 

Conventional biofuels  ................................ ................................ ..................  12 

Second-generation ethanol  ................................ ................................ ............  16 

Global ethanol market  ................................ ................................ .................  18 

Biodiesel (FAME) and HVO ................................ ................................ .............  19 

Bio-SNG ................................ ................................ ................................ ...  21 

Biomass-to-Liquid (BtL)  ................................ ................................ ................  21 

Limitations for the expansion of conventional or advanced biofuels and critical analysis of 

options ................................ ................................ ................................ ....  22 

Conclusions ................................ ................................ ................................ .  24 

References ................................ ................................ ................................ .  25 

Abbreviations ................................ ................................ ..............................  32 

Appendices ................................ ................................ ................................ .  33 

Appendix 1 | Spreadsheets for data collection  ................................ .....................  33 

Appendix 2 | Excurses ................................ ................................ ..................  59 

 

 

  



 

      

 2 

Executive summary  

The report presents a  meta-analysis on several studies dealing with òsuccesses and lessons 

learned for biofuel s deploymentó for advanced as well as from conventional biofuels. Biofuels 

that wer e evaluated include: Ethanol ( sugar cane 1G) in Brazil; Ethanol ( sugar cane 2G) in 

Brazil; Ethanol ( corn 1G) in Brazil; Ethanol ( corn 1 G) in the  USA; Ethanol (cellulosic ,  various 

sources, 2G) in Europe; Biodiesel (FAME) in Brazil; Hydrotreated Vegetable Oil (HVO) in  

Europe; Biomass to Liquid (BtL)/DME (dimethyl ether)  in Sweden; and Biosynthetic Natural 

Gas (SNG) in Sweden. Relevant studies were screened, and indicators were established to 

compare different biofuels. Indicators inclu ded policies, feedstocks, products, technologies, 

economics, environmental issues, social aspects, scalability and ease of implementation and 

reproduction in different countries or regions. For this Work Package  (WP), the success stories 

were limited to bi ofuels with a technology readiness level (TRL) of at least 7. The standards 

and indicators of such biofuels can help ascertain conditions to foster  their expansion and 

implementation in other regions, define gaps, especially economic, and devise solutions for 

the expansion and deployment of new or less mature biofuels. The successful cases of several 

biofuels, as discussed in this report , indicate  that it is possible to supply large amounts of 

biofuels to help replace fossil fuels and reduce their global warming potential . However, the 

expansion of biofuel production and the replication of successful country or regional models 

in other places is not without challenges. The dependency on crop feedstock availability and 

price fluctuations may limit biofuel pro duction i n some instances. Legal restriction to food 

crop feedstock is also a challenge for the expansion of production of successful conventional 

biofuel s. Temporary feedstock cost and availability restrictions  may also be challenges, as 

shown by changes and postponements of biofuel blending mandates in several countries , 

especially during the COVID-19 pandemic. Recent developments were described, and markets 

discussed. The WP2 report includes a comprehensive dataset derived from the analysis . 

KEY MESSAGES 

ɾ There is significant literature and experience to allow for a comparison of different 

biofuels options . 

ɾ Data were compiled based on TRL, biofuels main use, main feedstocks, products, 

economics, public policies, environmental impact, employment, implementation 

potential, replication potential, scale -up potential ,  and impact on the Sustainable 

Development Goals (SDG) that can shed light on lessons learned across the production 

chain. 

ɾ Conventional biofuels  such as ethanol (both sugar cane and corn) and biodiesel are 

being sustainably produced and commercialized in substantial quantities in several 

countries. They represent ,  so far,  the most relevant biofuels to replace fossil fuels in 

the world .  

ɾ Yields, costs, and environmental indicators improved with time .  

ɾ Biofuel blending m andates and proper public policies were important to support 

implementation and technological improvements .  

ɾ Recent economic crises (COVID-19 pandemic, Russo-Ukrainian war) affected biof uel 

blending mandates and use in several countries.  
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ɾ Advances in biofuel production and use over the past years will have to be re stored 

after the current crisis period . 

ɾ Published indicators for 2G/advanced ethanol are seldom available , but evidence 

exists that technological bottlenecks are being overcome . 

ɾ BtL, Bio-SNG, HVO, and straw-derived 2G ethanol show suitable indicators of 

environmental impact, SDG, and feedstock diversity to be replicated in different 

regions but economics is still a challenge.  

ɾ Although feedstock issues exist on biofuels produced from  food crops in some 

countries, lessons learned with these biofuels turned them into relevant benchmarks 

and set standards for their replication in other regions and for novel biofuels with low 

TRL.  

ɾ Most biofuels in the market  today are conventional biofuels such as ethanol (from 

sugar cane or corn) and biodiesel (from soybean oil or palm oil) . These biofuels have 

crops, often food crops, as the ir  main feedstock. T his also applies to HVO. 

