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highlights 
 ● Commercial biomass conversion technologies are improving, with respect to 

efficiency of resource use, and environmental impact mitigation and economic 
performance.

 ● Existing processes are addressing bottlenecks and improving on-stream 
performance in terms of operating hours at designed conversion plant capacity 
performance or better.

 ● Many processes are evolving from single outputs toward the biorefinery, with 
multiple products increasing the economic returns as in the Brazilian sugar 
industry producing electricity and combined heat and power with electricity 
export to the grid, and in other countries. 

 ● Likewise, the corn dry milling process for ethanol reached into animal feed, 
while using the corn oil for biodiesel production, and is starting to bring in 
corn fiber for additional ethanol production. The industry that matured in less 
than a decade, increased production volume five-fold from 10 billion liters in 
2003, increased average yield of corn and ethanol produced, increased energy 
efficiency, and decreased process environmental impacts. 

 ● Ethanol, an octane enhancer, is blended with gasoline at low to higher level 
blends, or used as a neat fuel. Engine systems modifications are established for 
E10 level, and at higher levels they vary between countries. The environmental 
performance is generally good. In the two main user countries, engines are not 
optimized to take advantage of the fuel ethanol properties but to accommodate 
a range of blends. More than 50 countries use E5 to E10 gasoline. 
Overall ethanol consumption in 2013 was 1.8 EJ.

 ● Biodiesel, fatty acid methyl esters (FAME), come from many vegetable oils 
and a variety of waste cooking oils, animal fats, and greases, containing fatty 
glycerides reacted with methanol in small to large plants and are produced 
in many countries in small to large conversion plants. Overall consumption 
reached 0.87 EJ in 2013. Fuel quality in relation to feedstock and conversion 
process increased with process improvements. Many environmental 
performance improvements in the performance of 2 to 20% blends with diesel 
in road transport use were observed. Some distribution and infrastructure 
issues remain.
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 ● A more recent commercial biofuel entry, using the same feedstocks as 
biodiesel, is hydrotreated vegetable oil (HVO), also called renewable diesel, 
evolving toward fuel products of the petroleum system, with no loss of 
performance in road transport, and produced, in part, by oil refining companies 
in commercial processes. In less than five years this fuel reached 0.12 EJ of 
consumption in 2013 (11% biodiesel mass; from 4.5% in 2011) and is growing 
fast. In petroleum refining processes, multiple ranges of products are made to 
generate the final fuels sold commercially, including gasoline, diesel, maritime, 
and jet fuels. Developers have qualified the jet biofuel fraction for commercial 
flights by reaching certification of the fuel. But much more needs to be done. 
Costs are still high so development continues to reduce costs in conversion 
processes and in feedstocks. Improving the logistics of lowest cost waste oil 
supply, reducing its costs, and certifying the supply chain to validate its origin 
are ongoing.

 ● Meanwhile, recent reviews of literature indicate that biofuels from lignocellulosic 
biomass such as herbaceous and tree crops, biomass residues, or municipal 
and other organic wastes could provide more benefits overall than biofuels 
currently derived from annual crops. Many of the benefits of lignocellulosic 
biofuels and systems are projected from pilot plant data and need to be 
assessed from data from operating commercial plants. Portfolios of conversion 
technologies are emerging to use these feedstocks making current biofuels 
and the suite of products made from petroleum, chemicals, and novel products, 
including animal feeds.

 ● A blend of biomass gasification-technologies-derived fuels and fossil fuels is 
producing jet fuel for aviation that is certified for in-flight use and has been tested 
but costs need to be reduced to reach commercial application. 

 ● Novel biochemical technologies are using sugar and syngas resources to 
produce high quality fuels suitable for aviation fuel, and ethanol, isobutanol, and 
other products but costs have to be reduced. Recycling of CO2 in biofuels, such 
as algae or other organisms, is also emerging.

 ● Steady investment and development so far has allowed lignocellulosic 
resources such as straw, corn stover, wood, and waste materials to produce 
ethanol, now at the pioneer plant scale in several continents, integrated with 
the existing corn, sugarcane, or forest products refineries, and also on a 
standalone basis. In parallel, approaches to make value added chemicals 
and materials are occurring from sugar, synthesis gas, or other intermediates 
from biomass.

