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About the Workshop
The promise, prospects, and public policy trade-offs related to the development, production, 
and use of second-generation biofuels in road transport were addressed in an executive session 
convened at The Henry Ford Museum in Dearborn, MI, on April 7th and 8th, 2015. The 
workshop brought together 28 of the world’s leading experts from the fields of policy, science, 
and business for an intensive two-day session (see the Appendix for a list of the participants). 
The discussions were off-the-record, with each participant present in his or her own capacity, 
rather than representing his or her organization. This report is a summary of the main points 
and issues raised over the two days. It has been reviewed by all the participants. The summary is 
intended to reflect the breadth of the discussion, rather than to suggest any form of overall 
consensus among the participants.

The workshop continued and built upon discussions started at a previous workshop in November 
2014 in Cambridge, MA. The discussions then focused on the sustainability of cellulosic supply 
chains and government policy options to scale up cellulosic biofuels while ensuring that environ-
mental objectives are met. The full workshop report can be downloaded at http://belfercenter.ksg.
harvard.edu/publication/24889/commercializing_secondgeneration_biofuels.html.

Both workshops were hosted by the Energy Technology Innovation Policy project within the 
Belfer Center for Science and International Affairs at the Harvard Kennedy School. While we are 
grateful for the support of Shell International Petroleum, LLC and funds from the Roy Family 
fund, responsibilities for the content of this summary report are those of the authors and do not 
represent the views of Harvard University or its donors. 

Energy Technology Innovation Policy Group
The Energy Technology Innovation Policy (ETIP) research group is a joint effort between the 
Belfer Center’s Science, Technology, and Public Policy Program (STPP) and its Environment and 
Natural Resources Program (ENRP). 

The overarching objective of ETIP is to determine and then seek to promote the adoption of ef-
fective strategies for developing and deploying cleaner and more efficient energy technologies. 
ETIP works on a variety of technologies, including renewable energy, carbon capture and storage, 
nuclear power, natural gas, biofuels, and energy efficiency. 

ETIP researchers seek to identify and promote strategies that countries can pursue, separately and 
collaboratively, for accelerating the development and deployment of advanced energy options that 
can reduce conventional air pollution, minimize future greenhouse-gas emissions, reduce depen-
dence on fossil fuels, facilitate poverty alleviation, reduce stress on water resources, and promote 
economic development. ETIP’s focus on several countries rather than only one not only multi-
plies directly our leverage on the world scale and facilitates the pursuit of cooperative efforts, but 
also allows for the development of new insights from comparisons and contrasts among condi-
tions and strategies in different cases.
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Highlights

• Several fuel options exist to steeply reduce net carbon emissions from road transport. They in-
clude electricity and hydrogen produced from renewable sources and sustainable, low-carbon
biofuels. However, none of these fuel options can presently compete with conventional fossil
fuels, and in the short term marginal emission reductions appear easier to achieve through
engine efficiency improvements, including partial electrification in the form of hybrid electric
vehicles, and selected first-generation biofuels. One of the key challenges is therefore to attract
continued investment in R&D to bring down the costs of alternative-fueled vehicles and low-
carbon biofuels.

• Second-generation biofuels are now being produced at limited commercial scale in the United
States, mainly in the form of cellulosic ethanol from different feedstocks. But investments in
cellulosic bio-refineries will continue to depend on government subsidies for years to come.
Consumers have not been prepared to pay a price premium for biofuels, as evidenced by low
uptake of E85 by owners of flex-fuel vehicles. At the same time, with full production cost still
above 5 USD per gallon, cellulosic biofuels are unlikely to become competitive with conven-
tional gasoline and hybrid electric vehicles in the mass market for road transportation for the
foreseeable future. Hence the need for direct government subsidies to make investments in
cellulosic biofuels attractive.

• There is a vigorous debate on the size of the carbon footprint of biofuels and, while there has
been some convergence between regulatory bodies in the US, this debate is likely to continue
for the foreseeable future. The environmental uncertainty surrounding biofuels has led some
to question the basis for support, while low gasoline prices and record U.S. production have
reduced public enthusiasm for direct government subsidies. Participants expected that the po-
litically powerful agricultural constituency will continue to play an important role in support-
ing biofuels policies. But investors will have to accept the risk of further decline in the societal
legitimacy of biofuels during the lifetime of their investments.

• A number of participants argued that direct government subsidies for second-generation 
biofuels are justified because of the technology’s option value. Should the impacts of cli-
mate change worsen, society will value the ability to rapidly scale-up low-carbon biofuels. 
Especially for heavy duty, long-range vehicles and aircraft, few alternatives to low-carbon bio-
fuels exist. But without government support in the short and mid-term, the option of switch-
ing to cellulosic biofuels is unlikely to be available. If direct subsidies to second-generation 
biofuels are to be justified on the basis of the technology’s option value, the subsidies will need 
to be made conditional on demonstrated climate benefits and the pursuit and maturation of 
innovative technologies. If direct subsidies are only used to deploy mature technologies, no 
new option value will be created.

• Biofuels can be integrated more easily into the existing vehicle and fuel distribution infra-
structure than electricity or hydrogen. Bio-ethanol, mostly from first-generation feedstocks,
now contributes roughly 10% to US gasoline demand by volume, far more than electricity
or hydrogen combined. But any growth beyond current levels will be more difficult, because
increased use of higher ethanol blends will require investments in compatible vehicles and
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distribution infrastructure. A number of strategies exist to breach this ‘blend wall’, but pur-
suing any one of them effectively requires a high level of coordination between investment 
decisions made by farmers, fuel producers, retailers, car manufacturers, and consumers—a 
coordination that does not currently exist.

• Mid-level ethanol blends (E20-E40) appealed to many participants as economically and 
technically attractive options to breach the blend wall, because they allow engine and vehicle 
designers to exploit the octane properties of ethanol without incurring the lower energy con-
tent penalty of high-level blends. However, capturing the benefits of ethanol requires blend-
specific engine optimization and vehicle designs. Flex-fuel vehicles may only partially be able 
to take advantage of the properties of mid-level blends.