ɾ Despite these biofuels being success stories, according to metrics of some regions in 

the world, their production or consumption should decrease or be discontinued in the 

future.  Yet, at this point, other biofuels produced exclusively from  crop residues and 

non-food crops seem not to be economically produced on a scale large enough to 

replace the current volume of conventional biofuels .  

ɾ In view of the need to  sharply increase biofuel production to abate  the climate crisis,  

restrictions on some biofuel feedstock s may have to be rethought , especially where 

they can be sustainably produced,  until non-food biofuels become feasible. 
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Introduction  

The project  òLessons Learned Biofuelsó evaluated the technical, economic, societal,  and 

political reasons underlying the past and ongoing booms and busts cycles of biofuel 

technologies development, demonstration, deployment ,  and replication in order to identify 

technology successes and the best policy framework conditions and measures fo r stimulating 

increased future markets for production and consumption of sustainable transport biofuels.  

In the project scope, a r eview of national programs of leading biofuels producer countries was 

done to compare different producer countries framework c onditions and policy approaches as 

well as levels and rate of biofuel production growth that these conditions have enabled. This 

assessment highlighted the most important factors that have been incorporated and 

identif ied the balance between market -related  versus technology-related policy instruments 

that have proven to be most effective. In the WP 2, existing  studies on òLessons Learned 

Biofuelsó were evaluated.  In WP 3 and 4, case studies were provided to illustrate examples of 

successful progress in developing and scaling up conventional/existing and 

advanced/emerging biofuels production technologies and supply chains.  The structure of the 

project is presented in Figure 1, indicating which theme each the WP addressed specifically. 

Each WP was led by a different IEA TCP Bioenergy Tasks (T39, T40, and T45). One of the 

objectives of the project is to assess the broad topic òLessons Learnedó in Phase I, being 

foreseen a as Phase II of the project in the next triennium. The position and main objective of 

WP 5 is also presented in the Figure 1. 

 

 

Figure 1 Project WP structure  

The Covid pandemic and the recent invasion of Ukraine have posed additional challenges to 

environmental goals and setbacks on bioenergy policies in several countries. After the end of 

the current crisis and the easing of the economic constraints, renewable ene rgy and biofuel 

policies will have to be revised, and action taken to recover the time lost.  

This project will discuss the technical, economic, societal, and political reasons underlying 

αLessons learned biofuels Iά (Triennium 2019-2021)

WP 1 | Status quo biofuel projects
T39 (Lead), T45
Overview TRL, capacities of biofuels 
projects, Wrap up national programs
Existing sustainability / certification 
schemes

WP 2 | Meta-analysis existing 
studies
T45 (Lead), T39
Inventory of studies, specifically 
addressing lessons learned biofuels
Screening with criteria to be defined

WP 3 | Case studies technologies
T39 (Lead)
Success stories for dedicated 
technologies and regions, (e.g. US, EU, 
Brazil)

WP 4 | Case studies supply chains
T40 (Lead), T45
Success stories for biomass supply 
chains 

WP 5 | Synopsis / synthesis of key issues
T39 (Lead), T40, T45
Conclusions, guideline αgood to knowά for decision makers, identification of 
required actions for αLessons learned biofuels IIά

αLessons 
learned 
biofuels IIά 
(Triennium 
2022-2024)

As 
intertask / 
inter-TCP 
project incl. 
several 
Bioenergy 
TCP Tasks, 
and other 
IEA TCPs 

WP 6 | 
Project 
manage-
ment and 
dissemi-
nation 
T39 (Lead)
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the past and ongoing development of biofuel technologies, demonstrati on, deployment, and 

replication to identify technology successes and the best policy framework conditions and 

measures for stimulating increased future markets for production and consumption of 

sustainable transport biofuels.  

The WP 2 (Meta-analysis on existing studies) examines several studies dealing with òsuccesses 

and lessons learned for biofuel deploymentó for advanced and conventional biofuels. Relevant 

studies were screened and indicators were established that made possible to compare 

different biofu els. Indicators included feedstocks, products, technologies, economics, 

environmental issues, social aspects, scalability and ease of implementation and reproduction 

in different countries or regions. For this WP, the success stories were limited to biofue ls with 

a TRL of at least 7. WP 2 focused on the research question òWhat are key factors for the 

success of sustainable biofuel projectsó.  The standards and indicators of such biofuels are 

important to help ascertain the conditions that limit their expansi on and implementation in 

other regions, define gaps, especially economic, and to devise solutions for the expansion and 

deployment of new or less mature biofuels.  

The concept of òadvanced biofuelsó may vary depending on the region. For instance, in the 

USA, a minimum reduction of greenhouse gas (GHG) emission is required, whereas in the EU, 

other characteristics or restrictions may be involved, such as the nature of the feedstock. 

