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Executive summary 

The present report puts forward a set of policy recommendations derived from  the expert 
elicitation survey on biofuel technologies carried out within ICARUS, a 3-year ERC-
funded project on innovation in carbon-free technologies (ICARUS - Innovation for 
Climate chAnge mitigation: a study of energy R&D, its Uncertain effectiveness and 
Spillovers - www.icarus-project.org).  

Fifteen leading European experts from the academic world, the private sector, and 
international institutions took part in the ICARUS expert elicitation survey on second and 
third generation biofuel technologies. The survey collected probabilistic information on (1) 
the role of RD&D investments with respect to lowering future costs of biofuels and (2) the 
potential for their deployment (both in OECD and non-OECD countries). This sheds light 
on the evolution of the future costs of biofuels and results in a number of important policy 
recommendations with respect to RD&D investment, which can be summarized as 
follows: 

RD&D efforts 

n BIOFUELS CAN MAKE IT TO LARGE SCALE DEPLOYMENT: Most of the 
technological options the experts were confronted with are assessed as having a good 
potential to overcome technical bottlenecks by 2030. Steady RD&D investments will be 
crucial to ensure technological advances in the coming decades.  
n ENSURING THE SUPPLY OF FEEDSTOCK IS CRUCIAL: RD&D should support 
research on feedstocks and propose effective solutions to ease the procurement of 
biomass. 
n DON'T FORGET DEMONSTRATION: EU public investments should be targeted to 
supporting demonstration activities. This is in line with results from other renewable 
technologies surveys (see Bosetti et al., 2012) and is in sharp contrast with historical EU 
public investment, which has been focused on the early stage of research and 
development activities.  
n PORTFOLIO DIVERSIFICATION IS KEY: The portfolio of investments should be 
diversified among different technological processes and should take into account the 
maturity of each technological option.  

n Investment in applied and demonstration activities will be required to foster the 
technological success of conversion processes, in particular of Gasification and 
Hydrolysis.  
n Refining processes (e.g., Methanol Synthesis, Transesterification and Fischer-
Tropsch) are considered technically mature and thus the relatively smaller amounts 
of RD&D allocated to these options should be mainly targeted to demonstration 
activities.  
n Innovative processes, such as Algae and other 3rd generation biofuels, could 
successfully emerge in the next 20 years if supported by an adequate investment 
in basic research.  

Evolution of biofuel costs 

n BIOFUEL COSTS WILL LIKELY NOT BE COMPETITIVE WITH FOSSIL FUELS BY 
2030: Conditional on current public RD&D funding remaining stable for the next twenty 
years, the average expected costs of biofuels in 2030 elicited in this study is around 1.35 
$/lge, with a minimum of 0.7 $/lge and a maximum of 2.75 $/lge. These figures are higher 
than the predicted costs of fossil-based fuels (below 0.40 $/lge). 
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n If the policy goal is to support biofuels as a low carbon alternative in a business-
as-usual public RD&D funding, experts’ estimates suggest that additional ad hoc 
policies will be required, but might not be sufficient.  
n There is high disagreement among experts on the possibility to abate the biofuel 
costs below the projected cost of fossil fuels even in presence of a price on carbon 
that would almost double the fossil cost (0.73 $/lge).  
n If public RD&D effort were increased by 50% with respect to current levels, the  
expected biofuel costs could decrease by roughly 15% (to 1.14 $/lge) by 2030. 
Conversely, a doubling of public investments would be associated with a 29% 
reduction of biofuels expected costs (to 0.96 $/lge).  
n The variance of experts’ estimates with respect to costs is lower in both higher-
than-current RD&D scenarios. 

Diffusion of biofuels 

n THE ROLE OF NON-TECHNICAL BARRIERS TO THE DIFFUSION OF ADVANCED 
BIOFUEL TECHNOLOGIES IS CRUCIAL: While substituting fossil fuels with biofuels in 
the transport sector will not be associated with drastic changes in consumers’ behaviour, 
the main obstacles to market diffusion and large-scale deployment are linked to issues of 
environmental externalities, geographical constraints and competition for the use of 
biomass with heat and electricity production. These barriers could be overcome mainly 
with ad hoc policies and additional investments.  
n The United States emerge as the country with the highest likelihood of reaching a 
breakthrough in production costs as a result of the various public policies strongly 
supporting advanced biofuel technologies. However, experts recognize that also other 
countries (both developed, such as the EU, and fast growing, such as Brazil and China) 
have a non negligible probability of producing cost-competitive second and third 
generation biofuels. This clearly points to the importance of drafting a well-designed EU 
RD&D strategy.  
n Experts generally indicate that by 2050 biofuels will most likely represent 20% of the 
private vehicle fuel market in OECD countries. The 20% scenario is the most likely also 
for developing and fast growing countries, but with higher uncertainty and disagreement 
among experts. 
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1. Introduction 

The present report illustrates the outputs of the expert elicitation survey on biofuel 
technologies carried out within the “Innovation for Climate chAnge mitigation: a study of 
energy R&D, its Uncertain effectiveness and Spillovers” (ICARUS) project, a 3-year ERC-
funded project on innovation in carbon-free technologies (www.icarus-project.org).  

ICARUS focuses on three interconnected streams of research relating to energy-efficient 
and environmentally-friendly frontier (or breakthrough) technologies, namely: 

1. Understanding the dynamics and drivers of innovation and knowledge flows using 
different data inputs, such as patents or Research, Development and Demonstration 
(RD&D) expenditures;  

2. Eliciting European experts’ opinion on the likelihood of reaching commercial success 
(breakthrough) and widespread diffusion in selected low carbon technologies;  

3. Assessing optimal energy RD&D portfolios under different climate targets in face of 
both innovation and policy uncertainty. To this end, the results of the first two 
research streams are projected into the future by means of an Integrated Assessment 
model.1  

The survey on biofuels technologies directly relates to the second stream of research and 
focuses on eliciting probabilistic information on the future costs of biomass for use as 
transport fuel and on the potential role of RD&D in reducing these costs. To this end, we 
collected information from fifteen experts (listed in Table 1) coming from different EU 
Member States and belonging to the academia, the private sector and to a number of 
international institutions. This provides novel evidence on the likely evolution of biofuel 
costs in the next decades and on the range of the uncertainty surrounding them, thus 
complementing the insights obtained from climate economy models. The analysis of the 
experts’ data results in a number of important policy recommendations to guide future 
RD&D choices and commitment of the EU and its Member States.  

Information and data collected through this elicitation analysis are dedicated to new 
generation technologies converting biomass into transport fuels. Biofuels are a viable 
substitution for oil-derived fuels in the transport sector. Available biofuels (commonly 
referred to as first generation) have been seen as one option to mitigate climate change. 
Indeed, as transport is responsible for 23% of CO2 emissions (IEA, 2011a), many 
countries set policy targets for the introduction of biofuels. Commercial biofuels, such as 
bioethanol and biodiesel, can be blended with regular gasoline and can be easily used, 
implying no change in drivers’ behaviour. Advocates of biofuels have also emphasized 
the potential role they could play in increasing energy security (e.g., EPA, 2012). 

The European Commission set the goal of reaching a 5.75% share of renewable energy 
in the transport sector by 2010 (Directive 2003/30/EC), later modified to a minimum of 
10% by 2020 (Directive 2009/28/EC). Biofuels clearly play a key role in this respect, 
being part of the European SET-plan, a European technology roadmap to accelerate 
knowledge development and technology diffusion (EC, 2009). A set of actions have been 
undertaken by the European Commission (EC, 2006) to stimulate demand and facilitate 
sustainable production methods.  

Global first generation biofuel represented around 3% of global road transport fuel on an 
energy basis in 2010 (IEA, 2011b). There is however great heterogeneity between 
countries. Brazilian sugarcane ethanol represents roughly 25% of transport fuel demand 

                                                
1 WITCH is an Integrated Assessment model developed by the Climate Change Research Group at FEEM (see 
www.witchmodel.org for further details, a list of applications and selected research papers). 
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in the country (Poppe and Horta Nogueira, 2009) and is exported to the global market 
(ANP, 2011).2 Other countries present very different numbers: in 2010 4% and 3% of the 
road transport fuel demand was met by ethanol in the United States and in the EU, 
respectively (IEA, 2011b). Within Europe, the main consumers of biofuels are Germany, 
France, Spain, Italy and the United Kingdom. Together these countries consume about 
70% of all EU biofuel (9.7 over 13.9 Mtoe) (IEA, 2011b). If we consider ethanol, which is 
by far the most common biofuel in use today, the largest producers are the USA and 
Brazil which together accounted for 86% (74.5 billion of litres) of the world production in 
2011. In the same year, the EU produced about 4.5 billion litres of ethanol, or 5% of the 
world production (Renewable Fuels Association, 2012). 