 ● The use of the residues from crop production at sustainable levels reduces the 
need to expand crop production, and has the potential to lower environmental 
impacts, and reduce land use impacts of the final fuels. 
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 ● Development and commercialization of these technologies is moving at a slower 
pace than anticipated by governments or by the private sector for many reasons. 
Developers of the conversion technologies and their partners had to establish 
chains for: 

1. biomass production, 

2. logistics for biomass collection, storage, and delivery to the 

3. conversion facility for biofuel manufacture with agreements of purchase for 

4. fuel distribution and use, and to reach 

5. fuel product acceptance. 

 ● More work is needed to bring the cost of these technologies down and to integrate 
all the elements of the value chain, including assessments of environmental 
performance and overall system sustainability (environmental, social, and 
economic) in the context of the specific location, its landscape and watershed.

 ● The positive outlook of advanced biofuels is conditional on accelerated 
deployment of whole supply chains. Accelerated deployment would help achieve: 
process stability, reliability, and availability that can lead to production costs falling 
to competitive levels. In conjunction with evaluation of multiple sustainability 
parameters over time and continuous improvement across the value chain it can 
propel the industry further.

 ● A complement to large-scale conversion plants described above is small-scale 
conversion systems to use multiple feedstocks available in smaller quantities and 
promote sustainable development opportunities in many countries, communities, 
and households. These developments use the economies of volume by 
manufacturing small plants in large quantities.

 ● Many examples of advanced small modular systems are emerging that can 
provide multiple benefits to the local communities, including improvements 
in soil quality, fuels, and local development. Such developments should be 
fostered and disseminated.

 ● All commercial liquid biofuels are increasingly being traded internationally; so 
are solid biomass pellets and other densified materials that enable transport 
at longer distances to supply a variety of markets, such as power generation 
and cogeneration for district heating and power. Many biofuels and feedstocks 
were exported and received sustainability certification according to criteria 
and principles defined by several sustainability schemes accepted by the EU 
Renewable Energy Directive.
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Summary
This chapter describes the progress in the commercial development of biofuels and its 
use in transport in the context of the environment, sustainability, climate change, and 
existing and developing biomass uses. Three decades of investment and development 
have resulted in a budding bioeconomy, improved commercial systems, many using 
food feedstocks, and new ones employing various lignocellulosics feedstocks in many 
countries. In 2013, the total consumption of three liquid biofuels was 2.8 EJ, namely 
ethanol at 1.8 EJ, biodiesel or fatty acid methyl esters at 0.87 EJ, and hydrotreated 
vegetable oil (EU) called renewable diesel (US) with 0.12 EJ. There are smaller amounts 
of other biofuels such as methanol, dimethylether, and some hydrocarbons. 

 ● Ethanol. Major commercial ethanol biorefineries have improved. The United States 
(U.S.) dry corn mill industry increased average yield and energy efficiency, and 
decreased environmental impacts while producing animal feed, biodiesel, and other 
products. The sugarcane to ethanol processes increased biomass use efficiency and 
developed electricity generation as a main industrial coproduct in several countries. 

 ● Biodiesel. The use of biodiesel made from vegetable oils, used cooking oils, 
greases or fats and methanol continues to grow and improve product quality. 
Conversion plant scales go from small to larger in many countries. 

 ● Hydrotreated vegetable oil or renewable diesel. Processing the same fatty-
oil feedstocks or wastes in petroleum refining hydrotreating facilities generates 
hydrocarbons, generically called renewable diesel, with high acceptance and 
compatibility with diesel. These renewable hydrocarbon fuels reached 11% of 
the biodiesel mass consumed in 2013, (10% in 2012, from 4.5% in 2011). 

All three biofuels are traded internationally among many countries. Increasingly all 
three fuels are certified with respect to their carbon dioxide (CO2) emissions and other 
criteria as defined in accepted sustainability schemes by the European markets and 
participate in different subsidy schemes in operation in many jurisdictions. In addition:

 ● Gaseous biofuels have made advances as methane for transport in some countries 
and even had a higher impact inserted into the natural gas grid or in minigrids in 
many countries for various applications. Conversion of liquid residues or mixed 
materials to biogas, further upgraded to methane, is the most common source and 
from biomass gasification followed by catalytic upgrading to methane is entering 
local markets. Biogas fuel advanced in the developing world for applications of 
cooking, heating, and lighting while decreasing the environmental impact of low-
efficiency cooking with primitive stoves. Overall, methane contributed with more 
than 1.7 EJ to these various applications in 2011.