Therefore, the limits between òconventionaló and òadvancedó biofuels depend on the 

context.  
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Methodological  approach  

Several studies investigate òsuccesses and lessons learned for biofuels deploymentó on a 

direct or indirect level for different fuel options. This WP performed a review of existing 

studies. Because of limitations of t ime and resources, the study covered just a few dedicated 

biofuels. After screening relevant studies, criteria were established for the analysis that 

allowed comparing studies and compile the results in a comprehensive summary of 

conclusions. Each project team member review ed the studies based on their specific views.  

As the starting point for this analysis ,  publications  (scientific  papers, reports, and other 

studies) on lessons learned and success stories were selected but as only a limited number of 

biofuels were evaluated . The literature consulted is shown in the evaluation tables in the 

Appendix and is cited in th is report.  

A set of indicators was established beforehand to compare the biofuels, taking into account 

the type of biofuel and the technology u sed to produce it, the location where it is considered 

a success, its TRL, the biofuel main use, economics and social aspects, type of vehicles where 

it is used, feedstocks, relevant public policies, environmental impact indicators, 

implementation, replica tion, and scale -up potential, and contribution to the SDG  of the 

United Nations. A summary of the indicators used to evaluate the biofuels as well as criteria 

established to rate the indicators is given in Table 1.  

Table 1 Criteria to evaluate biofuels and grades used to draw spider diagrams  

Criteria  Biofuel/Biofuel Technology  
Criteria evaluation (point attributed to 

each answer)  

TRL TRL 7 ð system prototype demonstration in 

operational environment  

TRL 7 = 1 (integrated in implementation)  

TRL 8 ð system complete and qualified  TRL 8 = 2 (integrated in implementation)  

TRL 9 ð actual system proven in operational 

environment  

TRL 9 = 3 (integrated in implementation)  

Biofuel main use  Application  - 

Main feedstock Type of feedstock  Crop = 1; Residue = 2 

Indicate if domestic or imported  
 

Feedstock availability  Low = 1; Medium = 2; High = 3 

Feedstock yield Low = 1; Medium = 2; High = 3 

Commercially available biofuels  No = 0; Medium = 1; High = 2 

Co-products ð low value Yes = 1 (For each product); No = 0 

Products Co-products ð medium value 
Yes = 1.5 (For each product); No =0 

Co-products ð high value Yes = 2.0 (For each product); No =0 

Economics considered? No grading 

Biofuel production cost (or selling price )? No grading 

Economics CAPEX available? No grading 

OPEX available?  No grading 
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Criteria  Biofuel/Biofuel Technology  
Criteria evaluation (point attributed to 

each answer)  

Does any blending mandate support the 

introduction  of biofuels ? 
Yes = 1; No =0 

Does it require subsidies? Yes = 1; No =0 

Public policies  There are relevant laws and regulations?  Yes = 1; No =0 

Does it have public acceptance? Yes = 2; Partially = 1; No =0 

GHG Emissions (g CO2e/MJ) Savings > 80% = 3; Savings 60 to 79% = 2; 

Savings 40 to 59% = 1; Savings < 40% = 0 

Competition with food?  Yes = 0; Partially = 1; No =2 

Environmental 

impact  

Land requirement? Not applicable = 3; Low = 2; Medium = 1; High 

= 0 

Air quality impact?  Yes = 1 (Positive effect); No =0  

Water usage? Yes = 0; Partially =1; No =2 

Land impact? Yes = 0; Partially = 1; No =2 

Sustainability issues: additional remarks  - 

See Report No grading 

Low, medium,  or high and if this is at 

local/regional, national or international level  
Low = 1; Medium = 2; High = 3 

Employment See Report Nat ional = 1; International = 2  

Implementation 

potential  

Low, medium,  or high and if this is at 

local/regional, national or international level  

Low = 1; Medium = 2; High = 3 

Nat ional = 1; International = 2  

Replication 

potential  

Low, medium,  or high and if this is at 

local/regional, national or international level  

Low = 1; Medium = 2; High = 3 

Nat ional = 1; International = 2  

Scale-up potential  
 

Yes = 2; Partially = 1; No or Not applicable = 

0 

SDGs 1-17  

 

Based on the methodical approach the following biofuel options presented in Table 2 have 

been considered in more detail.  

Table 2 List of biofue ls covered in this review  

Biofuel  Country /Region 

Ethanol (Sugar cane 1G) Brazil 

Ethanol (Sugar cane 2G) Brazil 

Ethanol (Corn 1G) Brazil 

Ethanol (Corn 1G) USA 
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Biofuel  Country /Region 

Ethanol (Cellulosic 2G)  Europe 

Biodiesel (fatty acid methy ester, FAME)  Brazil 

HVO (hydrotreated vegetable oil)  Europe 

Biomass to Liquid /Methanol or DME Sweden 

Biosynthetic Natural Gas (Bio-SNG) Sweden 

 

Spreadsheets were prepared to collect the data, which are available in  (Table 4 ς Table 12).  