• The Renewable Fuel Standard is at a crossroads. First, many participants emphasized that 
stable, predictable demand is the highest near-term priority to develop second-generation 
biofuels. But the overambitious targets under the RFS, in combination with controversy about 
the EPA’s implementation strategy, have created large uncertainty about the future of the RFS 
blending mandates for cellulosic biofuels. For the RFS to attract further investments in cel-
lulosic bio-refineries, EPA will need to shape new, more realistic expectations for the develop-
ment of cellulosic blending mandates in the medium term, and create regulatory certainty 
for investments to fulfil these new expectations. Second, breaching the blend wall will require 
complementary investments along the supply chain, including farmers, fuel producers, retail-
ers, vehicle manufacturers, and consumers. This will require the federal government to set 
strategic priorities and, possibly, provide additional policy support for specific actors along 
the supply-chain. If ethanol mandates are raised without such coordination and policy sup-
port, the cost burden on consumers might rise sharply.

• Besides bio-refineries, participants highlighted two links in the supply-chain—farmers and 
retailers—that may become critical bottlenecks if production and consumption of cellulosic 
biofuels are to be expanded. Participants argued that production is hindered by the lack of 
commoditized cellulosic feedstocks, and that the current policy environment does not provide 
sufficient incentives for farmers to switch to dedicated cellulosic feedstocks on a large scale. 
Consumption, meanwhile, is hindered by the fact that fuel retailers are reluctant to invest 
in fueling infrastructure for higher ethanol blends, because they face significant uncertainty 
about future consumer demand for different biofuel blend products, the compatibility of dif-
ferent blends with existing infrastructure, and the actual cost of introducing new products. 
Attracting significant investments by these two groups of actors will require a strong con-
sumer pull as well as innovative, regionally focused policy approaches.
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Introduction

The promise of second-generation biofuels

The challenge of reducing greenhouse gas emissions in the transport sector. US road transport was 
responsible for about 1.8 billion metric tons of CO2 in 2012, or about 28% of total US greenhouse 
gas emissions. Under business-as-usual assumptions, these emissions will decline by only about 
5% between 2014 and 2040, according to projections by the Energy Information Administration 
(EIA).1 Low-carbon biofuels are one of few fuel options available to mitigate CO2 emissions from 
road transport over the coming decades, especially in the case of heavy-duty vehicles, marine ves-
sels, and aircraft. 

The limits to first-generation biofuels. Biofuels now meet about 3% of the global transport fuel 
demand, and are produced using 2-3% of the global arable land. The two dominant liquid biofu-
els are bioethanol and biodiesel, with roughly 80% and 20% of the market, respectively.2 Current 
production volumes are almost entirely so-called first-generation biofuels, understood here as 
fuels produced from sugar, lipids, or starch directly extracted from biomass feedstock. Most com-
mon in the United States and Brazil is ethanol made from corn and sugarcane, respectively, while 
the European Union primarily uses biodiesel made from rapeseed, soy, palm trees, and waste oil. 
Total global production of biofuels has increased rapidly over the last decade, from about 300,000 
barrels per day (bbl/d) in 2000 to almost 2 million bbl/d in 2013.3 About half of the global total is 
US corn ethanol (1 million bbl/d in December 2014), which is blended into gasoline, as required 
by the 2007 Renewable Fuel Standard (RFS), and now makes up roughly 10% of US gasoline 
consumption by volume. However, in recent years significant concerns have been voiced about 
the impact of large-scale production of first-generation feedstocks on food availability, food and 
livestock-feed prices, deforestation, and water resources, as well as about the net impacts of some 
biofuel pathways on climate change and local air pollution. There is a growing belief that there is a 
limit to the volumes of first-generation biofuels that can be produced sustainably.

What future for second-generation biofuels? Second-generation biofuels—also often referred to 
as cellulosic biofuels—are fuels derived from ligno-cellulosic material, e.g., from agricultural 
residues, forestry residues, waste, and purpose-grown non-food feedstocks (e.g., switchgrass, 
eucalyptus, and poplar). Studies suggest that it is possible to produce large quantities of cellulosic 
feedstocks with low net carbon emissions and without competing for land with food production, 
feed crops, or forests. Second-generation biofuels therefore hold the potential to significantly 
increase the available quantities of sustainable biofuels without raising public concerns about a 
trade-off between food and fuels. But if they are to capture a significant share of the market for 
transportation fuels, they will have to overcome a number of challenges along the supply-chain, 
ranging from a lack of investments in fuel and feedstock production to insufficient distribution 
infrastructure and consumer demand.

1 EIA, 2014. Annual Energy Outlook 2014. US Energy Information Administration (EIA), Washington, DC.
2 IEA/IRENA, 2013. Production of Liquid Biofuels: Technology Brief. Paris, France.
3 EIA, 2014. Annual Energy Outlook 2014. US Energy Information Administration (EIA), Washington, DC.
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Challenges to scaling up second-generation biofuels

Attracting supply-side investments. After several years of delay, second-generation biofuels are now 
being produced at limited commercial scale in the United States, with several bio-refineries in the 
range of 10-25 million gallons per year of capacity in operation. As one participant put it:

“The phantom fuel is a real fuel now.”

Most current second-generation bio-refineries produce cellulosic ethanol from different feed-
stocks. But cellulosic feedstock availability and total bio-refinery capacity are still small compared 
to the goals espoused by governments and other stakeholders. The Environmental Protection 
Agency (EPA) has been forced to revise downward the mandates under the Renewable Fuel 
Standard (RFS2) every year since 2010. Instead of the 1.75 billion gallons expected to be produced in 
2014 in the US, actual production was 33 million gallons—almost two orders of magnitude lower (see 
Figure below).
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Figure 1: Left: Development of second-generation biofuels in the US (US EPA; *US second-generation biofuels 
production capacity in Biofuels Digest’s Advanced Biofuels Projects Database Q3/2012). Right: Series of fore-
casts of US E85 consumption in EIA’s Alternative Energy Outlook reports 2008-2014.