 ● Solid pellet fuels enabled large-scale power and cogeneration applications with 
global trade of these solid densified fuels reaching 23.7 million tons in 2013 or 
0.42 EJ (from 0.26 EJ in 2009).
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Recent reviews of the literature following multiple lines of sustainability assessments 
indicate that biofuels from perennial and tree crops, biomass residues, or municipal 
wastes could provide more benefits overall than biofuels currently derived from annual 
crops. Many of the benefits of lignocellulosic biofuels and systems are projected from 
pilot plant data and need to be assessed from data from operating commercial plants. 
The emergence of portfolios of conversion technologies from lignocellulosic biomass 
to biofuels indicates possible pathways for decoupling bioenergy from food crops. 
However, the integration of conversion processes across multiple systems is necessary 
for successful sustainable outcomes to the economy, society, and environment. These 
outcomes are needed at small to large scales—from the specific facility, to regions, 
and globally. In addition to conversion systems for manufacturing biofuels and/or 
heat, power, products, food, feed, and fiber, consideration must be given to biomass 
production, the logistics and delivery of raw or processed feedstocks to the conversion 
facilities, and integration of these products with their distribution systems. 

We describe the progress across the technology development curve for several 
processes in conversion portfolios. Initial classifications separated thermal, chemical, 
and bioprocesses but more hybrid systems are emerging and couplings of various 
types of processes because of advances in multiple fields of science, translational 
science, engineering, systems engineering, and advanced manufacturing. 

Project-specific context within the value chain(s) has a significant impact on costs and 
sustainability considerations, and can introduce additional costs and/or incentives 
that are variable and in continuous flux, bringing uncertainty for additional private 
investment. Current experience shows that the longer testing is conducted at pilot 
scales solving integration issues at small scale, the more successful developers are 
at successful further scale-up. Better criteria for selecting processes to scale-up can 
decrease technical and commercialization risks.

Initial first-of-a-kind plants coupled with conventional biofuel production take advantage 
of the existing infrastructure set up, help solve waste problems in specific areas, and test 
new models of deployment. One development model includes adapting the size of the 
conversion facility to the supply of feedstock in a flexible manner (e.g., modular). Another 
approach is to focus supply chain design and logistics to enable larger scale conversion 
plants. We summarize with existing and developing examples of systems integration 
for biofuels production to road and air transport. While road transport applications can 
accept oxygenated liquid fuels by adaptation of existing or new engines and of fuel 
distribution infrastructure, such adaptation for aviation fuels is severely constrained. 
There is a pressing need for high-energy density carbon fuels with renewable carbon 
content that match the stringent fuel mixture properties and distribution requirements.

Advanced biofuels from lignocellulosic feedstocks are just beginning to be produced at 
industrial scales in plants that are undergoing normal de-bottlenecking to reach their 
design capacity. Between 2013 and 2014 several first-of-a-kind integrated commercial 
plants started operations in several continents coupled with existing established refineries 
or stand-alone systems. Developers are identifying multiple products for the biorefinery, 
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improving the overall biorefinery economics through production of energy and a variety 
of chemicals/products with applications in multiple markets. 

The positive outlook of advanced biofuels is conditional on accelerated deployment of 
sustainable whole supply chains. Accelerated deployment would help achieve: process 
stability, reliability, and availability that can lead to production costs falling to competitive 
levels. In conjunction with evaluation of multiple sustainability parameters over time 
and continuous improvement across the value chain it can propel the industry further. 
A very large number of families of patents have and are being developed by multiple 
partnerships to explore product applications. 

Partnerships are global, fostered by national and regional governments, and 
multilateral bodies, associations, and associated supplier companies in many fields. 
The major portfolio pathways are indistinguishable within the uncertainties of public 
cost knowledge. These technologies have to be tested with the feedstocks and 
conditions of the actual sites because of the inherent variability of plant-based systems 
and infrastructures for supply and product distribution, unless research on uniform 
feedstocks succeeds on delivering reliable, cost effective, and sustainable supplies. 