Instead of scrutinizing and summarizing individual studies, which may cov er one or more 

biofuels, a decision was made to focus on specific biofuel/technologies  (e.g. ,1G ethanol from 

corn in the USA), and collect as much information as possible from different sources. This 

allowed a more comprehensive view of each biofuel to com pare them qualitatively and derive 

the lessons learned from each one. The analysis of each biofuel was done by different 

members of Task. Figure 2 illustrates the process.  

 

Figure 2 Illustration of the general approach in WP 2  

Data of each biofuel were collected and summarized in a table  using Table 1 as the model. 

For each topic evaluated for a given biofuel, numerical values  or qualitative grades (e.g. 

òlowó, òmediumó or òhighó) were attributed. For others, a òYesó or òNoó criterion was used. 

The items were grouped in diverse categori es (e.g., SDG, feedstock) and normalized between 

0 and 1 to drawn spider diagrams for each biofuel to make a visual representation of the data 

(Table 1 and Appendix of this Report).  

Based on the data obtained from analysis of the literature, spider diagram s were elaborated 

for each biofuel. The diagrams aim at illustrating the grading instead of comparing the 

biofuels quantitatively, therefore supporting the discussion of the state -of-art of the 

technologies.  

For the spider diagrams in Figure 3 ð Figure 9, every criterion was scored and evaluated, so 

that after the normaliz ation, the maximum score is fixed in 1 and the minimum in 0. The 

graphics were divided into feedstocks, by-products, public policies, 

implementation/replication potential, environmental aspects, and SDGs contributions.  

For the representation of feedstock c riteria, the variety and options of feedstock were key 

aspects considered. The biofuels that can be made from diverse feedstock, such as 
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gasification -based biofuels, cellulosic ethanol ,  and HVO, had therefore higher grading in the 

representation, as they c an be available worldwide.  

For the criteria òPublic policiesó and òImplementation-Replicationó, all biofuels had almost 

similar evaluation. The explanation for the success stories was that all of them needed initial 

policy support and could be broadly rep licated. For biofuels based on crops, replication is 

more viable in countries with available land for sustainable cultivation. The contribution to 

the SDGs was also similar for the analyzed biofuels.  
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Results and discussion 

This study focused mainly on biofuels with high TRL, especially ethanol and biodiesel, which 

are already widely used in many countries and therefore are mature in the market. Moreover, 

these biofuels represent current benchmarks as they can be c onsidered success stories and 

can set the standards by which other potential biofuels can be measured.  

We recognize that future biofuel options are not simply a reproduction of past successes. New 

standards, regulations, requirements, and legislations may strongly affect the characteristics 

of the biofuels that societies demand. In addition, success stories are usually highly country 

or region-dependent as the availability of land and feedstock affects the types of bioenergy 

that are feasible and cost -competitive. Furthermore, incentives, especially innovation, are 

critical determinants of what biofuels will be successful in the future. Therefore, examples of 

2G ethanol, B tL/DME (dimethyl ether) , and Bio-SNG were included. 

A second phase of this study should investigate other biofuels such as Sustainable Aviation 

Fuel (SAF) and maritime biofuels . Perhaps, these are the most likely options to replace the 

fossil fuels for air and maritime  transport  along with synthetic fuels  and hydrogen carriers.  

Reliable cost and sustainability indicators data on 2G biofuels are challenging to obtain 

because the developments of these biofuels are still ongoing. Pioneer facilities usually do not 

release sensitive information to protect indu strial secrets. However, there are diverse 

initiatives that suggests that significant bottlenecks are being overcome after years of slow 

progress. For instance, large-scale 2G plants are finally  being implemented. Other 

technologies such as Biomass-to-Liquid, Power-to-Liquids, and biorefineries utilizing waste 

resources are being built .  

In general, all biofuels studied performed well in meeting SDG goals, with an average score of 

0.7 (range 0 to 1), indicating that biofuels can contribute with societyõs sustainable 

development ( Figure 3). All biofuels require or benefit from public policies and incentives, 

both as tax incentives and blending mandates for use. The scores were 0.8 or above 

(Figure 4).  Producing by-products, in addition to biofuels  was an important component 

becaue it contribute s to biomass valorization. High grades were given to most of the biofuels 

studied, except to Bio -SNG (Figure 5). The potential of replicating and scaling-up biofuels 

production was rated high for all of them.  Maximum grades (1) were attributed to all ethanol 

biofuels (1G and 2G), regardless of feedstock, and to HVO and FAME biodiesel. This is the 

result of mature technologies and the availability of feedstock in many parts of the world. 

However, restrictions m ay apply regionally because of issues of raw materials associated with 

food production. Scale -up and replication were rated 0.8 for Bio -SNG and BtL DME or 

methanol because of high costs and still developing technologies ( Figure 6).  