Finding ways to stimulate demand. On the demand-side, bio-ethanol, the dominant biofuel in the 
United States, faces the so-called ‘blend wall’, a term that refers to the difficulty in incorporat-
ing more than 10% ethanol into gasoline supply (i.e., going beyond E10), as implied by the RFS2 
targets. The blend wall problem is aggravated by the fact that overall gasoline consumption fell far 
short of projections in 2007; the blend wall limit of 10% was therefore reached at much lower ab-
solute ethanol volumes than anticipated. Increased adoption of high-ethanol blends, most impor-
tantly E85, seemed to be the option that was most consistent with RFS targets. But despite lower-
than-projected gasoline consumption, the development of EIA forecasts of E85 demand since 
2008, shown in Figure 1 above, indicates that the initial optimism about high-ethanol blends has 
faded, in part because of uncertainty about EPA’s ongoing implementation of the RFS standards 
in excess of the blend wall, difficulties attracting investments in distribution infrastructure, and a 
reticence by consumers to switch to high-ethanol blends.
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About this workshop

In this context, the Harvard Biofuels Workshop sought to foster an understanding of the future 
of second-generation biofuels. Specifically, the workshop aimed to address three broad questions: 
How do second-generation biofuels compare with other low-carbon transport technologies? How 
should policy and fuel producers engage with consumers, farmers, retailers, and other key audi-
ences to drive demand for second-generation biofuels? And is there a case for direct government 
support for second-generation biofuels? 

The workshop built in part on the outcomes of a previous workshop on second-generation bio-
fuels conducted by ETIP in November 2014 in Cambridge, MA. The full workshop report can be 
downloaded at http://belfercenter.ksg.harvard.edu/publication/24889/commercializing_second-
generation_biofuels.html.

The workshop discussions are summarized in the following five subsections, covering (i) the 
competitive landscape for second-generation biofuels; (ii) the case for direct government subsi-
dies; (iii) possible pathways around the blend wall; (iv) bottlenecks in the supply-chain; and (v) the 
broader outlook for the future of second-generation biofuels.

1. The Competitive Landscape

How do second-generation biofuels compare with other low-carbon transport technologies?

Biofuels are one of several options to reduce the dependence on fossil fuels in the transport sec-
tor. Alternative pathways include improved internal combustion engine (ICE) efficiency, (partial) 
electrification, hydrogen, natural gas, synthetic liquid fuels such as methanol, and combinations 
thereof. The business case for any of these options critically depends on gasoline and diesel prices, 
which have dropped by more than half in 2014 in most US states, putting pressure on the econom-
ics of low-carbon transportation technologies. But the different options also compete with each 
other for scarce R&D resources, market share, and government subsidies. Consumers choosing 
between the different alternatives face trade-offs in terms of initial cost, fuel cost, safety, driving 
range, local emissions, the volumes of GHG emissions, as well as fueling time and infrastructure 
availability. Whether or not second-generation biofuels will play a significant role in the transport 
sector in the coming two decades therefore depends on how consumers and societies value the dif-
ferent attributes, and how the performance of different low-carbon technologies on these attributes 
develops over time. The discussion focused primarily on battery-electric vehicles and hydrogen as 
alternatives to cellulosic biofuels.

1.1  What drives consumer decisions? While participants noted that priorities differ be-
tween individuals and specific market segments, the discussion centered on a relatively 
small number of criteria that drive the majority of consumer decisions: cost, range, 
local air pollutants, and the appearance of the vehicle. Climate change was discussed 
as an important driver of long-term trends in transport sector, but participants ex-
pected that this issue will enter into consumer purchasing decisions only in response 
to public policy measures. Local air pollution, on the other hand, was named by 
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several participants as a potentially significant direct driver of demand for alternative 
vehicles.

1.2  Biofuels as relatively near-term, low-barrier option. Unlike battery-electric vehicles 
(BEVs) and hydrogen, cellulosic biofuels can, to some extent, be utilized within the 
existing vehicle fleet and fuel distribution infrastructure. This compatibility with the 
existing system means that cellulosic biofuels face lower barriers to market penetra-
tion in the near term. While the comparison becomes less unanimous for new vehicle 
purchases and for larger volumes of cellulosic biofuels, which may require significant 
investments in distribution infrastructure (discussed in Sections 3 and 4), BEVs in 
particular are still significantly more expensive than vehicles with internal combustion 
engines due to high battery costs. In addition, depending on the type of charging de-
manded by consumers, electric vehicles may face greater costs in supporting charging 
infrastructure. The cost penalty of fuel-cell vehicles is smaller, but hydrogen produc-
tion is not yet able to exploit economies of scale—one current price estimate was $19 
per kg, which implies a fuel cost higher than cellulosic biofuels—and the infrastruc-
ture costs are still prohibitive (or “practically infinite given the small number of users”, 
as one participant put it).

“In the next 10 years, only people in very few cities will buy a hydrogen car.”

 However, second-generation biofuels are presently not cost-competitive if compared 
to engine efficiency improvements, including partial electrification in the form of 
hybrid electric vehicles, and first-generation biofuels. One of the challenges is thus to 
reduce advanced biofuel production costs through continued investments in R&D.

1.3  Biofuels lack a self-sustaining market niche. Bio-ethanol, mostly from first-generation 
feedstocks, now contributes roughly 10% to US gasoline demand by volume, far more 
than electricity or hydrogen combined. But any growth for cellulosic ethanol will 
push bio-ethanol consumption beyond the ‘blend wall’ (see Section 3). Breaching 
the blend wall will require consumers to choose higher ethanol blends at the pump, 
possibly at a price premium. So far, however, consumers have not been prepared to 
pay a price premium for biofuels, as evidenced by low uptake of E85—which is often 
more expensive than gasoline on an energy basis—by owners of flex-fuel vehicles. 
Customers appear more willing to pay a price premium for fuel options that are more 
conspicuously “green” —in particular electric vehicles. Several participants noted 
that in order to attract consumers, biofuels may need a more compelling “narrative.” 
Higher-performance fuels could provide such a narrative (see Section 3.1). In the ab-
sence of such a narrative, and with full production cost of second-generation biofuels 
still above 5 USD per gallon, continued government subsidies will be needed to drive 
second-generation biofuels down the learning curve.