The design of the sustainable biomass value chains benefits from multiobjective 
optimization that can be achieved through the systematic analysis of the integrated 
system. Such an integrated assessment includes production of feedstock, conversion, 
and products utilization at the specific landscape and watershed of biomass production, 
and in the specific economic system. 

Integrated assessment studies are beginning to take place in both developed and 
developing countries. Initial frameworks for understanding sustainable systems 
exist. The frameworks need to be expanded beyond greenhouse gas (GHG) 
emissions and energy balances historically used in conversion processes. Small- 
and large-scale developments are needed because various countries have diverse 
feedstocks and potential supplies. Additionally, significant science and technological 
innovation needs to continue—not only in individual parts of the value chain but 
also in integrating feedstock and conversion systems. Increased availability of 
site-specific spatial and temporal sustainability assessments data from actual 
implementation of projects will go a long way to facilitate dissemination of best 
practices and growth of the bioeconomy. 

12.1 Introduction 
Biomass such as the organic material contained in plants (such as trees and agriculture) 
and animal residues have been used as an energy source since the emergence of 
humans about one million years ago. In the Industrial era, the use of biomass for 
energy has taken divergent paths: 
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 ● There is still the traditional and indeed largest use of wood biomass for cooking 
and industry in developing countries.

 ● Meanwhile there is a rapidly growing biofuel and bioenergy industry in many 
countries around the world. 

The traditional use relies on inefficient combustion technology at generally small 
scales of individual household use, however 2.8 billion people rely on this with 
its attendant health risks that make it the third most important cause of death 
and disability in developing countries according to the assessment by the World 
Health Organization (WHO) for 2012 (WHO 2014). Biomass is the primary energy 
resource for the foreseeable future for one third of that population inhabiting the 
49 least developed countries in Africa and Asia (IPCC 2014). There are also social 
and wider regional impacts of the air pollution generated by the artisanal stoves, 
although impacts decrease with properly designed and culturally adapted cooking 
systems (Anenberg et al. 2013; IPCC 2014). The work of governments, multilateral 
organizations, and the Global Alliance for Clean Cookstoves has, so far, kept pace with 
the increased population, as metrics are increasingly used to track global progress 
(Banerjee et al. 2013). Some leading experts in the public health field consider that 
the replacement of this use of biomass by clean fossil- or renewable-derived fuels 
such as liquid petroleum gas (LPG) or methane provides more sustainable systems 
solutions (Subramanian 2014). WHO is also updating household indoor air quality 
guidelines for household fuel combustion, which considers new health impacts data. 

In the mainly industrial countries, biomass combustion is conducted at large scales 
with very significant gains in efficiency, which coupled with modern emissions control 
technology, results in very clean energy delivered to industrial processes, power 
generation, and district heating. The range of more convenient biomass energy 
carriers includes pelletized wood fuels, gaseous fuel from anaerobic digestion, and 
liquid transportation fuels. There is also a growing renewable chemicals sector, beyond 
specialty products and pharmaceuticals. Figure 12.1 illustrates the relationships 
between the terrestrial part of plant production, the logistics and processing chain, and 
the use of biofuels or bioenergy. Between 2005-2013, there was a three- and four-fold 
increase in production of wood pellets for electricity, heat, or combined heat and power 
(CHP), and of liquid fuels for transport (also shown in Figure 12.1) (IPCC 2014; REN21 
2014). Gaseous fuels are used locally or regionally and the average growth rate was 
15%/yr while liquid fuels were growing at a 12% annual rate between 1990 and 2008 
(Chum et al. 2011).

12.1.1 Environmental and Sustainability Context
As the biofuels markets scaled up, the sector has come under scrutiny for environmental 
sustainability, as well as the social consequences of the interaction of the energy sector 
with the food and fiber production system as shown in Figure 12.1. Issues of land use 
in agriculture, forestry, and land use change were not new. They have been addressed 
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Figure 12.1. Shown at the top of the figure, breakdown of the useful bioenergy from multiple biomass 
resources employed in various sectors and of the associated energy losses in two major groups of 
traditional and modern bioenergy. Shown at bottom left, more convenient, denser solid energy carrier 
(wood pellets) are being used in cold climates for district heating and widely for coproducing heat 
and power. Shown at bottom right, commercial production of oxygenated liquid fuels, ethanol, and 
biodiesel, and the more recent hydrocarbon fuels from hydrotreated vegetable oils (HVO) (Modified 
from the 2014 Renewables Global Status Report with permission from REN21 (REN21 2014)). 
Gaseous fuels derived from anaerobic digestion had similar high growth rates (Chum et al. 2011).
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by the Intergovernmental Panel on Climate Change (IPCC) since the nineties and are 
issues for all uses of biomass and land (IPCC 2000). 