The environmental impact of biofuels is an important item of grading. In general , most 

biofuels performed well, with scores between 0.8 to 1 because of the high potential to 

decrease GHG emission compared to fossil fuels. HVO and biodiesel (FAME) were graded 0.7 

because of the dependence on oil crop feedstock, whereas corn ethanol pro duced in the USA 

was graded 0.4 because of the GHG reductions relatively smaller than those of the other 

biofuels evaluated in this study.  The GHG balances for biofuels in this report do not factor in 

direct or indirect land use changes, nor possible effec ts from displacement of organic 

residues and wastes. The availability of feedstock is determinant for the success of biofuel 

production. In this sense, all biofuels performed well, although feedstocks may be available 

in some regions but not in others ( Figure 8). But, feedstocks, as well as the type of biofuel 

produced, are  highly region-dependent, which, in a sense, is a favourable trait.  
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Figure 9 brings the ratings of biofuel õs commercial availability. This is probably the ultimate 

measure of success stories up to now. High volumes of ethanol from sugar cane and corn are 

produced and used in several countries, proving  real contributions to biofuel targets in 

different regions of the world. HVO and biodiesel (FAME) are also produced and used in 

sizeable volumes in many countries. On the other hand, 2G cellulosic ethanol is becoming a 

success story in Brazil and in Europe as discussed later. One success story will likely stimulate 

others, and it is hoped that in the near future other 2G ethanol plants will become viable. 

However, this depends both on feasible and cost -effective techno logies as well as on 

feedstock available in large volumes and  at low prices. Bio -SNG and Biomass-to-Liquid 

biofuels have stories that are partially successful but seem to have cost limitations that hold 

them in TRL 7. As these biofuels had favourable indic ators in the grading system, they can 

move up to higher TRL given the right incentives and technological improvements.  

 

 

 

Figure 3 Spider diagram comparing SDG indicators 

 

 

Figure 4 Spider diagram comparing public policies  
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Figure 5 Spider diagram comparing biofuel by -products 

 

 

Figure 6 Spider diagram comparing implementation and replication of biofuel products  

 

 

Figure 7 Spider diagram comparing environmental impact1 

 

 

 

1 An example of GHG mitigation development on average for biofuels in Germany is provided 

in Appendix 2  
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Figure 8 Spider diagram comparing feedstock. 

 

 

 

Figure 9 Spider diagram comparing commercial availability of the biofuels evalu ated 

 

 

 

 

Table 3 summarizes the indicators for the selected biofuels (cf. Table 2). Ethanol from sugar 

cane, corn, or c rop residues rate high in feedstock availability and yields, justifying the large 

volumes of biofuel produced. Most of the biofuels showed marked reductions of GHG 

emissions compared to those of fossil fuels (gasoline or diesel), which is the main justific ation 

for their production and use. This applies also to biofuels with TRL 7, indicating that there is 

room for  continuous investment on their development. Cost (production cost or s elling  price) 

is not an easy item to evaluate because of subsidies and man dates that vary from country to 

country . Nevertheless, given the large volumes of ethanol and biodiesel in the market, these 

biofuels are relatively cost-competitive with their fossil counterparts.   
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Table 3 Summary of indicators for selected biofuels . Sources: (Art Fuels Forum Project and IEA 
Bioenergy, 2020; EIA, 2023; Lee et al., 2021; Lewandrowski et al., 2020; Rocha et al., 
2014; Scully et al., 2021 ; Sunde et al., 2011 ); a Prices are variable by region. Ethanol: 
0.0211 GJ/L; Biodiesel: 0.0321 GJ/L , b Reference GHG emissions of gasoline (90 g CO2e/MJ) 
and diesel (88 g CO2e/MJ).  

Biofuel  / 

Country  
TRL Feedstock  

Feedstock 

Yield  

Planted 

area 

Biofuel 

Output  

Biofuel 

Yield  

GHG 

emission a 

Price/ -

Costb 

Blending 

mandate  

   t/ha  Mha m3/y  m3/ha  g 

CO2e/MJ 

  

Ethanol (Sugar 

cane 1G, BR) 

9 Sugar 

cane 

80 10 M 33 M 6.8 23 0.88 US$/L 

(42 

US$/GJ) 

Yes 

Ethanol (Sugar 

cane 2G BR) 

8 Sugar 

cane 

16+10 10 M 0.12 M 0.231 m3/t  

(6.0 m3/ha)  

12 1.33 US$/L 

(83 

US$/GJ) 

Yes 

Ethanol (Corn 1G 

BR) 

9 Corn 5.5 19 M 3.0 M 2.3 m3/ha  23 0.88 US$/L 

(42 

US$/GJ) 

Yes 

Ethanol (Corn 1 

G US) 

9 Corn 10.5 33 M 55 M 4.4 52 0.90 US$/L Yes 

Ethanol 

(Cellulosic 2G, 

Europe) 

7 Straw 

(wheat)  

  55 M t 

(potentia

l)  

0.2 m3/t  14 n.a.  Yes 

Biodiesel (FAME, 

BR) 