1.4 Addressing the variability and complexity of environmental impacts. Both electric ve-
hicles and hydrogen in fuel cells have a wide range of life-cycle emissions. Depending 



Belfer Center for Science and International Affairs  |  Harvard Kennedy School 7

on how the electricity is generated, they may be essentially carbon-free or have higher 
well-to-wheel emissions than gasoline. Hydrogen fuel-cells, too, differ significantly 
in their environmental footprint depending on the fuel source (e.g., coal, natural gas, 
or renewable energy). But in spite of these wide ranges, the environmental impacts of 
both electric vehicles and fuel-cell vehicles (when the electricity or the hydrogen are 
not derived from biomass) are less difficult to assess than those of biofuels, which de-
pend critically on specific local ecological conditions and supply-chain strategies, and 
can thus differ substantially between pathways, regions, and even individual projects.

“What makes it easy for NGOs to get behind EVs is the simplicity [of their environmental 
footprint]. Biomass is much more challenging.”

 Participants emphasized that models are increasingly able to capture these differences 
between biofuel pathways, and models continue to be updated, making the complex-
ity more and more manageable for policymakers (see also Section 2.3). But the vari-
ability often remains difficult to assess at the pump, and even within specific pathways, 
variability can be significant due to differences in farming practices, land use, fertilizer 
use, etc. Reducing and managing this variability about environmental impacts will be 
one of the main challenges for second-generation biofuels in comparison to other low-
carbon transport technologies.

1.5 An all-of-the-above strategy? The discussion repeatedly returned to questions of path-
dependence of the vehicle fleet and distribution infrastructure, and the potential 
positive and negative consequences of going too far down one option. On the one 
hand, a critical mass is needed for any of the discussed technologies to become cost 
competitive with oil-based transportation options. On the other hand, building up 
large capital stocks that work only with specific technological options may lock-out 
new and potentially more cost-effective options to reduce emissions later on. In view 
of the long timelines of previous energy transitions—often 30-40 years or more—par-
ticipants emphasized that the ‘precautionary principle’ should not deter investments in 
infrastructure, but that we should encourage investment in several different pathways 
at the same time. As one participant put it:

“Each pathway has its own promised land. The biofuels community says ‘one day we are 
going to produce 500 billion gallons at competitive cost’. It’s possible, but it’s also possible 
to happen with electrification ... We don’t know which of these promised lands [will] play 
out, so we should hedge our bets. We should compare and make careful choices.”
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2. Direct Government Subsidies

Is there a case for direct government support for second-generation biofuels?

Second-generation biofuels will continue to depend on policy support for the foreseeable future. 
But do the societal benefits justify direct subsidies for second-generation biofuels? And if so, for 
how long? An intensive debate on the merits and risks of biofuels pointed toward a potential shift 
in the political rationale for government subsidies away from energy security and short-term en-
vironmental benefits toward long-term climate risks, technological innovation, and option value.

2.1  An uncertain role for energy security concerns. Participants had differing opinions on 
whether or not biofuel policy in the US could be driven by energy security concerns in 
the future. While some pointed toward the Middle East as a source of continued un-
rest and national security concerns, others pointed out that the US has discovered so 
much unconventional fossil fuels in the form of shale gas and tight oil that it appears 
unlikely that reducing oil imports will play a big role in decisions on the maintenance 
or expansion of subsidy policies for biofuels. Differing opinions also emerged on the 
role of biofuels in the recent oil price drop, with some suggesting that US ethanol can 
take some credit, while others raised doubt about the fuel’s marginal impact on Saudi 
Arabia’s decision-making. Most participants appeared to agree, however, that energy 
security now plays a less important role in the political calculus in Washington than 
when the current RFS was passed in 2007.

“I think that you can see the policy discussion moving from energy independence to 
sustainability.”

2.2 Second-generation biofuels need to demonstrate climate benefits. The main competitive 
advantage of second-generation biofuels compared to first-generation fuels such as 
corn ethanol and palm oil is the promised sustainability of the upstream business, in 
particular the carbon footprint of feedstock production. Political support for cellulosic 
biofuels critically depends on their ability to deliver on climate benefits—i.e., with-
out demonstrated climate benefits and support from the environmental community, 
moving forward with mandates for second-generation biofuels will be difficult. As one 
participant emphasized:

“Downstream substitution of liquid carbon-based fuels [with other carbon-based fuels, 
including biofuels] provides no climate mitigation benefit. ... It has to come with a net 
uptake of CO2 in the biosphere. I think the meaning of this is not fully appreciated [in 
our policy priorities].”

 While much of the abandoned land in the US would, in the words of one participant, 
“benefit from anything with roots,” other feedstock production practices release sig-
nificant quantities of CO2 into the atmosphere, and can harm soil health and ground 
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water. One participant fundamentally doubted that low-carbon biofuels can be pro-
duced in meaningful quantities, but most participants took the stance that “biofuels-
done-right” are a net benefit for the climate, and the environment more broadly, and 
are thus worth supporting, which is also the position of most mainstream environ-
mental groups.

“The environmental community is mostly interested in fossil emissions. When they have 
to choose [between fossil fuels and biofuels] they will likely accept what the agricultural 
community wants to push in terms of biofuels.”