The substitution of fossil fuels with first generation biofuels raises many concerns. First, 
their ecological and social sustainability has been largely questioned (for an overview see  
Tilman et al., 2009). Net savings of greenhouse gases with respect to conventional fossil 
fuels, when accounting for the whole life cycle, are smaller than what previously thought 
(Hill et al., 2006; Farrell et al., 2006; Searchinger et al., 2009). Potential competition with 
food crops for the use of fertile land has raised the issue of sustainability of high biofuels 
demand (Rathmann et al., 2010). The same holds true for the potential effects on 
deforestation and the impacts these may imply both in terms of emissions and 
biodiversity (Wise et al., 2009).   

In addition, most first generation biofuels are not currently cost-competitive with fossil 
fuels. Production costs vary depending on the technology, on the feedstock and on plant 
scale. Brazilian ethanol is the only biofuel that currently passes the economic (Ryan et 
al., 2006; Carvalho Pinto de Mele and Poppe, 2010) and environmental test 
(Goldemberg, 2007). The combination of an increasingly policy-driven demand for 
biofuels and the concerns that currently available technologies are falling short of 
expectations increased the pressure for the development of second generation (cellulosic 
ethanol, biomass-to-liquids diesel, pyrolysis oil, dimethylether) and advanced biofuel 
technologies (algal-biodiesel, biofuels from 3rd generation processes). However, there is 
much uncertainty with respect to their potential for success and cost reductions, which we 
investigate here.  

Figure 1 provides a graphical representation of the advanced biofuel technologies which 
have been assessed as part of the expert elicitation process. There are different 
technological configurations falling within this category and these were the focus of our 
investigation.  

 

 
Figure 1: Technology paths of Second and Third Generation Biofuel Technologies assessed in the interviews 
with the experts. 

 

                                                
2 Precisely, in 2010, 1.9 million m3 of Brazilian ethanol were exported to Asian-Pacific countries (40%), EU 
(25%), North America (18%), South and Central American countries (11%) and to Africa (6%) (ANP, 2011). 
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To become a real contributor to the energy market, second generation biofuels still have 
to overcome many barriers. Decrease in costs can be obtained by increasing plants 
scale, enhancing the efficiency of the conversion, reducing feedstock costs, or developing 
entirely new conversion processes. As for feedstocks, there is a strong need to increase 
availability of biomass supply and to move from food-derived feedstocks to residues and 
non-food biomasses. This would also improve the GHG balances towards biofuels.  

This survey aims at investigating all the above issues. Through an expert elicitation 
protocol we collected probabilistic information on the future costs of biofuels, how these 
will be affected by EU public RD&D programs, and what non-technical barriers to 
diffusion should be considered when designing renewable energy policies. The full 
version of the questionnaire is provided in Annex I. An analogous protocol was developed 
within the ICARUS Project to investigate the potential of solar technologies; for details on 
the protocol, please refer to Bosetti et al. (2012). 

The next section of the report briefly reviews the current status of biofuel technologies. 
Section 3 describes the expert elicitation process and presents the results of the first 
section of the questionnaire, where the experts assessed the current status of the 
investigated technologies. Section 4 illustrates the experts’ projections of biofuels costs 
under three different RD&D funding scenarios. Section 5 discusses the likely diffusion of 
biofuels in the market, the regions that will most likely first achieve cost-competitiveness, 
the potential barriers to biofuel success, their possible negative externalities and the 
dynamic of knowledge spillover and technology transfer. The last section of the report 
concludes and discusses the main findings of the study. 

2. Biofuels today  

Many technologies exist today that can convert biomass into liquid fuels. A common 
distinction separates first (traditional) and second generation (advanced) technologies. 
One of the main differences lies in the feedstocks fed to the plant: while food crops 
supply first generation plants, making biofuel a competitor with the food industry for land, 
second generation technologies convert waste biomass and non-food crops into liquid 
fuels.  

The policy implications of this difference are indeed far-fetched: the development of 
cheap second generation biofuels would provide an alternative to fossil fuels for the 
transportation sector and lower some concerns about increasing crop prices and food 
shortages. Examples of first generation biofuels whose technologies are commercial and 
widely available are ethanol from sugar and starch crops and biodiesel by 
transesterification. Conversely, most second generation biofuels are produced with 
advanced technologies that are still in the demonstration phase (or close to it). Many 
conversion routes are currently under study, but the most important ones are the 
production of ethanol via cellulosic fermentation and the production of synthetic fuels via 
gasification to syngas. A wide set of innovative technologies are also considered as 
promising and might reach the commercialization phase in the next couple of decades. 
Among them are algal biodiesel and other novel fuels such as those produced by micro-
organisms (Farrell and Gopal, 2008). 

In terms of costs, first generation biofuels vary widely both across technologies and 
across countries, as shown in Figure 2. Costs depend on factors such as technology, 
feedstock, which represent up to 70% to the overall cost (IEA, 2009), and plant scale. 
Except in the case of Brazilian sugarcane ethanol, biofuels are not economically 
competitive with conventional fossil fuels unless subsidized.   
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Figure 2: Costs of first generation biofuel production (dollars per litre of gasoline equivalent, 2004-2007).  

Source: IEA, 2008. 

 

As already mentioned, second generation biofuels are not yet available for large scale 
deployment. Large investments are needed to improve the conversion processes (basic 
research) and to support demonstration activities (applied research) (Farrell and Gopal, 
2008). 

Within Europe, the development of advanced production plants is fostered through the 7th 
Framework Programme and the European Biofuels Technology Platform. The total public 
RD&D budget devoted to bioenergy (liquids, solids and biogas) increased from about 100 
Million USD in 2002 to roughly 300 Million USD in 2010 (down from 450 Million USD in 
2009). In the period 2002-2010 on average 25% of the public budget was specifically 
allocated to applications for heat and electricity, 23% to the production liquid biofuels, 
13% to the production solid biofuels, 12% to other biofuels, only 1% to biogases.3 
However, the relative weight of these different end uses shifted over time (Figure 3).   

The public support for biofuel development was higher in Europe than in the USA up to 
2008 (Figure 3). Subsequently, the budget devoted to biofuels in the USA sharply 
increased due to the stimulus package in February 2009, which targeted the 
improvement of cellulosic ethanol and other biofuels technologies (Waltz, 2009). More 
than 80% of the 2009 US budget is in fact directed towards liquid biofuels.   

                                                
3 The remaining is not specifically allocated.  
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Figure 3: EU and USA public funding for biofuels technologies, 2002-2010.   

Source: IEA, 2011c.  

 

There is a large consensus within different institutions on the need for significantly higher 
RD&D investment and better coordination of EU and national efforts to make biofuels a 
commercially viable option, especially with respect to the demonstration of second 
generation biofuel technologies (IEA, 2011b SEC, 2009). This is in sharp contrast with 
the historical trend in EU public investments, which has been so far focused on funding 
early stages of research and development as opposed to demonstration activities, as 
shown in Figure 4.4 

 

Figure 4: EU RD&D funding for energy technologies, 2007.  

Source: EC, 2009. 

                                                
4 In 2007, 71% of public RD&D for transport biofuels goes to research and development, while only 9% of the 
investments goes to demonstration activities (EC, 2009)  
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3. Expert elicitation  

Expert judgments are the expressions of informed opinion that experts make based on 
their knowledge and experience with respect to technical problems (Hogarth 1987, 
Morgan and Henrion 1990, Cooke, 1991). Eliciting experts’ judgements means gathering 
subjective probabilities that a specific event will take place in the future through 
specifically designed methods of verbal or written communication. The outcome of an 
expert judgement elicitation is probabilistic information on future states of the world. 
Experts’ judgements are particularly useful and are often required in probabilistic decision 
making and in the evaluation of risks. These techniques are increasingly applied to 
different research fields when dealing with complex phenomena characterized by 
uncertainty and lack of data. 

The use of expert judgement elicitation has been applied in the past to inform policy-
makers, for example with a focus on nuclear plant in Cooke et al. (1999).  Applications to 
low-carbon energy technologies started only recently. Expert elicitation processes used to 
assess the potential of success of carbon-free technologies are relatively scarce, but 
provide important insights for our analysis. Baker et al. (2009a), Baker et al. (2009b), 
Curtright et al. (2008), Bosetti et al. (2012), Baker and Keisler (2011) and Chan et al. 
(2011) use expert elicitation to investigate the uncertain effects of RD&D investments on 
the prospect of success of carbon capture and storage, hybrid electric vehicles, solar PV 
technologies and cellulosic biofuels, respectively. Our study complements Baker and 
Keisler (2011) and Chan et al. (2011) and uses expert judgments elicitations to assess 
how RD&D investments affects technical change in biofuel technologies and how 
technical change impacts the cost of biofuels and thus the costs of carbon emissions 
reductions. This report, like Bosetti et al. (2012), is part of the systematic collection of 
experts’ estimates for Europe carried out within the ERC-funded ICARUS project.5  

Gathering experts’ judgement requires a sound elicitation protocol. Since the seminal 
work by Tversky and Kahneman (1974), a growing body of literature has substantiated 
our knowledge on heuristics and biases which affect judgments under uncertainty. In 
spite of their deep and recognized knowledge of the subject, experts can be subject to 
the same cognitive and motivational biases as all human beings, unless certain 
preventive measures are used in the elicitation. Such ‘biases’ range from the skewing of 
the experts' estimate around a reference point (anchor), to the heuristic that makes us 
value as less risky those technologies we deem as more beneficial, to overconfidence 
biases.  