9 Soybean 3.5 (grain) 

0.59 m3 

oil/ ha  

38.3 6 M 0.68 m3/t 

oil  

 

16 1 US$/L 

31 US$/GJ 

Yes 

HVO (Europe) 9 UCO, 

vegetable 

oils 

- - 0.5 Mt 0.77 t/t 

feedstock 

12 to 48 0.72ð1.09 

US$/L 

Yes 

BtL (DME, SE) 7 Black 

liquor  

- - - 0.25 MWh/t 

black liquor  

10 0.76ð1.24 

US$/L 

Yes 

Bio-SNG (SE) 7 Multiple  - - 20 MW 0.57 MW 

CH4/MJ dry 

feedstock 

19 24ð39 

US$/GJ 

Yes 
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CONVENTIONAL BIOFUELS 

Ethanol is the main biofuel in the global market, although the production is concentrated 

(~80%) in only two countries : USA and Brazil. Most of the ethanol currently consumed is 

derived from corn (USA) and sugar cane (Brazil), from well -established industr ies (TRL = 9). 

The USA supplies 55 million m³ /y  ethanol, whereas Brazil produces 33 million m³ /y  of sugar 

cane ethanol and 3 million m³ /y  of corn ethanol.  

Sugar cane ethanol from Brazil has high yields (6.8 m³ per ha , on average) but this amount 

can be considered a lower limit because of the high quantities of plant residues generated, 

such as bagasse (approximately 10-12 tons per ha, dry matter) and harvest residues (10 -12 

tons per ha dry matter  dry of leaves and plant tops). Bagasse is used to generate electricity, 

which makes the sugar and ethanol mills self -sufficient in energy and in many cases still 

exporting electricity to the grid (Leal and Hernandes, 2020). Although harvest residues are 

important to reduce erosion, r etain water, and recycle nutrients to the fields (Carvalho et 

al., 2017; Castioni et al., 2019; Cherubin et al., 2021; Cherubin et al., 2019; Menandro et al., 

2017), it is possible to preserve most of the straw benefits to soil and still remove and use the  

fraction that exceeds approximately 7 tons per ha for energy production (Carvalho et al., 

2017), as heat, electricity, and also 2G ethanol. Figure 10 shows the evolution of the sugar 

cane and the ethanol yields in Brazil.  

 

Figure 10 Evolution of sugar cane and ethanol yields in Brazil from 1970 to 2020. Source (EPE, 2021; 
MAPA, 2021). Data about the rate of sugar cane and ethanol yield increases refer only to 
1970 to 2010. 

Figure 10 illustrates how continuous investment on the long term  is important for yield 

improvement . Yields are important for economic returns because the relative weight of land, 

labour, and machinery costs tend to decrease as yields increase. This figure shows the 

learning curves of sugar cane and ethanol yields in Brazil, which increased steadily for 40 

years at compound annual growth rate of 1. 37% for sugar cane and 2.00% for ethanol. The 

reduction in investments in sugar cane production caused by low ethanol prices around 2012, 

due to the Brazilian government policies that lowered the prices of fossil fuel to control 

inflation, le d to a decline in yields. That was aggravated by the adoption of mechanical 

harvest that may damage plants in sugar cane ratoons. Only after the 2020õs yields started to 

increase again as adjustments in agricultural practices were made.  
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Ethanol comprises approximately 40% of the fuel used in light vehicles in Brazil. Ethanol is 

blended into gasoline (27%) or sold as hydrated  ethanol in all gas stations throughout the 

country. Most of the Brazilian fleet is composed of flex -fuel cars that can run on any mixtures 

of ethanol and gasoline.  

In the USA, ethanol makes up more than 10% of the gasoline market (Lee et al., 2021).  The 

USA is the largest producer of corn globally. The corn ethanol program was created as 

American farmers were looking for markets for excess grain production and became the 

worldõs largest biofuel program. Corn ethanol in the USA showed a sharp increase both in 

production and number of distilleries in the past 20 years. In 2000 there were 56 biorefineries 

in operation in the USA; this number increased to 208 in 2020. At the same time, the ethanol 

capacity increased from 7.63 Mm 3 a-1 in 2000 to 66.13 Mm3 a-1 in 2020 (RFA, 2021). The 

American first -generation corn ethanol program is an example of how continuous investments 

allowed ethanol yields to go up, costs and GHG emissions to go down, as shown in the 2005-

2019 retrospective analyses of Lee et al.  (2021) and the GHG assessment of Lewandrowski et 

al.  (2020). The American ethanol industry generates 62,180 direct jobs, 242,600 indirect jobs, 

and a household income of US18.6 billion per year (RFA - Renewables Fuel Association, 2021). 