Bioenergy applications at the industrial scale got their start by using residues 
associated with particular biomass processing industries with energy needs, such as 
the pulp and paper sector in which the paper product uses only part of the harvested 
wood leaving copious residues. This provided a large technology base especially in 
combustion technology, as well as in the logistics and handling of what is a low-energy 
density fuel. Commercial biofuels started as byproducts of chemical pulping of wood 
over a century ago; however, the major growth has been through the use of agricultural 
crops (sugarcane, maize, wheat, and oil seeds). Commercial biofuels and wood pellets 
are traded globally with production increases resulting from policy decisions followed 
by legislation, regulation, and government programs in many countries that mobilized 
private sector investment (Chum et al. 2011; Chum and Overend 2003). 

The linkage of biomass, bioenergy, and biofuels and the sustainability of the system in 
which they operate, has been the subject of research reviewed from multiple perspectives 
recently in several chapters of the IPCC 5th Assessment Report and other references 
(Chum et al. 2011; Creutzig et al. 2014; IPCC 2014; Scovronick and Wilkinson 2014). 
The energy supply and use are coupled with each other through material stocks and 
flows leading to feedbacks and delays. Policies to accelerate production of biomass and 
biofuels interacted with energy supply and use as well as with the systems of Figure 12.1. 
Policies often had multiple objectives such as energy security, economic development, 
and specific environmental goals such as climate change mitigation. 

Multiple lines of analytical frameworks were developed to understand complex 
relationships of these systems and to investigate climate mitigation and sustainability 
science. Each framework has significant assumptions, limitations, and methodological 
issues, causing experts of each field to come to divergent viewpoints on the bioenergy 
potential and GHG emissions mitigation, principally when used at large scales (IPCC 
20141, 2). Sustainable development indicators and metrics are being proposed and 
tested with available literature for biofuels (Martins et al. 2006; Sikdar 2003; Mata et 
al. 2013) but care is needed when comparing and interpreting metrics for prospective 
technologies relative to commercial industrial systems, which could be current or 
retrospective (Herrmann et al. 2013; Herrmann et al. 2014; Hertwich, 2014). 

Life cycle assessments were used as one of the most common tools to derive the GHG 
emissions in setting frameworks for legislative actions, and are used to assess other 
environmental impacts (see Box 12.1 for examples of impacts; for uncertainties see 
references (Herrmann et al. 2013; Herrmann et al. 2014; Hertwich 2014). One example 
shown in Box 12.2 illustrates another methodology where materials production and 

1  Fleurbay et al., Sustainable Development and Equity, in working group 3 (WG3) in IPCC, 2014, http://report.
mitigation2014.org/drafts/final-draft-postplenary/ipcc_wg3_ar5_final-draft_postplenary_chapter4.pdf

2  Krey et al., Metrics & Methodology, section A.II.6 Material flow analysis, input-output analysis, and lifecycle 
assessment in WG3 IPCC, 2014, http://report.mitigation2014.org/drafts/final-draft-postplenary/ipcc_wg3_ar5_
final-draft_postplenary_annex-ii.pdf

http://report.mitigation2014.org/drafts/final-draft-postplenary/ipcc_wg3_ar5_final-draft_postplenary_chapter4.pdf
http://report.mitigation2014.org/drafts/final-draft-postplenary/ipcc_wg3_ar5_final-draft_postplenary_chapter4.pdf
http://report.mitigation2014.org/drafts/final-draft-postplenary/ipcc_wg3_ar5_final-draft_postplenary_annex-ii.pdf
http://report.mitigation2014.org/drafts/final-draft-postplenary/ipcc_wg3_ar5_final-draft_postplenary_annex-ii.pdf
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 »  