Protocols and techniques have been defined to minimize such biases (Clemen and Reilly, 
2001; Keeney and von Winterfeldt, 1991; Meyer and Booker, 1991; Morgan and Henrion, 
1990; O’Hagan et al., 2006; Phillips, 1999; Walls and Quigley, 2001). Our elicitation 
protocol builds upon this vast literature on decision analysis and expert judgment 
elicitation. Some crucial features that should be carefully included in a robust elicitation 
process are: carrying out the survey in person, defining the metrics and the object of the 
elicitation process as accurately as possible, warning the experts about main biases and 
heuristics and training them to the elicitation exercise, avoiding anchoring numbers and 
using tools to represent uncertainty that facilitate its quantification.   

We carefully addressed each of these issues while designing our protocol. To test the 
elicitation process, we carried out a few pilot interviews, subsequently refining and 
condensing some parts of the questionnaire. We specifically made the choice of 
interviewing our experts face-to-face. We started each interview with a warm-up phase 
designed to brief experts on sources of biases and difficulties in assessing probabilities. 
Subsequently, we asked them to carefully assess the current status and cost of biofuel 
technologies and all potential barriers. This part of the survey aimed at “tuning in” the 
experts and avoiding the possibility of overlooking or exaggerating problems. Moreover, 

                                                
5  www.icarus-project.org 
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we put specific emphasis on each different cost component and asked the expert to 
carefully consider the combination of events which would lead to cost improvements. 
Finally, to increase the amount of elicited information and to check for inconsistencies we 
asked specific follow up questions on the likelihood of reaching cost targets.  

All these precautions were put in place to avoid an overestimation on the part of the 
experts regarding the likelihood that biofuel costs would decrease in the future. One of 
the main risks linked to the direct elicitation of subjective probabilities is, in fact, the 
possibility to collect highly context-dependent answers which do not represent a true, 
mathematical, probability measure (Meyer and Booker, 1991).  

In addition, as we will explain more in detail below, the key question in the survey on the 
future costs of biofuel technologies was asked using two different formats to test for 
possible sources of bias, such as overconfidence and anchoring effects. Although biases 
cannot be entirely eliminated the structure of the protocol we developed ensures their 
minimization. 

 

Composition of the expert pool  
The choice of experts to be involved in the elicitation exercise is as important as the 
design of the survey itself. The success of the elicitation crucially depends on their 
expertise, their technical background and their personalities, as well as on their ability to 
provide probabilistic judgments (O’Hagan et al., 2006).  

The level of expertise of each selected expert was carefully assessed considering 
tangible evidence such as publications and direct involvement in projects related to 
research and development of biofuel technologies. The experts’ profiles were compiled 
according to the above criteria, and then a first core group of experts was identified. 
Those experts were called “seeds”, and they were asked to point out other experts to be 
involved in the elicitation exercise, according to the so-called “snowball sampling 
technique” (Salganik and Heckathorn, 2004). The basic idea behind this technique is that 
respondents are not selected from a sampling frame, but from the linked network of 
existing members of the sample. This method can be used to complete the first list of 
experts, making it more sound and reliable, and ensuring that all the relevant experts 
have been included (Giupponi et al., 2006).  

We gathered a mix of respondents with strong scientific backgrounds and sound 
empirical knowledge. Our careful selection resulted in a balanced group of experts who 
represent the major perspectives and fields of knowledge (engineers, economists, and 
policy makers) but with heterogeneous backgrounds. Academia, institutions and the 
private sector are represented in a balanced way to ensure a thorough analysis of both 
basic and applied research issues as well as policy implications. The experts that 
participated in the survey are listed in Table 1. All answers are anonymously reported in 
the rest of the paper. 

Figure 5 illustrates the origin of the experts participating in the study and their 
heterogeneity. Seven experts were selected from institutions, five from universities and 
three from the private sector.  
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Figure 5 Area of origin of the experts and their professional sector.  

 

One way to ensure a balanced pool of experts is to include both “specialists” and 
“generalists” (Keeney and von Winterfeldt, 1991). “Specialists” are at the forefront of the 
knowledge in their fields and should be well represented in the sample (Clemen and 
Winkler, 1985). Conversely, generalists have a broad knowledge about many or all the 
issues (or, in our specific case, technologies) under analysis. In this survey, we selected 
at least one top expert for each technology, but we also included a number of 
“generalists” who could contribute with a broader vision.  

The heterogeneous composition of our sample clearly emerges from the exercise of self-
evaluation that we proposed during the interview, whose results are summarized in 
Figure 6. Expert were asked to state their expertise with respect to all the technologies 
considered in Figure 1 on a scale from 1 (low)  to 5 (high). The highest levels of expertise 
concentrate on refining processes. The majority of experts declared medium or high 
expertise for cellulosic feedstocks, whilst for highly innovative processes such as algae 
and 3rd generation biofuels only few experts presented a high/medium expertise.  
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Figure 6: Distribution of the experts with respect to the investigated technologies. 

High expertise: max level of knowledge >3; medium expertise: max level of knowledge =3; low expertise: max 
level of knowledge <3. 

 

Technical Potential and Limits of Second Generation Biofuels 
Aim of this survey is to understand if biofuels will play a relevant role in the future of the 
transport sector. In this respect, whether biofuel will be cost-competitive with fossil 
alternative without any additional policy support is a key issue. Biofuel costs depend on 
the specific conversion process, on the nature of feedstock and on their costs, as well as 
on plant size. RD&D efforts, financed through both public and private money, aims at 
reducing these costs by developing better and more efficient technologies. Given the 
great variety of technological options currently under development (Figure 1), and their 
different level of maturity, each technology is likely to require different focus on either 
basic research, applied research or demonstration activities. 

The first part of the questionnaire focused on RD&D needs for second and third 
generation biofuels. Experts were asked to assess the level of maturity of each 
technological option and to list the main technical barriers hindering their development. 
Finally, they indicated what kind of research activity would be required overcome the 
technical bottlenecks. Results are shown in Figure 7.  
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Figure 7: Number of experts that believe the status of each technology is excellent, needs advances, needs 
substantial advances. 

Acronyms stand for: FS1: Cellulosic Biomass; FS2: Algae; FS3: Microorganism; CP1: Fast-pyrolysis; CP2: 
Gasification; CP3: Hydrolysis; CP4: Algal oil extraction; CP5: Algal Hydrogenation; CP6: 3rd Gen process; RP1: 
Refining of bio-oil; RP2: Fischer-Tropsch; RP3: Methanol Synthesis; RP4: Ethanol Synthesis; RP5: 
Fermentation; RP6: Transesterification. 

 

Generally speaking, it is apparent that feedstock and conversion processes (FS1 to FS3 
and CP1 to CP6 in Figure 7) are at a less mature stage than refining processes, which 
are mostly considered at a good level of development (Figure 7). The main technical 
barriers singled out by experts for each of the technological options considered are listed 
in Table 3. 

Table 3: Keywords mentioned by at least 4 experts.  

Cellulosic Biomass Economic barriers to the market 
Logistics issues 

Algae Energy intensity 
Up-scaling of the process 
Production costs 

Fast pyrolysis Up-grading of the bio-oil 

Gasification Gas cleaning 

Hydrolysis Cost of the process 
Enzymes  

Algal oil extraction Energy intensity  

Fischer-Tropsch Catalyst 
Scale of the process 

Methanol synthesis Plant costs 

Ethanol synthesis Plant costs 

Fermentation Efficiency of C5 sugar fermentation 

 

Specifically, experts highlighted the need of technical advances in feedstocks, not only 
with regards to innovative technologies (algae and micro-organism), but also with regards 
to more mature ones, such as cellulosic biomass. Cellulosic biomass is characterised by 
difficulties in the procurement and logistic costs of feedstocks. Along the same lines, 
growing algae in large amounts is very expensive both in terms of money and energy. For 
this reason, research on algae should focus on scaling up the processes and increasing 
energy efficiency.   

Conversion technologies could benefit from RD&D investments targeted at bio-oil up-
grading in fast-pyrolysis, gas cleaning in gasification and enzymes selection in hydrolysis. 
As for algal oil extraction, improvements are needed to increase the energy efficiency of 
the process.   
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While the majority of experts characterize the status of several refining processes 
(Fischer-Tropsch, methanol synthesis and transesterification) as excellent, these 
technologies still face few important barriers (with the exception of transesterification, 
which is considered ready for commercialization). For example, improvements in the 
catalyst and in the purity of the syngas are needed for Fischer-Tropsch technologies. A 
general call for improved efficiency characterizes all technologies considered, in 
particular sugar fermentation.    

Capital costs are also seen as a barrier for further development of refining processes. 
Methanol synthesis and ethanol synthesis plants are currently very expensive. 
Conversely, in the case of Fischer-Tropsch, funds for large scale plants are needed to 
foster economies of scale and learning-by-doing which are instrumental for successful 
development. 

All remaining refining processes, namely refining of bio-oil, ethanol synthesis and 
fermentation, are characterized as not yet mature and in need of further advancement. 