2.3  Disagreements about how to assess and compare climate benefits of different fuels. A bio-
fuels-done-right paradigm implies a case-by-case or pathway-by-pathway assessment.  
However, while there appeared to be little disagreement about the climate benefits of 
moving from first- to second-generation biofuels, the workshop debate illustrated that 
there is no broad consensus on how to assess the well-to-pump emissions of cellulosic 
biofuels in comparison to other pathways or other fuel options. On the one hand, par-
ticipants noted that regulatory agencies such as EPA and the California Air Resources 
Board (CARB) have converged in recent years on using life-cycle assessment (LCA) to 
assess and compare the GHG emissions associated with the consumption of different 
fuels. On the other hand, participants held widely different views on what constitutes 
the ‘right’ methodology. They disagreed not only on the results for specific pathways, 
but also on epistemological questions, such as the value of results from sample plots 
for region- or nation-wide extrapolations and the appropriate system boundaries for 
calculating indirect effects. The questions of how to assess indirect emissions effects 
and how to handle them in policymaking in particular lead experts to very differ-
ent conclusions. Some even questioned whether LCA can be accepted as methodol-
ogy at all, pointing toward the inability of LCA analyses to account for the full range 
of indirect effects. The underlying disagreements appear relatively fundamental and 
the debate will continue for the foreseeable future. However, it is difficult to see what 
other analytical tool could replace state-of-the-art LCA—with system boundaries and 
baselines that are consistent with the underlying policy objectives—as methodology to 
help policymakers compare and assess the direct and indirect emissions of fuel con-
sumption. As one participant put it:

“What other tool is there?  If we are going to talk about low-carbon transport, we must 
have an accounting method and that method is LCA—done right.”

2.4 Carbon pricing by itself may not be sufficient to drive cellulosic biofuels. Participants 
noted that even if there was a meaningful price on carbon and second-generation 
biofuels were carbon neutral, the near-term climate benefit alone might not be enough 
to make advanced biofuel use competitive. Estimates suggest that this cost is cur-
rently over $200 per ton of CO2 for biofuels overall, indicating even higher cost num-
bers for second-generation biofuels.4 These estimates are much higher than current 

4  IEA, IRENA, 2013. Production of Liquid Biofuels: Technology Brief. Paris, France.
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benchmarks, such as the US Federal Government’s medium 2014 estimate of the 
global social cost of carbon ($36) or allowances in the EU ETS (~$10). Therefore, if 
biofuels are to be justified on climate grounds, direct subsidies to cellulosic biofuels 
will need to be made conditional on the pursuit of innovative feedstocks and/or pro-
cess technologies.

2.5 Direct subsidies to create options for future mitigation. The clearest case for continued 
or renewed direct government support for cellulosic biofuels that emerged from the 
discussions was the technology’s option value. Some participants noted that perfor-
mance standards, such as California’s Low-Carbon Fuel Standard, are efficient ways to 
reduce near-term carbon emission. But such policies may not provide a price signal 
that is certain and high enough to attract long-term R&D and large capital invest-
ment over the time-scales necessary to create entirely new fuel options. At the same 
time, current low-cost options, such as increased use of imported sugarcane etha-
nol or engine efficiency, may not be sufficient to achieve ambitious decarbonization 
targets. Several participants emphasized that especially for heavy duty, long-range 
vehicles and aircraft, liquid low-carbon fuels will be one of the few feasible options, 
and that creating technological options for these segments alone might justify cur-
rent or revised subsidies. Others expressed the expectation that ICE engines will drive 
most vehicles in the US for at least another 40 years, making liquid low-carbon fuels 
indispensable for the entire road transport sector if ambitious decarbonization tar-
gets are to be achieved. Reference was repeatedly made to the electricity sector, where 
decarbonization has progressed more rapidly in recent years thanks to nuclear and 
renewable energy—technologies that, as participants pointed out, had been supported 
with relatively stable subsidies over many decades. Solar and wind power, for example, 
benefited over many years from subsidized loan programs, investment tax credits, 20-
year production tax credits, and renewable electricity portfolio standards.

2.6 Is deployment indispensable to create technological options? Whether or not future 
option value requires current deployment of biofuel technologies depends on how im-
portant deployment is for technological progress. Participants emphasized that much 
uncertainty about the performance of different technologies can only be resolved 
through large-scale production, and that learning during the first 3-5 years of new 
projects is crucial for evaluating the implemented technologies and for optimizing 
process parameters. The impact of different feedstocks and different feedstock produc-
tion techniques on the environment and the agricultural system can only be evaluated 
once production reaches the level of commercial-scale bio-refineries. As one partici-
pant put it:

“We cannot keep waiting for more data, at some point we have to act. R&D does not only 
take place at lab scale.”

2.7 Cellulosic biofuels need to deliver on cost reductions in commercial-scale production. 
Amid the myriads of options in feedstock production, logistics, conversion, and fuel 
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products, fully understanding the technological and environmental potential of sec-
ond-generation biofuels will require a non-trivial number of commercial-scale refiner-
ies backed by government subsidies over an extended period of time. Political support 
for such subsidies and the ability of companies to raise capital to scale-up production 
will depend on the technological progress realized in the coming years. As one partici-
pant highlighted:

“Today I don’t see the consumer valuing CO2 and energy security, and it is unlikely that 
they will value agricultural jobs. If today’s society isn’t valuing [cellulosic biofuels]... 
[then] the business model is pretty questionable. We need to get the early plants going to 
get some confidence that we can come down the learning curve. We need data points.”

 In this context, one participant emphasized that, despite decades of R&D support for 
cellulosic ethanol and an ambitious mandate under the RFS, cellulosic ethanol in par-
ticular has failed to hold up to promised breakthroughs in production feasibility and 
competitive costs to date. One of the key questions in the next decade is if the ongoing 
investment in R&D, demonstration, and commercial-scale projects will deliver on the 
promise of cost-competitive advanced biofuels.

“[Commercializing energy technologies] cannot be done quickly, and you have to have 
winners on the way. If not, you get beaten before Congress.”

3. Strategies to Breach the Blend Wall

What are cost-effective ways to increase demand for biofuels in the next 10-15 years?