 

Figure 11 Evolution of corn ethanol capacity and number of biorefineries in the USA from 2000 -2020. 
(Source: RFA - Renewables Fuel Association, 2021) 

The average ethanol yield in the USA is 4.4 m³ per ha , thanks to the high yields of corn grain 

in the USA (10.5 tonne ha-1) and the high conversion rate of corn into ethanol (~0.4 L ethanol 

kg-1 corn) (Table 4). Important by -products such as corn oil (18 L tonne -1 corn), distilled grains 

with solubles at a r ate of 300 kg dry DDGS t -1 of corn (distillers grain with solubles, DGS or 

DDGS, with 32% protein, a feed for animals), and food grade CO2 from fermentation, 

collected in most ethanol plants. DGS and the captured CO 2 also reduce GHG emissions 

associated with corn ethanol (Lee et al., 2021; Lewandrowski et al., 2020; Scully et al., 

2021). Approximately 30% of the ethanol plants in the USA capture CO 2 from fermentation ñ 

0.45 kg CO2 L-1 ethanol (Scully et al., 2021).  

At the same time that ethanol production i ncreased in the USA, its carbon intensity has 

steadily decreased from about 87 .5 to 62.1 g CO2e MJ-1 in 10 years (RFA - Renewables Fuel 

Association, 2021), which represent s a 46% reduction compared to GHG emissions from 

gasoline (Scully et al., 2021). This is a result or a learning process; improvements came from 

farm operations as well as gains at the distilleries. Part of the GHG emissions is allocated to 
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valuable co-products such as DGS. According to Xu et al. (2022) , the  deep decarbonization of 

corn ethanol is possible by replacing 50% of the natural gas in the ethanol plants with s yngas 

from biomass or biomethane from agricultural residues. This would allow a further reduction 

of GHG of 12ð24 g CO2e MJ-1 ethanol. Adding carbon capture and stor age (CCS) technologies to 

the existing corn ethanol plants may cause them to become net-zero emitters .  

Brazil started to produce corn ethanol in 2017 (Barbieri, 2017) .  Currently , there are  18 

operating ethanol plan ts, 16 in Central Brazil, where most of the corn is produced in the 

country . The current ethanol output is 3.36 million m³  y-1 in standalone plants or plants 

integrated with sugar cane ethanol mills  (flex plants) . Corn ethanol represents 8.5% of the 

Brazilian ethanol production. Because of the high transportation cost to the sea ports ,  the 

price of corn in Central Brazil is relatively low. This, in addition to the high demand for 

ethanol, stimulated the transformation of grain into ethanol. Although n ot all industrial 

facilities can be shared, integrating corn and sugar cane ethanol plants takes advantage of 

synergies such as the period in which the sugar cane plants are not operating  after the end of 

the sugar cane harvest season. Sugar cane cannot be stored; therefore, from November to 

April, when sugar cane is not being harvested in the South -Central region , the industrial 

plants remain idle.  

The average corn yields in Brazil (5.5 tonne ha-1) are half of those in the USA; therefore, the 

potential et hanol yield is much smaller (2.3 m³ ha-1). The low corn yields in Brazil are 

partially explained because most of the grain is produced in the second season, usually after 

soybean harvest in the same year. Second-season corn tends to have lower yields because of 

the relatively marginal weather conditions (low rain). However, the inputs of fertilizers, 

including N, are much lower than in the USA because of soybean rotation, helping to decrea se 

the C footprint of corn ethanol. Nitrogen fertilizers have a great impact on the GHG balances 

of biofuels (Carvalho et al., 2021; Crutzen et al., 2008).  

The GHG emissions associated with ethanol production and use, and vary from 23 g CO2e MJ-1 

for sugar cane and corn ethanol in Brazil to 52 g CO2e MJ-1 for corn ethanol in the USA (Table 

4), much lower than that of gasoline (~100 g  CO2e MJ-1 in the USA or 87.4 g CO2e MJ-1 in Brazil 

(Carvalho et al., 2021; Lee et al., 2021 ). The lower carbon footprint of the corn ethanol 

produced in Brazil is explained by the lower use of fertilizers, but mostly because Brazilian 

corn ethanol plants use renewable energy ( i.e. , forestry residues or sugar cane bagasse) 

(Moreira et al., 2020) instead of natural g as or other fossil -based energy sources such as in 

the USA. Therefore , the corn ethanol industry in Brazil already demonstrates the benefits of  

the routes Xu et al. (2022) proposed to reduce the carbon footprint of USA corn ethanol.   

Furthermore, ethanol of low GHG emissions can be used in other processes, such as in the 

process to produce Sustainable Aviation Fuel (SAF) with the Alcohol -to-Jet (AtJ) process. The 

integration of this process into conventional sugar cane biorefineries  presents significant  

synergies (Klein 2018).  

According to the Brazilian Ministry of Mines and Energy Research Office (EPE, 2021), in 2020, 

the avoided GHG emissions, relative to gasoline and diesel, due to the use of biofuels in Brazil 

were 22 Tg CO2e for hydrated ethanol; the  corresponding figures for anhydrous ethanol, 

biodiesel,  and bioelectricity were 24.8, 18.1, and 2.4 Tg CO 2e.  