Experts were subsequently asked to identify the optimal RD&D budget allocation for 
2010-2030 as to maximize the probability of reaching cost-competitiveness in 2030. Each 
expert was assigned 100 chips which represented the current annual level of public 
RD&D investments, or 161.1 Million6 2007USD, and they were asked to distribute them 
among the different biofuel technologies in Figure 1.  

Answers provided by the experts are reported in Figure 8. In light with their lower 
maturity, feedstock and conversion processes were allocated roughly 37% of the experts’ 
budgets. Conversely, refining processes received roughly 24% of the budget.  

Within feedstocks, Algae and micro-organisms, being very innovative (Figure 7), received 
on average 14 and 8 chips, respectively. For algae, variations in the allocations are high 
between experts, and the high average resulted from the choice of few specialized 
experts who devoted most of their budget to this feedstock. This is also true for micro-
organisms, which received very high allocations from only three experts. Cellulosic 
biomass also collected a high RD&D allocation, with 11 chips on average. For this 
feedstock, there variation within experts’ allocation is lower than in the previous two 
cases, indicating a general agreement on the need to improve the feedstock and its 
procurement. All these considerations once again stress the importance of assuring that 
biomass is supplied to the energy conversion processes. 

Among conversion process, gasification, hydrolysis and fast-pyrolysis, which were 
identified as relatively more mature (Figure 7), received the highest average 
contributions, of 10.9, 7.8 and 6.1 chips, respectively. Gasification was supported by the 
largest number of experts, with the highest average allocation. However, variance is also 
high. The two processes related to the conversion of algae in fuels are much more 
controversial: they received a low average amount, with few exceptions.  

As already mentioned, refining processes collected much lower amounts of chips than 
feedstocks and conversion processes. First, a number of experts allocated no budget to 
these technologies. Among those who did allocate money, the heterogeneity is great. 
Fischer-Tropsch process, for example, attracted on average 4.9 chips but with 
contributions ranging from 2 to 20. This mirrors the information about the maturity of 
technology shown in Figure 7, where experts were almost equally divided between those 
considering it mature and those considering it as needing advances. Similar observations 
can be drawn for the refining of bio-oil derived from pyrolysis, even though they attract a 
lower of chips (4.4 on average).  

                                                
6 On the basis of IEA definitions, we assume that RD&D for liquid biofuels is given by the sum of the RD&D 
allocated to Production of liquid biofuels, Production of solid biofuels, Other biofuels and Unallocated biofuels. 
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Figure 8: Allocation of the RD&D budget over the 2010-2030 period to make biofuel technologies commercially 
successful in 2030.Mean and variance for each technological unit is reported. 

The budget is conventionally expressed in 100 “chips” per expert (column), to be distributed among the different 
technologies. For each technology (row) both the average and variance in chips allocation are provided. 

 

Conversely, there is agreement among the experts in allocating a small share of the 
budget to fermentation, methanol and ethanol synthesis (3.9, 3.5 and 2.4, respectively). 
Among those, fermentation is supported by the largest number of expert, while methanol 
and ethanol synthesis did not receive any contribution from the majority of experts. 
Finally, transesterification received, unanimously, less than one chip on average, most 
testifying the commercial status of the technology even when using algae as feedstock.  

Quite mature processes, such as ethanol from cellulosic biomass and gasification, 
received large budget allocations, while less mature technologies, such as algae and 
micro-organisms, received much lesser amounts. Some light on this apparent 
contradiction can be shed by considering the kind of RD&D investment the experts had in 
mind. Funding for demonstration activities should account for the largest economic part of 
RD&D expenditures as shown in Figure 9. The importance of funding for demonstration 
activities is particularly felt for all conversion and refining processes. Conversely, expert 
called for more basic and applied research with respect to less mature feedstocks and 
related conversion technologies.  In general, experts would limit the risk of failure linked 
to the development of more innovative biofuel technologies, and would instead speed up 
the deployment and demonstration process of mature technologies, which are deemed 
closer to commercial success.   
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Figure 9: Sum of the funding allocated by all experts among different technologies and subdivision of the budget 
between basic and applied research and demonstration activities.  

 

RD&D allocations are however not independent of the expertise level (Figure 10). Most 
experts assigned a maximum number of chips between 20 or 30 chips over the 100 
available, and generally to the technologies in which they have the highest expertise. This 
is particularly true for the experts from the private sector and in general represents a 
natural bias towards one’s focus of research.  

Two reasons can explain the experts’ choices in this regard. First, due to their deep 
knowledge of the subject, the experts might be confident that higher investments in the 
selected technology would lead to faster or greater results. Second, the experts might 
also be aware of the limits of the technology; allocating more funds might be a way to 
overcome these shortcomings. The exercise demonstrates the importance of selecting a 
cluster of experts composed of top-experts of each technological option within a robust 
expert elicitation process. 
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Figure 10: Maximum budget value allocated and related expertise level expressed for a given technology.  

Acronyms stand for: FS1: Cellulosic Biomass; FS2: Algae; FS3: Microorganism (3rdgen); FS4: Other 
feedstocks; CP1: Fast-pyrolysis; CP2: Gasification; CP3: Hydrolysis; CP4: Algal oil extraction; CP5: Algal 
Hydrogenation; CP6: 3rd Gen process; CP7: Other conversion processes; RP1: Refining of bio-oil; RP2: 
Fischer-Tropsch; RP3: Methanol Synthesis; RP4: Ethanol Synthesis; RP5: Fermentation; RP6: 
Transesterification; RP7: Other refining processes. 

 

4. RD&D and Future costs 

Core of the survey was to assess if, and under what conditions, the costs of biofuels 
would eventually become competitive with conventional fossil fuels. To do so, we elicited 
the experts’ opinion on the likelihood that increased RD&D investment would lower 
biofuel production costs.  

To avoid anchoring effects and to provide a more solid estimate, we asked the experts to 
provide the 10th, 50th and 90th percentile of the expected cost in 2030 under different 
RD&D investment scenarios. Subsequently, we elicited from them the probability that 
biofuels costs in 2030 will be below certain representative thresholds7. This technique 
allowed us to ask the same information to the expert twice, but with a different focus. As a 
result, we were able to carry out consistency checks for each expert in our analysis. 

The three RD&D scenarios considered by the experts to consider where (1) a Business 
As Usual (BAU) scenario, where the current annual level of public investment in RD&D 
(161.1 million 2007USD8) as a share of GDP was maintained until 20309 (2) a +50% 
RD&D Scenario, where current funding was increased by 50% through 2030 and (3) a 
+100% RD&D Scenario, where funding was doubled through 2030. We asked the experts 
to provide cost estimates assuming that annual expenditure would remain constant from 

                                                
7 Since experts typically think in terms of technological endpoints and not in terms of costs, we provided them 
with a formula deriving the cost of biofuels from specific technical factors, such as feedstock costs, efficiency, 
capital costs and operational and maintenance cost (see Annex I and Annex II). Experts who did not feel at 
ease with directly providing monetary estimates were free to use the formula to estimate how improvements in 
technical factors would result in lower monetary costs. 
8 On the basis of IEA definitions, we assume that RD&D for liquid biofuels is given by the sum of the RD&D 
allocated to Production of liquid biofuels, Production of solid biofuels, Other biofuels and Unallocated biofuels.. 
9 We asked the experts to evaluate the average yearly expenditure over the period 2004-2009 in order to 
smooth out the recent slowdown in investments due to the economic crisis. Numbers were presented both in 
Euros and Dollars.  
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now until 2030. We will present results of both the elicitation on costs and on the 
probability. 

Most experts10 provided estimates of the expected costs for a mix of biofuel technologies. 
Six experts referred instead to a technology that they considered more promising. 
Specifically, experts 4, 6 and 7 indicated gasification, expert 8 focussed on FT liquids and 
cellulosic ethanol, and experts 5 and 12 considered cellulosic ethanol. 

In a BAU public funding scenario, by 2030 experts expected that the cost of biofuels 
would range from as low as 0.7 to as high as 2.75 $/lge (blue marker in Figure 11). 
Despite the width of this range, the majority of experts provided an expected cost around 
1 $/lge, while only three experts provided a value higher than 1.8 $/lge. In particular, 
according to 7 experts the most likely value of cost in 2030 will be comprised between 0.7 
and 1.25 $/lge. The same experts expected an average reduction of costs of 15% with a 
+50% increase in RD&D funding, and of 29% with a doubling of the investments. Two 
experts expected much higher costs (2.3 and 2.75 $/lge) under current RD&D funding. 
With a 50% increase in the investments, both experts projected a reduction of about 10% 
in the cost of biofuels. One of them foresaw the possibility to reduce costs by 56% under 
a 100% increase in RD&D. Figures for all experts are provided in Table 4. 

All experts but one agreed on the direction of the effect of RD&D on expected costs, 
namely that higher RD&D expenditures lead to lower average expected costs. Expert 4’s  
estimates are an exception: the estimated cost of biofuels in 2030 is insensitive to 
changes in expenditures, can be abated only in the presence of a massive industrial 
development, and can become competitive with fossil fuel only with a carbon tax of at 
least 200$ per ton of CO2. 
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Figure 11: Estimates of the cost of one litre of gasoline equivalent (lge) from biofuel technologies in 2030, under 
three different R&D funding scenarios.  