Most US investments in second-generation biofuels target the market for bio-ethanol. Demand 
for bio-ethanol was able to grow rapidly over the last decade in part because E10, a blend of 10% 
ethanol and 90% gasoline, is approved for use in all gasoline-powered vehicles by EPA and is also 
accepted by car manufacturers as a fuel that does not risk the voiding of vehicle warranties. Above 
the 10%-threshold, the so-called “blend wall,” additional investments into fueling infrastructure 
and—depending on regulations and blending levels—engine modifications become necessary. 
A number of strategies to breach the blend wall exist, including (1) the widespread adoption of 
E15 with the existing vehicle fleet5; (2) increased adoption of higher ethanol blends, such as E25, 
E30, or E85, either in dedicated and optimized engines or in flex-fuel vehicles; (3) the produc-
tion of “drop-in” biofuels that are chemically similar to conventional fuels; or (4) biofuels with 
higher blend walls such as butanol. All of these strategies—even E15, which could expand ethanol 
demand by no more than 50%—will be more difficult than the growth that bio-ethanol has had so 
far for two reasons. First, in order to reach a critical mass, each strategy will require complemen-
tary investments along the fuel supply-chain by numerous actors who face different incentives 

5 EPA now allows E15 to be used in light-duty vehicles of model years 2001 and later. It does not allow E15 to be used 
in older vehicles, and even for newer vehicles, EPA’s decision does not mean that OEM will accept liability for any 
problems caused by the fuel.
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and opportunities. Second, while most consumers hardly noticed the shift from E0 to E10,6 they 
will have to choose higher ethanol blends or alternatives such as bio-butanol at the pump, which 
means they will have to be informed and incentivized to do so. In view of these challenges, partic-
ipants discussed the advantages and disadvantages of the different strategies to breach the blend 
wall.

3.1  The appeal of medium-level ethanol blends. Mid-level ethanol blends (E20-E40) ap-
pealed to many participants as economically and technically attractive options to 
breach the blend wall. They are popular with engine designers because the octane 
properties of ethanol mean that with mid-level blends, engine compression ratio (and 
thus fuel economy) can be increased, enabling either higher peak performance or 
smaller engine size. One participant said, referring to the opportunities for automak-
ers that arise when the fuel industry is forced to provide higher-ethanol blends on a 
large scale:

“The recent reduction in [gasoline] consumption means that the blend wall threshold is 
decreasing in absolute terms. This is an opportunity if you like the properties of ethanol.”

On the one hand, if marketed as performance boosters (a ‘renewable super premium’), 
vehicles compatible with mid-level blends might become an attractive choice for mo-
torists. On the other hand, if engines are downsized, they can be designed to compen-
sate with high engine efficiency for the reduced energy content of ethanol compared 
to gasoline—i.e., mileage per gallon is approximately the same, increasing the value of 
the biofuel. (When approaching higher blend level blends such as E85, the marginal 
reduction in energy content outweighs the benefit from increased engine efficiency, 
so that mileage decreases.) However, while mid-level blends may offer some benefits 
to flex-fuel vehicles as well, capturing the full fuel-economy benefit requires blend-
specific engine optimization and vehicle designs. And rolling out mid-level blends 
in an economically efficient way requires a high level of coordination of investments 
between farmers, fuel producers, retailers, and the auto industry—a coordination that 
does not currently exist. Participants emphasized that an important step towards mid-
level blends would be to ease the process for car manufacturers to use these blends as 
certification fuels (certification fuels are used for fuel-economy and emissions tests). 
EPA’s new vehicle emissions standards for the model year 2017 and after do contain 
language that allows manufacturers to request approval for an alternative certification 
fuel such as E30. However, the car manufacturer would have to “demonstrate that such 
a fuel would be used by the operator and would be readily available nationwide.” This 
regulation may not be enough to overcome the chicken-and-egg problem between 
unavailable fuels and unavailable vehicles.

6  With few exceptions, consumers cannot choose between E10—or lower blends—and regulator gasoline at the pump. 
The blending of ethanol up to E10 is decided higher up the supply-chain, based on pricing and regulatory requirements.
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3.2  Mixed opinions on flex-fuel vehicles. Flex-fuel vehicles (FFVs), which can run on any 
ethanol blend, including higher blends such as E85, have small incremental manufac-
turing costs compared to pure gasoline vehicles (one estimate was an additional $100-
150) and are the dominant type of ‘alternative vehicles’ on US roads. Some participants 
highlighted the benefits of widespread adoption of FFVs in the form of increased 
competition between fuels ‘at the pump’. However, the incremental engineering costs 
for car manufacturers are non-trivial, because vehicles have to be certified on two 
certification fuels (E10 and E85), which increases the cost of introducing a model to 
the market. FFVs also cannot take advantage of the characteristics of specific fuels, 
such as the higher octane number of high-ethanol blends, to optimize fuel economy. 
And since retail infrastructure for E85 is still limited, the lack of competition allows 
retailers to demand higher prices for their product, often making E85 uncompetitive 
with E10. Therefore, even though many vehicles on the road have the capability to fuel 
different blends, drivers have not made active use of it (some did not even notice).

“A lot of people have one {a flex-fuel vehicle], but they don’t even know that they have it.”

3.3 Using advanced communications technology in the fuel cycle. At several points in the 
discussion, participants noted that state-of-the-art communication technology could 
significantly enhance fuel retailing and smoothen the integration of biofuels into fuel 
sales. First, if blender pumps were to adjust the blending ratio based on communica-
tion with a chip in the vehicle, for example, many concerns about vehicle certification 
could be alleviated, because vehicles could communicate to fueling stations which 
blend they are certified for. Retailers might benefit, too, because they could offer 
several blend products without having to invest in an equivalent number of tanks and 
pumps. While raising privacy issues that would have to be resolved, such vehicle-fuel 
pump communication could also enhance fuel pricing by communicating to the con-
sumer a vehicle-specific per-mile price for different fuels and blends. 

“Why can’t the blender pump talk to the computer in my car?”