In addition to having a proper biofuel industry in place, appropriate policies can stimulate 

more sustainable production of biofuels. For example , in 2020, the Brazilian Government 

started to implement the RenovaBio program, which is part of the Brazilian  efforts to reduce 
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the GHG emissions, as a component of the commitment with the 2015 Paris Agreement 

(Nastari, 2020). RenovaBio issues decarbonization certificates ñ called CBIOs ñ to biofuel 

producers that prove to reduce GHG emission with their bioenergy fuels compared to the 

fossil fuel they replace. There are national targets for issuing CBIOs up to 2030. CBIOs are 

traded in the stock exchange. The amounts of avoided GHG stimulated by CBIOs will reach 91 

Tg (million tonne) CO2e in 2030, summing up approximately 620 Tg CO2e in 10 years 

(Figure 12)2. Since the flex vehicle technology was launched in Brazil in 2003, the use of 

ethanol instead of gasoline has prevented the emission of 515 Tg of CO 2e (Unica, 2021).  

 

 

Figure 12 Estimated avoided GHG emission to be achieved by the RenovaBio policy in Brazil. 
Decarbonization certificates (CBIO), equivalent to 1 tons avoided CO2e, foreseen to be put 
in the market to reward bioenergy producers (ethanol, biodiesel, biomethane) with proven 
GHG reduction compared to fossil fuel (Brazil - Ministry of Mines and Energy - EPE (Energy 
Research Interprise), 2021).  

 

Because of the RenovaBio legislation the bioenergy companies are tracking all steps in the 

productio n process where significant amounts of GHG are emitted and adjusting procedures 

to reduce emissions. For instance, nitrogen fertilizers may account up to 50% of the GHG 

emitted to produce ethanol (Carvalho et al., 2021). Decreasing N fertilizer rates in th e field 

or increasing N use efficiency may generate extra CBIOs; thus, farmers are optimizing field 

management in that direction.  The same applies to the use diesel oil in farm machineries and 

trucks. Optimization of logistics and field operations may allo w substantial reductions in 

diesel use.  

Biomethane from sugar cane residues is another option to improve the carbon footprint of the 

sugar cane ethanol industry. Esteves (2020) estimated that the potential for 2030 of the 

sugar-ethanol sectors in Brazil t o produce biomethane using vinasse, filter cake and straw is 

7.4 to 11.4 billion m³(STP) per year of biogas, equivalent to 4.1 to 6.3 billion m³(STP) per 

 

 

2 The law that establishes the CBIO targets became a matter of dispute as the price of CBIOS increased 

in the marked and fuel retailers complained of high costs. However  the general acceptance of this 
scheme of GHG reduction is high in the Brazilian society .  
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year. Many ethanol plants are within a 20 km distance from one of the natural gas pipelines 

that link producers and consumers. The residues of the biodigesters are recycled as fertilizer 

in the fields. Biomethane in this case is an additional biofuel with no need for more crops or 

farming land. It helps to decrease the overall C footprint of the original b iofuel plant.  

 

Figure 13 Certificates given to facilities in Brazil for production of biodiesel, anhydrous ethanol, 
hydrated ethanol and biomethane, grouped into biofuel produced and ordered according 
its GHG emissions in gCO2/MJ (Data from March 30th  2023, based on ANP 2023) 

 

Biomethane facilities can be replicated in biofuels other first -generation sugar cane ethanol .  

Biomethane production from organic residues is a win -win situation that further stimulates 

cleaner biofuels that benefit producers and the society (Carvalho et al., 2021; Gonçalves et 

al., 2021). Cocal, a sugar and ethanol producer in Southwest Brazil, invested R$150 million 

(approximately US25 million) in a biomethane facility using residues (vinasse a nd filter cake). 

The biogas will be sold to third parties including for feeding in the gas grid; in addition, part 

of the biogas is to produce electricity (5 MW) and a small part will replace diesel in trucks 

and farm machinery. Food grade CO2 is also a by product of sirup fermentation to produce 

ethanol . All this adds to the economic and environmental sustainability of the sugar and 

ethanol business. The business model successfully adopted in the Cocal unit will we be 

replicated in other mills of the same company (Ramalho, 2022). Raizen, the largest ethanol 

producer in Brazil,  has one biomethane plant in operation in Guariba and others are being 

planned. Part of the biomethane from Raizen plants is under contract with Yara, a fertilizer 

company, for the pro duction of green ammonia in one of its nitrogen fertilizer plants in Brazil 

(Ramos, 2021).  

 

SECOND-GENERATION ETHANOL 

As regulations in several countries restrict the use of food crops for biofuel production, 

second-generation (2G) biofuels made of lignoc ellulosic materials became important options 

because crop residues and other inexpensive plant materials do not compete with food. High 

expectations were placed on 2G biofuels, and by this time, large amounts of 2G ethanol were 
























































