The shaded area represents the 2020-2030 projected production cost range as reported in the IPCC SRREN 
Report (Chum et al., 2011).  

 

A comparison with other available estimated of future costs puts our results into 
perspective. According to the IPCC SRREN report (Chum et al., 2011), the projected 

                                                
10 Although 15 experts were involved in the elicitation process, only 13 answered to the questions regarding 
RD&D and future costs of biofuels. 
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production cost of biofuel between 2020 and 2030 is expected to range from 0.2 to 1.02 
$/lge (shaded area in Figure 11). The IEA (2011b) projections second generation 
production costs in 2030 range between 0.8 and 1.0 $/lge. These two reference 
projections agree only on the high range estimates. Finally, the European Biofuels 
Technology Platform (2008) goal for biofuel cost is lower than 0.6 $/lge (assuming 1€ = 
1$, 2008 equivalent). Under the current level of RD&D funding, only 4 experts provided a 
cost estimate lower than 1 $/lge. Under the +50% RD&D scenario, the estimates of 7 
experts are within the IPCC 2030 expected range of costs. This number increases to 11 
experts under the +100% RD&D scenario.  

Table 4: Costs of biofuels ($/lge) in 2030 under the current RD&D scenario and expected reductions under a 
50% and a 100% increase in RD&D funding. 

 Technology BAU scenario 
50th percentile 

% reduction 
(wrt BAU scenario 50th percentile) 

 
 

 Scenario 50% Scenario 100% 

Exp1-I Mix 2.75 10.9 20.0 

Exp10-I Mix 2.3 13.0 56.5 

Exp9-P Mix 1.25 24.0 32.0 

Exp3-A Mix 1.2 8.3 25.0 

Exp11-I Mix 1 20.0 40.0 

Exp13-P Mix 0.9 11.1 22.2 

Exp14-I Mix 0.7 14.3 14.3 

Exp4-I Gasification 1.8 0.0 0.0 

Exp12-A Cellulosic ethanol 1.2 8.3 25.0 

Exp5-A Cellulosic ethanol 0.7 28.6 35.7 

Exp8-I FT liquids and 
cellulosic ethanol 1.1 27.3 45.5 

 

The experts’ opinions varied with respect to the effect of RD&D on the uncertainty, which 
we measure as the difference between the 10th and the 90th percentile in the cost 
estimates (Figure 12). According to 11 out of 13 experts, a 50% increase of public RD&D 
would reduce or maintain the level of uncertainty surrounding cost projections. The same 
is true when a further increase of public funding is assumed (+100% scenario) with the 
exception of one expert who showed an increase in the uncertainty of the estimate. Only 
two experts indicated a higher degree of uncertainty in evaluating departures from the 
status quo. According to the ancillary information collected during the interviews, this 
might be due to higher investments in less mature technologies, whose success has a 
higher degree of uncertainty 
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Figure 12: Uncertainty in experts’ cost estimates. Uncertainty is measured as the difference between the 90th 
and 10th percentiles of cost projections under the three RD&D funding scenarios.  

 

Under the same RD&D investment scenarios outlined above, experts also estimated the 
probability that the 2030 biofuel cost will be lower than three representative thresholds. 
The three different “breakthrough” cost levels proposed to the experts correspond to 
projections of the costs of conventional fossil fuels in 2030: an upper level of 0.73 $/lge 
which simulates the presence of a carbon price in line with a 550 ppmCO2 stabilization 
scenario, and two lower levels of 0.40 $/lge and 0.20 $/lge. These three values allow us 
to span a wide range of future evolution of the price of oil.  

The three bars in Figure 13  represent the probabilities assigned by each expert under 
each RD&D scenario: the blue lines correspond to the estimates under current RD&D, 
the red ones refer to the +50% scenario and finally the brown ones to the +100% 
scenario. The upper bound of each bar represents the probability that the expected cost 
will be lower than 0.73 $/lge, the dot in each bar represents the probability that the 
expected cost will be lower than 0.40 $/lge, while the lower bound of each bar represents 
the probability that the expected cost will be less than 0.20 $/lge. As we can see, a set of 
experts consistently attached rather low probabilities to the two lower proposed 
thresholds.  

Conversely, the probability of abating costs down to 0.73 $/lge is very different among 
experts (Figure 13). If the current RD&D expenditures are kept constant throughout 2030, 
only one expert estimates that cost abatement will be below the 0.73 $/lge target with a 
80% probability. Three more experts associated a probability of around 50-60% to this 
scenario. On the other hand, four experts indicate that costs are unlikely to reach the 
target (10-20% probability). The rest of the experts believed that costs will remain higher 
than 0.73 $/lge). When increasing the RD&D investment by 50% or by 100%, the 
probabilities provided by the experts are generally higher, testifying to the positive effect 
of RD&D cost reductions. On the other side, two experts remained pessimistic on the 
evolution of costs in all funding scenarios (0% probability).  

All experts agreed on affirming that, under the current RD&D scenario, it will be extremely 
unlikely (<5% probability) to reach the 0.40 $/lge target. Even when RD&D investment 
increases by 50% or 100%, the maximum probability of reaching the breakthrough cost is 
40%, thus indicating that most experts considered the target as unlikely to be achieved. 
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Finally, the 0.20 $/lge target appears to be definitely out of reach under all funding 
scenarios.  
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Figure 13: Probability that the cost of biofuels will be lower than a given value in 2030 under three different 
scenarios of RD&D per each expert.  

The three bars represent the probability under the three RD&D scenarios: the blue one corresponds to current 
RD&D, the red one to +50% and the brown one to +100%. The upper bound of each bar represents the 
probability that the expected cost will be lower than 0.73 $/lge; the dot in each bar represents the probability that 
the expected cost will be lower than 0.40 $/lge; the lower bound of each bar represents the probability that the 
expected cost will be less than 0.20 $/lge. The letters next to the experts’ numbers indicate: A=Academy; 
P=Private; I=Institution. 

It is interesting to compare Figure 13 to Figure 11. The trend variation in the probability 
estimates under the three funding scenarios generally reflects the cost predictions 
provided by the experts. Experts 1, 10, 11, 14, 7, 6, 8 and 5  provided probability 
estimates of abating costs below 0.73 $/lge consistent with their cost projections or 
slightly more optimistic. On the other hand, experts 9, 3 and 12 provided relatively high 
best guesses for biofuel costs (higher than 1 $/lge), but also foresaw a high probability of 
reaching the 0.73 $/lge target (20-50% for expert 9, 60-80% for expert 3, 50-60% for 
expert 12). In line with his opinion on the evolution of biofuels cost, Expert 4 assigned a 
null probability to all three targets for all RD&D scenarios. A similar behavior can be 
observed for the two other biofuel cost targets of 0.40 and 0.20 $/lge. 

5. Diffusion of biofuels 

The second part of the elicitation focused on the market diffusion of biofuels and non 
technical barriers that are likely to hamper their success.  

Experts commented on the likelihood of three specific penetration rates (20%, 50% and 
70%) of vehicles that run on biofuels in the private vehicles market in 2050. They 
distinguished among different groups of countries: OECD, fast growing and developing 
countries (Table 5). For OECD countries, eight experts believe that the 20% penetration 
scenario is very likely to happen (probabilities between 70 and 100%), while two experts 
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assigned a high probability (60 and 100%) to the 50% diffusion scenario. Only one expert 
foresaw a diffusion rate of 70% with a probability of 85%. 

Table 5: Probability of three different penetration rates for biofuel technologies in 2050 (OECD, fast growing and 
developing countries). 

 OECD countries Fast growing countries Developing countries 

 
Low 
(20%) 

Medium 
(50%) 

High 
(70%) 

Low 
(20%) 

Medium 
(50%) 

High 
(70%) 

Low 
(20%) 

Medium 
(50%) 

High 
(70%) 

Exp1-I - - - - - - - - - 

Exp2-P 0 100 0 - - - 0 100 0 

Exp3-A 90 10 0 - - - 90 10 0 

Exp4-I - - - - - - - - - 

Exp5-A 50 30 20 60 25 15 70 20 10 

Exp6-A 80 20 0 - - - 100 0 0 

Exp7-A 90 10 0 - - - 90 10 0 

Exp8-I 30 60 10 50 45 5 70 30 0 

Exp9-P 70 25 5 - - - 60 30 10 

Exp10-I 70 20 10 - - - 85 10 5 

Exp11-I 5 10 85 - - - 50 30 20 

Exp12-A 90 10 0 75 25 0 100 0 0 

Exp13-P - - - - - - - - - 

Exp14-I 70 30 0 70 30 0 70 30 0 

Exp15-I 100 0 0 100 0 0 100 0 0 

Average 62 27 11 71 25 4 74 23 4 

 

Also in the case fast growing countries, the majority of experts who answered the 
question (4 out of 5) believe that there is a high possibility of achieving a 20% penetration 
rate of biofuels (60-100% probability). However, the low rate of response to this question 
underlying a great uncertainty surrounding the biofuel market in fast growing countries. 
Experts agreed that the low diffusion scenario was going to be the most likely one in 
developing countries as well: nine experts assigned to it a probability higher than 66%.   