 Second, if the blender pump would be located in the vehicle itself—i.e., a vehicle with 
two separate tanks for ethanol and gasoline—the engine could be downsized signifi-
cantly because it would allow the ethanol-content in the fuel (and thus the octane 
number) to be adjusted dynamically to the required torque, increasing the value of 
ethanol as a fuel additive. Third, more transparent, real-time consumer information 
enabled through advanced communication technology could enable more informed 
consumer choices in the context of E85 (ethanol content in E85 can range from 51% 
to 83%). Fourth, advanced fuel tracking systems that allow fleet customers to trace fuel 
sourcing (and thus its environmental impacts) more accurately could increase demand 
for environmentally sustainable fuels.

3.4  Drop-in biofuels. While offering the potentially most elegant option to integrate cellu-
losic biofuels into the road transport sector, the discussion suggested that producers of 



The Future of Low-Carbon Road Transport: What Role for Second-Generation Biofuels?14

drop-in biofuels—i.e., fuels that directly replace petroleum-based fuels—are currently 
focused on the niche market created by demand from aviation and shipping (e.g., 
from the Navy).

4. Overcoming Bottlenecks in the Supply-Chain

How can complementary investments be attracted along the supply-chain?

In addition to investments in bio-refineries, reaching a critical mass for any cellulosic biofu-
els pathway and any strategy to breach the blend wall will require complementary investments 
along the supply-chain. Most of these investments have to be made by actors that are not directly 
regulated under the RFS. The necessary coordination between farms, fuel suppliers, retailers, and 
car manufacturers is complicated by the slow turnover of vehicle stock (one estimate was about 
15-17 years) and distribution infrastructure, and by the fact that competing technical pathways 
exist. The workshop discussions shed light on two actors in the supply-chain that receive too little 
attention: farmers and retailers, highlighting that these two groups might turn out to be critical 
bottlenecks if sustainable biofuel production and consumption is to be expanded in the future.

4.1  Incentivizing farmers to grow sustainable feedstocks. Several participants noted that, in 
the debate on attracting investments in biofuels, more attention needs to be paid to 
farmers and the factors influencing their decisions, for two key reasons. First, the most 
important sustainability issues in biofuels, including carbon emissions, water impacts, 
nitrogen loss, and soil health, depend on the farming practices employed in feed-
stock production—i.e., the type of land used, tillage, fertilizer, etc. Second, sustainable 
biofuel feedstocks are not available on a scale that is even close to what is needed for 
large-scale production of cellulosic biofuels. As one participant stated:

“You won’t get large-scale production of cellulosic biofuels without a large-scale supply-
chain for cellulosic biomass. But the bio-refinery part is all that we talk about. Farmers 
are not on our radar. Unless they are incentivized they will not participate.”

 Fulfilling the RFS volume targets will require large areas of agricultural land being 
devoted to producing low-cost cellulosic feedstocks, including dedicated energy crops 
such as perennial grasses. Participants argued that the commoditization of these feed-
stocks is a challenge that needs to be overcome for large-scale production of sustain-
able biofuels to materialize. So far, most past investment activity in cellulosic biofuels 
has been in agricultural residues, especially from corn and wood chips, where projects 
can ‘piggy-back’ on existing physical infrastructure for collection and harvesting, as 
well as the existing relationships between feedstock and biofuel producers. Projects 
utilizing more sustainable feedstocks, in contrast, are very difficult to finance on a 
commercial scale, in part because these feedstocks are not yet commoditized. 

 For farmers, switching to dedicated cellulosic feedstocks often changes cash flow 
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patterns for farmers and entails significant offtake risk. In order to induce farmers to 
switch, the offtake price of the feedstock therefore has to be high enough to compen-
sate farmers for the opportunity cost and the risk premium. Participants suggested 
that additional government support could significantly increase the availability of 
cellulosic feedstocks, and eventually lead to their commoditization, thus resolving the 
chicken-and-egg problem faced by fuel producers and farmers. Specifically, govern-
ment support could be provided in the form of subsidized insurance for the risks of 
crop yields or direct subsidies to support feedstock prices, such as a guaranteed mini-
mum revenue per acre or a price floor per ton for cellulosic feedstock.

“Banks will not fund feedstocks other than wood chips and corn feedstocks in the next 
3-5 years. They need at least one side certain, the price [of the fuel product] or the 
feedstock.”

 Besides feedstock production itself, participants remarked that innovations are needed 
in feedstock logistics to enable larger bio-refineries to exploit economies of scale. As 
one participant put it, “inventing, improving and innovating in feedstock logistics is 
the key system-level challenge”.

4.2  Better understanding and addressing retailers’ concerns. Almost all strategies to breach 
the blend wall require significant investments by fuel retailers. But most fuel retailers 
in the US are small and medium-sized companies that operate with very low margins 
and often cannot afford large capital investments. Furthermore, participants empha-
sized that retailers face significant uncertainty about future consumer demand for 
different biofuel blend products, the compatibility of different blends with existing 
infrastructure, and the actual cost of introducing new products. Taken together, these 
factors make retailers reluctant to invest in fueling infrastructure for higher ethanol 
blends. Better understanding the exact nature of these barriers and finding ways to ad-
dress them needs to be a crucial part of any broader strategy to breach the blend wall. 
As one participant put it:

“We spend a lot of time subsidizing cars and fuels. Although the fuel stations are a much 
harder problem!”

 The uncertainty about the cost of switching is in part due to firm or site-specific 
factors—e.g., sometimes adding a new tank or a new fuel requires large excavation 
work or new land, sometimes not. But some participants noted that in general not 
enough attention is being paid to the implications of different fuel choices for retailers. 
As some state or city-level experiences suggest, the combination of cost uncertainty 
and offtake risks creates resistance by many gasoline retailers to the introduction of 
new biofuel blend products.
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5. What Future for Second-Generation Biofuels?

What would be needed to make second-generation biofuels a significant contributor to low-
carbon road transport?

Realizing the full volume targets for second-generation biofuels under the US Renewable Fuel 
Standard—or even coming close—would require investment in the order of $50-100 billion. But 
the overambitious targets under the RFS in combination with controversy about the EPA’s imple-
mentation strategy have created large uncertainty about the future of the RFS blending mandates. 
This has come on top of opposition from some industry groups, the “food-vs-fuel” debate and 
concerns about carbon emissions from corn ethanol, eroding some of the broad-based policy sup-
port that existed in 2007. As the political debate has intensified recently, the US policies to attract 
investments in cellulosic biofuels are under siege. What is needed to overcome the current slump 
in investments and make second-generation biofuels a significant contributor to US road trans-
port in the coming 10-15 years?

5.1 Paying more attention to farmer’s incentives. The workshop discussions underscored 
that the current set of direct subsidies for second-generation biofuels does not provide 
enough incentives for farmers to grow sustainable feedstocks on a large scale. If bio-
fuels are not ‘done right’ and deliver on significant carbon benefits compared to fossil 
fuels, political support for the kind of long-term, large-scale subsidies that are needed 
to commercialize second-generation biofuels will erode.  But a biofuels-done-right 
paradigm means that farmers need to be incentivized to switch to sustainable feed-
stocks and to employ sustainable agricultural practices (e.g., to use no till or reduced 
till, to not plant on slopes, to plant grasses on stream banks, etc.). Without policies 
designed to create these incentives, large-scale production of cellulosic biofuels will 
not materialize in the US.

5.2  Managing the underachievement of the RFS cellulosic biofuel targets. Many participants 
emphasized that stable, predictable demand is the highest near-term priority to de-
velop second-generation biofuels. It appears highly unlikely—many would say impos-
sible—that US cellulosic biofuel production will catch up with the RFS target trajec-
tory before 2022. EPA therefore needs to perform a delicate balancing act: managing 
expectations for what the RFS can achieve, resetting the mandates to account for the 
fact that cellulosic biofuels will not meet the original production targets for years to 
come, and to do both without eroding the price signal for producers. This may include 
adjusting the underlying regulatory process for setting mandates and approving cellu-
losic pathways, in order to account for EPA’s shrinking budget resources and to ensure 
that statutory deadlines are met.

“A price signal [that can attract investment] is something that I can see far enough into 
the future. It’s different from an annual price. That certainty is difficult to see in the cur-
rent situation.”
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5.3 Developing a common vision for pathways around blend wall. Attracting complemen-
tary investments along the supply-chain and creating a critical mass in specific strat-
egies to breach the blend wall will require coordinative guidance from the federal 
government and, possibly, additional policy support for specific elements of the sup-
ply-chain (see 4.1 and 4.2). If ethanol mandates are raised without such coordination 
and policy support, the prices of RINs (the tradable certificates that have to be submit-
ted to EPA to demonstrate compliance with the RFS) might rise sharply, increasing 
fuel costs for consumers and endangering the political sustainability of the RFS.

5.4 Shifting towards an investment tax credit. Several participants suggested that an invest-
ment tax credit would be more attractive for investors at this stage of cellulosic tech-
nology development than the current production tax credit, noting that the produc-
tion tax credit applicable to cellulosic biofuel production has been largely ineffective 
because there is little certainty at the time of investment about a project’s ultimate 
ability to sell its product in the marketplace. This is because the tax credit is typi-
cally reviewed every year and is mired in political uncertainty: the main Cellulosic 
Producer Tax Credit expired at the end of 2013, was retroactively reinstated at the end 
of 2014, but then expired again a few days later. If properly implemented, production 
tax credits incentivize actual fuel production and efficient asset operation, and not just 
capital investment as investment tax credits do, but the regulatory uncertainty sur-
rounding the current policy clearly undermines this effect.

“Regulatory uncertainty has paralyzed many [in the cellulosic biofuels industry] in the 
last couple of years.”

5.5 A national low-carbon fuel standard? In the long run, several participants called for 
a transition from the current RFS toward a performance-based standard, which sets 
carbon emission targets but no technology-specific or feedstock-specific mandates, 
thereby incentivizing low-carbon fuel investments in a technology-neutral way. Such 
a policy could be modeled after California’s Low-Carbon Fuel Standard. Proponents 
argued that a performance-based standard will ensure that the most cost-effective low-
carbon technologies are deployed nationwide once they are fully developed. However, 
other participants doubted the ability of a performance-based policy to create a 
certain, long-term price signal. Without such a price signal, long-term investments in 
immature technologies—including in R&D, distribution infrastructure, and vehicle 
technology—may not materialize on the scale that is consistent with long-term decar-
bonization targets.

5.6 Managing the residual political risks. Implementing (some of) the above-mentioned 
measures will provide a significant improvement vis-a-vis the status-quo for investors 
along the supply-chain of second-generation biofuels. But given the long timeframe of 
investments, a residual political risk remains, especially for fuel producers. This risk is 
the possibility that the societal legitimacy of biofuels may continue to decline over the 
lifetime of their investments. As discussed in 2.2, there remains disagreement within 
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the scientific and environmental communities on the sustainability of biofuels. Studies 
that fundamentally question the sustainability of biofuels will continue to be published 
and make headlines. The ‘biofuels-done-right’ paradigm, which appears to emerge 
in the environmental and academic communities, leaves room for reassessment once 
specific pathways are scaled up and real-world impacts become evident—i.e., when 
yields, capacity factors, and other scale-dependent effects materialize. A decline in le-
gitimacy—even if rooted primarily in concerns about first-generation biofuels—could 
erode support for tax credits, which are under periodical scrutiny, but also for biofu-
els mandates (as it happened in Europe), or the broad distribution of higher ethanol 
blends. Investors will have to accept and manage this risk by engaging environmental 
stakeholders and the scientific community, and—possibly—by demonstrating over-
compliance with current environmental regulations in the upstream business to dem-
onstrate the sustainability of second-generation biofuels.
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