Experts then indicated the possible ceiling to the diffusion of vehicles running on biofuels 
in the private market in 2050. Most experts (8) believe that biofuels will account for 25 to 
50% of private transport, but estimates range from 10 to 100 percent, showing a general 
lack of consensus. According to several experts, the ceiling to biofuels will be caused by 
limitations in feedstock availability and by substitution with other technologies (e.g., 
electric vehicles).  

Experts also discussed the importance of a set of potential barriers to the diffusion of 
biofuels technologies. These are listed and ranked, together with proposed solutions, in 
Figure 14. 

The most important barrier is the competition for the use of land, food vs. energy, closely 
followed by the presence of environmental externalities. Policy interventions are by far 
the preferred means to overcome such barriers. Certification systems were often recalled 
as a possible way of providing and tracing sustainable feedstock. Few experts also 
pointed out that this issue is key and regards primarily the eradication of poverty and the 
improvement of agricultural productivity. Experts then suggested further solutions to this 
barrier, such as the design of systems which co-produce food and bioenergy feedstock 
from the same land, the design of a supply chain where feedstock supply and conversion 
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plant are connected, the provision of CO2 biological sequestration on some land, and 
finally the design of conversion plants which allow for feedstock diversification. 

Barriers related to economic and financial issues were considered less relevant than 
those related to environmental and sustainability issues. Only one expert specifically 
stated that financing is the biggest issue and that it is necessary to invest in the process 
and finance demonstration. 
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Figure 14: Factors which could represent non-technical barriers to the diffusion of biofuel technologies and 
potential solutions to overcome the barriers. 

 

To further investigate the diffusion process, experts indicated the geographical areas of 
the world with the highest probability of reaching commercial breakthrough. Nine of them 
indicated that the USA would reach cost-competitiveness first, six chose the EU, three 
Brazil and 1 China. 

Experts also commented on how the nature of knowledge will affect the support to 
national RD&D programs. Twelve affirmed that the current conditions reflect a relatively 
successful cooperation among different countries, which results in important knowledge 
spillovers. However, they agreed on the binding need for each country to invest in its own 
RD&D program to develop absorptive capacity and therefore to be ready to adopt 
breakthrough technologies developed by other countries.  

Finally, experts identified the potential negative externalities on the environment and 
society which might be associated with the diffusion of biofuel technologies. Most experts 
(9) expressed concern about the sustainability of biomass supply, in particular the 
competition of land use for energy vs. food, which was already mentioned as an 
important non-technical barrier to deployment. Equity issues between developed 
countries (that would import biomass) and developing countries (that would produce 
biomass) were also mentioned. The same experts also underlined the importance to 
consider environmental issues like biodiversity conservation, water use and water 
pollution (due to the use of fertilizer for energy crops). Conversely, the remaining five 
experts stated that the above-listed issues are much more relevant for first generation 
biofuels, not to be expected from second and third generation biofuels, whose primary 
feedstock should be residues. One expert pointed out that since biomass feedstocks are 
a limited resource they should be used in the conversion technologies to maximize the 
reduction of greenhouse gases emissions. Therefore, they should be applied to heat and 
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electricity applications to replace heavy oil and coal, rather than for the production of 
liquid biofuels. Finally, another expert observed that great life-changing innovations are 
not expected from biofuels since they are a way of preserving our existing way of life by 
substituting fossil fuels. In particular, biofuels will not improve two important issues 
related to the transport sector, such as emission of pollutants and traffic congestion. Only 
one expert provided some examples of positive externalities, linked to agricultural and 
rural development and job creation. 

6. Conclusions 

Biofuels represent a concrete and promising solution to reduce the dependence from 
fossil fuels, in particular in the transport sector, and therefore to meet climate change 
policy targets while ensuring reliable fuel supply. Significant progress has been made in 
the last years with respect to research and technical improvements. However, some 
technical barriers and market dynamics still hinder the commercial success of these 
technological options.  

Assessing the potential to overcome these barriers, the RD&D effort necessary to 
promote this process as well as the future of biofuels costs are key steps to support 
policy makers in drafting appropriate and efficient energy policies. The ICARUS expert 
elicitation survey uses a robust elicitation protocol that collects in novel evidence on the 
current status and future developments of biofuel technologies. Its results and policy 
implications are of great relevance for the current debate on renewable energy 
technologies in Europe, as well as worldwide.  

The first conclusion clearly emerging from this study is that most of the selected 
technologies already present a good potential to overcome technical bottlenecks by 2030, 
but will not likely be cost competitive with fossil fuels unless a climate policy is in place. 
The role of RD&D investments is considered crucial to ensure technological advances, 
and the portfolio of investments should be diversified among different technological 
processes. First of all, refining processes such as Methanol Synthesis, Transesterification 
and Fischer-Tropsch, are technically mature, and should be allocated a relatively small 
amount of RD&D, mainly targeted to enhance demonstration activities. Conversely, the 
success of biofuels mainly depends on investments in applied research and 
demonstration for conversion processes, in particular Gasification and Hydrolysis. 
Indeed, these results point to the overall complexity of conversion processes applied to 
biofuels production with respect to fossil fuels.  

Furthermore, RD&D is needed to guarantee the supply of feedstocks, as to provide 
effective solutions for logistic and economic issues. Innovative 3rd generation feedstocks, 
such as Algae and Microorganisms, could be reach substantial improvements but would 
probably require a larger time horizon (i.e. beyond 2030) to gain in competitiveness. With 
the exception of these highly innovative technologies, which would mainly require basic 
R&D funding, experts agree on the need to distribute investments among all phases of 
the RD&D process. This is in contrast with the historical breakdown of EU public 
investments, which has concentrated on the earlier stages of the research activity.  

Assuming the current level of annual RD&D investments until 2030, most experts’ best 
guesses of biofuels costs lay within the 0.7 - 1.8 $/lge range. The average expected cost 
is 1.35 $/lge, due to the presence of outliers with estimates around 2.5 $/lge. Without any 
variation in RD&D funding over the next 20 years, there is high disagreement on the 
possibility to abate costs below even the highest fossil fuel projected cost (0.73 $/lge). 
Lower costs scenarios appear extremely unlikely for the time range under consideration. 

Increases in RD&D investments generally lead to a decrease in the expected costs of 
biofuels. In particular, increasing funding by 50% lowers the expected costs by roughly 
15% (1.14 $/lge), while a doubling of public investments leads to a 29% reduction (0.96 
$/lge). When increasing by 50% and then by 100% the RD&D investment, there is a 
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positive effect on cost reduction and a higher probability or reaching 0.73 $/lge. However, 
biofuels will hardly be competitive with traditional fossil fuels without a carbon tax, even if 
investments are doubled. Increasing public funding for biofuel technologies generally 
results in lower divergence of experts’ estimates.  

Coherently with their public policy of strong support to biofuel technologies, the United 
States emerges as the first country which will potentially reach the commercial success. 
However, experts recognize that also other countries (both developed, such as EU 
members, and fast growing, such as Brazil and China) have a high probability of 
producing cost-competitive biofuel technologies. This points to the need for a well-
designed RD&D strategy to keep up with more advanced countries. Technology transfer 
plays a crucial role in this process, but each country should invest in its own RD&D 
program to develop absorptive capacity and to be ready to adopt breakthrough 
technologies, even if developed elsewhere. 

Experts acknowledged that technical maturity and cost competitiveness are key for the 
success of biofuels, but that non-technical issues and barriers could slow down their 
worldwide diffusion and consequently their success. The main obstacles to market 
diffusion and large-scale deployment are limited by to the energy vs. food competition for 
land, environmental externalities, geographical constraints. In addition to the large share 
of the RD&D budget that experts suggest devoting to feedstock, ad-hoc policies should 
probably put in place to ensure that these external costs are internalized.  

When assessing the likelihood that biofuels will represent 20%, 50% or 70% of fuels used 
in the private vehicle market in 2050, experts generally agree on the 20% scenario for 
OECD countries. The 20% scenario is also the most likely in developing and in fast 
growing countries, even though the latter are characterized by higher uncertainty. Experts 
show little consensus on this issue. Most experts justified their uncertainty and low 
estimates highlighting that the contribution of biofuels will be limited by feedstock 
availability, by the competition for land use for energy or food purposes, and also by the 
competition for the use of biomass in the production of heat and electricity.  

The outputs of the ICARUS expert elicitation process on biofuel technologies presented 
in this report should help to fill the gap of data and information, serving as an input to 
integrated assessment and energy models in order to better mimic the process of 
technological change of biofuel technologies. The results provide important insights on 
the main challenges to be addressed to ensure the success of the technology, and can 
guide policy-makers and researchers in drafting and implementing efficient policies in 
support these technological options. 
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Annex I: Elicitation protocol  

Self-evaluation of expertise  

Please indicate how you would evaluate your level of expertise with respect to each of the following 
components of biofuel production inputs, processes and technology: 

 Not 
familiar 

Basic 
knowledge 

Good 
knowledge 

Expert 
knowledge 

Among top 
experts 

Feedstock 
Woody       
Grassy      

Coal + Biomass      
Algae      

Microorganism (3rdgen)      
Other (specify)…………...      
Other (specify)…………...      

Conversion processes 
Fast-pyrolysis      

Gasification      
Hydrolysis      

Algal oil extraction      
Algal Hydrogenation      

3rd Gen process      
Other (specify)…………...      
Other (specify)…………...      

Refining Processes 
Refining of bio-oil      
Fischer-Tropsch      

Methanol Synthesis      
Ethanol Synthesis      

Fermentation      
Transesterification      

Other (specify)…………...      
Other (specify)…………...      
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Questionnaire 

We are interested in understanding what specific conditions will lead to the commercial success of second 
and third generation biofuel technologies and their diffusion thereafter. To achieve “commercial success” 
they will have to become economically competitive in comparison to conventional fossil fuels (with or without 
considering a price on carbon).  

Evaluation of the status of the technology and barriers to commercial success 
In this section we are interested in understanding which elements of the biofuel production path represent 
potential barriers to the commercial success of the technology and how RD&D might help in overcoming 
these barriers. Figure A-1 shows a simplified representation of the innovation chain which indicates the 
stages of the innovation, adoption and the diffusion process.  

 
Figure A-1: Simplified representation of the innovation chain (the existing feedbacks are not represented in the 
figure). Source: IEA (2008). 

In order to evaluate the necessity of substantial advancements to reach commercial success, please insert a 
number from 1 to 3 for each feedstock, conversion process and refining process: 

1 = Current status is excellent 

2 = Advances are needed 

3 = Substantial advances are needed 

Then, where necessary and according to your expertise, identify the main barriers and specify which stage of 
the RD&D process is most needed to be improved considering the following categories: 

BASIC RD&D, includes the development of new feedstocks; improvement of conversion processes and their 
efficiency (e.g., developing catalyst for gasifiers that are less susceptible to impurities and longer lifetime); 
improvements in terms of feedstock pre-treatment (e.g. combination of physical and chemical processes for 
the bio-chemical path of conversion), and enzymes (e.g. cellulae for enzymatic hydrolysis of ligno-cellulosic 
feedstock); advancement in the understanding of fuel properties (e.g., tar production); …  

ENGINEERING AND APPLIED RD&D, includes improvements in the design of machines; controlling mixed 
fuel inputs (different biomass feedstocks but also co-processing of biomass and coal); improving handling of 
fuels and materials with different physical and chemical properties; developing large scale applications, 
reducing cost and increasing efficiencies; … 
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DEMONSTRATION, includes construction of a pilot project to test production on large scale and exploit 
learning-by-doing effects or reducing the cost of feedstocks, (for example by reducing the logistic and supply 
chain challenges); … 

 Evaluation Specific barriers Type of RD&D 
 1 = Current status excellent 

2 = Advances needed 
3 = Substantial advances 

needed 

 A= Basic RD&D 
B= Applied RD&D 
C = Demonstration 

Feedstock 
Cellulosic biomass    

Algae 
 

   

Microorganism  
(3rd generation) 

   

Other 
(specify)………. 

   

Other 
(specify)………. 

   

Conversion processes 
Fast-pyrolysis 

 
   

Gasification 
 

   

Hydrolysis 
 

   

Algal oil extraction    
Algal 

Hydrogenation 
   

3rd generation 
conversion 

   

Other 
(specify)………. 

   

Other 
(specify)………. 

   

Refining processes 
Refining of bio-oil    
Fischer-Tropsch                

         
   

Methanol Synthesis    
Ethanol Synthesis    

Fermentation  
 

   

Transesterification    
Other 

(specify)………. 
   

Other 
(specify)………. 

   

 
 
Please, indicate which of the identified barriers could not be overcome with an increase in the level of 
investment in RD&D: …………………………………………………………………………………………………… 
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Evaluation of RD&D Budget allocation 
We are interested in assessing how the RD&D budget should be allocated over the period 2010-2030 among 
the different processes which may make biofuel technologies commercially successful in 2030. We are 
aware that the RD&D allocation would change over time. However, for simplicity, we will assume that the 
allocation you will choose will be replicated every year until 2030. Please factor this into your estimates. 

Consider the current annual budget and assume that it corresponds to 100 chips. Please allocate these 
chips among the selected research areas by writing the number of chips in each cell: 

0 chips = there is no need for RD&D spending in this area for the given technology (e.g. technology is 
already mature; further advances are not foreseeable; …) 

> 0 chips = with RD&D spending in this area the technology is more likely to be commercially successful in 
2030. 

  Number of chips 
 

Feedstock 
 

 Cellulosic biomass  
 Algae  
 Microorganism (3rd generation)  
 Other:………………………..  

 
Conversion processes 

 

 Fast-pyrolysis  
 Gasification  
 Hydrolysis  
 Algal oil extraction  
 Algal Hydrogenation  
 3rd conversion process  
 Other: …………………………….  
Refining processes  
 Refining of bio-oil  
 Fischer-Tropsch  
 Methanol Synthesis  
 Ethanol Synthesis  
 Fermentation  
 Transesterification  
 Other: …………………………..  
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Evolution of biofuel costs in different RD&D funding scenarios 
We are interested in analysing the evolution of the expected cost of biofuels for transportation under different 
RD&D funding scenarios. The aim is then to assess whether biofuels will become competitive with fossil 
fuels (with or without accounting for a carbon tax). Cost competitiveness does not necessarily imply 
immediate and extensive diffusion of the technology, as there might exist other barriers to diffusion that we 
will investigate in the subsequent section. For now, let us concentrate on cost improvements. 

Fuel production costs should be estimated considering the total annual costs of producing a unit of biofuel. 
Total estimated costs include annual capital costs, operating and maintenance costs (including maintenance, 
consumables, labour, waste handling), biomass feedstock costs and costs of electricity supply/demand (fixed 
power price). No incentive or subsidy for biofuels should be accounted for. 

As an example, Table  spells out the percentage of costs which can be attributed to feedstock, capital costs 
and Operation and Maintenance (O&M) for selected technologies. It also lists the assumptions about 
technology efficiency and the plant capacity necessary to calculate such estimates.  

 

BREAKDOWN

Value % Value % Value % Value % Value % Value %

Capital 0,20 0,38 0,27 0,45 0,24 0,56 0,24 0,50 0,40 0,56 0,40 0,51
O&M 0,07 0,13 0,14 0,23 0,06 0,15 0,06 0,13 0,10 0,14 0,15 0,19
Biomass 0,22 0,42 0,22 0,36 0,23 0,54 0,20 0,43 0,28 0,39 0,28 0,36
Costs/Income	  Power 0,04 0,07 -‐0,03 -‐0,05 -‐0,11 -‐0,25 -‐0,03 -‐0,06 -‐0,07 -‐0,09 -‐0,04 -‐0,06

TOTAL	  COSTS	  	  $2005/lge 0,53 0,60 0,43 0,47 0,71 0,79
Assumptions	  for	  Cost	  

Estimates:
Plant	  scale

Efficiency

Electricity	  is	  sold	  (if	  co-‐produced)	  
or	  bought	  at

Economic	  lifetime
Technical	  lifetime

Interest	  rate
Capacity	  factor

Delivered	  Feedstock	  costs

Processing	  of	  Feedstock

O&M	  Costs

FTL	  with	  CCS
Methanol	  From	  
Gasification

Cellulosic	  Ethanol
Hydrogen	  from	  
Gasification

FT	  Diesel FTL	  without	  CCS

	  0.04	  $2005/kWh 0.06	  $2005/kWh

Ethanol:	  58.9%,	  Methanol:	  34.9%,	  Hydrogen:	  34.8%,	  FT	  Diesel:	  42.1% 43.3%	  FTL	  out/energy	  in	  (equal	  to	  221	  lge/dt)

Source:	  Hamelinck	  &	  Faaij	  (2006) Source:	  Larson	  et	  al.	  (2010)

400	  MWHHV	  biomass	  input 614	  MWHHV	  biomass	  input

Methanol	  and	  hydrogen:	  4%.	  Fischer–Tropsch:	  	  fixed	  part	  (4%)	  and	  a	  part	  decreasing	  with	  scale.	  
Ethanol:O&M	  very	  dependent	  biomass

	  4%	  of	  total	  plant	  cost

91%	  of	  time	  (8000	  hrs/yr) 90%	  of	  time	  (7885hrs/yr)
2.5-‐3.7	  $2005/GJHHV 3.6	  $2005/GJHHV	  (corn	  stover)

wet	  chipped	  biomass	  (30%	  moisture),	  drying	  to	  10–15%	  and	  pulverisation
corn	  stover	  (at	  20%	  moisture),	  ground	  before	  
processed

15	  years 20	  years
25	  years 30	  years
10% 7%

 
Table A-1: Breakdown of selected cost estimates and main assumptions for their calculation. 

 
Biofuel production costs depend on (assumptions about) the following factors:    

• Feedstock Yields, defined as dry ton of feedstock per hectare of land; 

• Plant Capacity, defined as the amount of processed biomass per day and measured in dry tons/day; 

• Plant Lifetime, defined as the useful years of functioning of a plant ; 

• Operation and Maintenance Costs, usually calculated as a percentage of Capital Costs; 

• Technology Efficiency, defined as litres of gasoline equivalent per dry ton of feedstock supplied. 

The current status of the above characteristics could be improved via further RD&D in order to lower the 
costs of biofuel production. To understand how technical characteristics influence costs, please refer to the 
formulae in the Annex II. 
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In order to answer the questions on biofuel costs, please feel free to use the unit of measure you are most 
familiar with (e.g., cost per GJ, per barrel of oil equivalent, per volume and $US instead of €); conversions 
will then be carried out according to Appendix B. 

If you have in mind a specific amount of annual RD&D investment (for the next 20 years) and/or a time 
horizon that would allow biofuel technologies to achieve commercial success, please state it now. 

………………………………………………………………………………………………………… 

 

A) Please, estimate the expected production cost of biofuel in 2030, under the following public RD&D 
investment scenarios  

Scenario 1: Suppose that research in the field of biofuel receives the current yearly amount of RD&D 
expenditures for each year until 2030. Please provide your estimates of the production cost of biofuel 
under the above funding scenario. 
Please, draw the segment of expected module costs in the graph provided in the following page. 
 
(Other RD&D scenarios will be proposed to you during the interview, contingent on your response.) 

To minimize the overconfidence bias, we remind you to reason in the following way: 

1. Use a pencil and eraser, rather than pen, so that you may revise your answers as necessary. 
2. Think of the highest possible value and the lowest possible value. This is your total estimate range. 
3. For each process, provide the 90th percentile estimate of the characteristics in question. 
4. Ask yourself if there are any circumstances that would result in a value higher or lower than the value 

that you have reported. If so, please revise your estimate. 
5. For each process, provide the 10th percentile estimate of the characteristics in question. 
6. Ask yourself if there are any circumstances that would result in a value higher or lower than the value 

that you have reported. If so, please revise your estimate. 
7. Having set your 10th and 90th percentile estimates, please provide your 50th percentile estimate, or best 

estimate. 
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B) Please, state the probability that biofuel production costs will be equal or below the provided breakthrough 
values within 2030 under the following public RD&D investment scenarios 

 
Scenario 1: Suppose that research in the field of biofuel receives the current yearly amount of RD&D 
expenditures for each year until 2030. Please complete the table below. 
 
(Other RD&D scenarios will be proposed to you during the interview, contingent on your response.) 
 
 Probability 
Production cost of biofuel Scenario 1 Scenario 2 Scenario 3 Scenario 4 

≤ 0.73 $/lge     

≤ 0.40 $/lge     

≤ 0.20 $/lge     

 
 
When providing production costs, were you referring to a EU country? 
□  yes 
□  no 
 
In this section, we have asked you to discuss the production cost of biofuel. Please indicate whether upon 
answering the questions you were referring to the technology that you consider to be the most promising or 
to a mix of biofuel processes.  
 
………………………………………………………………………………………………………… 
 
Upon answering the question did you have in mind an optimal allocation of RD&D effort as you specified 
using ‘chips’ in section 3 or the current allocation as provided in figure 5? 
 
………………………………………………………………………………………………………… 
 
 
What are the technological characteristics that would play a major role in constraining the decrease in biofuel 
production cost? 
 
………………………………………………………………………………………………………… 
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Discussion questions on knowledge spillovers and externalities 
Which of the following countries do you think is more likely to be the first to reach a commercially successful 
breakthrough? 
□  Europe 
□  USA 
□  Japan 
□  China 
□  Brazil 
□  Other (specify) …………………………… 
 
Do you think that the INNOVATION resulting from the EU R&D program will be affected by other countries’ 
R&D programs and innovation (KNOWLEDGE SPILLOVERS)? 
□  SECRECY/NO COOPERATION – NO KNOWLEDGE SPILLOVERS  
□  COOPERATION – KNOWLEDGE SPILLOVERS – NEED FOR OWN R&D TO DEVELOP ABSORPTIVE 
CAPACITY 
□  NO SECRECY – FULL KNOWLEDGE SPILLOVERS – LITTLE ROLE FOR OWN R&D PROGRAM   
Are you concerned about negative externalities which might derive from the diffusion of second and third 
generation biofuel technologies and might impact the environment and society as a whole? 
 
………………………………………………………………………………………………………… 
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Diffusion 
In this last section, we are interested in assessing the conditions that would set back or even prevent the 
diffusion of biofuel technologies, even assuming they have become competitive with fossil fuels. 
 
We have selected a number of factors which could represent the non-technical barriers to the diffusion of 
biofuels technologies. Please confirm whether the proposed barriers are important and if necessary please 
add any further factors of constraint. 
 
Using the table below assess the importance of each of the following factors limiting the diffusion of biofuel 
technologies, by providing a number from 1 (low) to 3 (high). Please also select from the following list the 
potential solutions to overcome the barriers that you consider as the most important and if necessary add 
specific comments. The suggested solutions include: 

• policy interventions,  
• additional investments,  
• education, 
• marketing. 

 
 

Potential barriers Importance of the barrier 
1 low 

2 medium 
3 high 

Possible solutions and comments 
PI policy interventions, 

AI additional investments, 
ED education, 
MK marketing. 

 
Food and land use competition 

  

 
Environmental externalities 

  

 
Geographical constraints 

  

 
……………………………… 

  

 
……………………………… 

  

 
……………………………… 

  

 
In this next section, assume that in 2030 biofuel technologies will be technically ready to compete with 
conventional fossil fuels. Considering the non-technical barriers that you have previously identified, we now 
ask you to provide your estimates on the diffusion trend of private vehicles that run on biofuel. 
 
Since the date of invention, technologies can experience slow adoption or fast adoption. Figure A-2 portrays 
a typical s-curve describing technology adoption. If adoption is slow, many years elapse between the date of 
first market appearance and the adoption of technology by the majority of users. Examples of different 
speeds of adoption are provided in Table A-2 for different automotive technologies. 
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Figure A-2: S-curve of technology adoption. 

 
 
 

 
Table A-2: Different percent penetrations (of new car sales) for automotive technologies. The most rapidly 
adopted technologies were motivated by safety or regulatory pressure. Source: Sandalow (2008). 

 
We propose three scenarios, which correspond to the specific penetration rates of vehicles in the private 
vehicles market that on biofuels. In order to have a benchmark, consider that fully-flex vehicles in Brazil 
accounted for 16% of new market sales in 2004 (year in which they were firms marketed) and for 74% in 
2008.  
 
Please, assign a probability to the following scenarios: 
 

 Percent penetration of biofuels by 2050 

 20% 50% 70%  

OECD    = 100% 

Fast growing    = 100% 
Developing 
countries    = 100% 

 
We would like these three scenarios to loosely represent all possible options, so we ask you to ensure that 
the sum of probabilities is 100%. 
 
The diffusion trend of biofuel vehicles will eventually reach a ceiling. Can you specify what this ceiling may 
be (expressed in percent penetration of cars running on biofuels)?  
 
………………………………………………………………………………………………………… 
 
What do you believe will be the major causes of the ceiling?  
 
………………………………………………………………………………………………………… 
 
 
Once the technology reaches the market in the first country, how long will it take for the technology to be 
diffused to other OECD countries? 
□  no time lag 
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□  5 years 
□  10 years 
□  more (specify) …………. 
  
Once the technology reaches the market in the first country, how long will it take for the technology to be 
diffused to fast growing countries? 
□  no time lag 
□  5 years 
□  10 years 
□  more (specify) …………. 
 
Once the technology reaches the market in the first country, how long will it take for the technology to be 
diffused to other non OECD countries? 
□  no time lag 
□  5 years 
□  10 years 
□  more (specify) …………. 
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Annex II: Cost of biofuels 

For the sake of simplicity, the cost of biofuel (expressed in $/lge) can be estimated by using the following 
equation, which combines key parameters such as feedstock costs, efficiency, capital costs and operational 
and maintenance cost. 

)( M&OCC
E
CfC CAP ++=

 
For each technological path, Table A-3 provides an example of the values of the different parameters and 
the final cost of biofuel. These examples are roughly in line with the current estimated costs of second 
generation biofuels. Improvements of the technological parameters would result in expected costs that can 
be deduced using the formula above. 
 

Table A-3: Costs of biofuel technologies as a function of technical characteristics.  

Path Cf 
$/lge 

E 
% 

CCAP 
$/lge 

CO&M 
$/lge 

Cost of 
biofuel $/lge 

FTL without CCS 3.60 43 0.40 0.10 0.78 

FTL with CCS 3.60 43 0.40 0.15 0.83 

Methanol 2.50 53 0.20 0.07 0.51 

Cellulosic Ethanol 2.50 59 0.27 0.14 0.55 
Hydrogen from 
Gasification 3.70 35 0.24 0.06 0.64 

FT Diesel 3.70 42 0.24 0.06 0.58 

 

 

 