consumption are linked to GHG emissions (climate) and overall environmental 
degradation (environment), in the various economic sectors. Analyzing their flows 
and impacts, the most impactful areas are identified. Box 12.2 is region-specific—
the European Union (EU 27), where the use of animal and fossil fuel products that 
scale proportionally to consumption, generated the biggest impacts on climate and 
environment, relative to all other products used. Another methodology extends the 
materials flow analysis coupled to human-environment systems, such as the “human 
appropriation of net primary production” (HANPP). HANPP assesses human-induced 
changes in biomass flows in terrestrial ecosystems (Haberl et al. 2007; Vitousek et al. 
1986), which is applied to assessing feedbacks in the global land system to production 
and consumption of food, agricultural intensity, livestock feeding efficiency, and 
bioenergy potentials thus impacting both residue potentials and land area availability 
for energy crops (Erb et al. 2008; Haberl 2013; Haberl et al. 2011).

Box 12.1. major environmental impact categories and 
common characterization methods¹ 
The figure illustrates 
that life cycle impact 
assessments follow 
elementary flows across 
the boundary limits of 
the bioenergy chain.

1. A c i d i f i c a t i o n : 
Accumulated excess, 
characterizing the 
quantity of acidifying substances, and the specific location of the emissions 
in relation to sensitive areas in terrestrial and main freshwater ecosystems, 
to which acidifying substances deposit. 

2. Climate change: Global warming potential calculated from the radiative 
forcing over a 100-year time horizon, used to express GHG emissions in 
CO2 mass equivalent.

3. Depletion of abiotic resources: Quantity of resources used relative to 
quantity in reserve. Applies to minerals, fossil fuels, water, etc. 

4. Ecotoxicity: By examining the potentially affected fraction of species 
integrated over time and volume per unit mass of a chemical emitted 
(terrestrial, aquatic, air). 

¹    Acero et al. 2014; EMPA 2012; Hellweg and Milà i Canals 2014; Powell 2010
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5. Eutrophication: Accumulated exceedance—a site dependent category 
based on quantity of a nutrient emitted, relative to the background level; 
in fresh water (P considered limiting factor), marine (N considered limiting 
factor), terrestrial (varies depending on the sensitive area involved).

6. Human toxicity: Expressing the estimated increase in morbidity in 
the total human population by the chemical(s) involved separated into 
carcinogenic and non-carcinogenic effects.

7. Land Use: Soil organic matter (SOM) based on changes in SOM carbon, 
measured in kg/ha.

8. Ozone layer depletion: In the stratosphere over a 100-year time, sum 
of ozone depleting chemicals, expressed in CFC-11 equivalents.

9. Particulate matter: By quantifying the impact of PM2.5 and PM10 in terms 
of premature death or disability. 

10. Photochemical ozone: Quantity of volatile organic compounds (VOCs) 
and NOx, may be expressed in ethylene equivalents. They react in the 
atmosphere to form smog.

 
Box 12.2. Resource efficiency and climate change mitigation 
studies
Studies to understand how economic growth can be decoupled from 
environmental degradation explored materials flows analysis, for instance, 
of a basket of products produced (includes imports) and consumed, coupled 
to life cycle assessment in the EU. The results shown in the figure below 
indicate that consumption of animal products and fossil fuel products 
(for energy and materials) at 5% and 20%, led to 35% and 25% of the 
global environmental degradation, while contributing to 20% and 60% of 
GHG emissions, respectively. Crop production at about 12% consumption 
contributed 20% and 10% to environmental degradation and GHG 
emissions. The forestry sector in this analysis showed low impacts in both 
areas compared to consumption. This approach fosters considerations of 
resource efficiency—how to achieve desired products or energy efficiently 
in addition to GHG emissions for that specific geographic location, its 
economic characteristics, and values in characterizing the protection of 
humans, ecosystems, and resources in their economy. in addition to climate 
change impacts by GHG emissions, priority pressures and impacts included 

 »  

 »  
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eutrophication caused by pollution with nitrogen and phosphorus by over-
fertilization; human and ecotoxic effects caused by urban and regional air 
pollution, indoor air pollution and other toxic emissions; relative to resource 
use the depletion of abiotic resources (fossil energy carriers and metals) 
and of biotic resources (notably fish and wood); and habitat change and 
resource competition due to water and land use. these results were 
obtained by the International Panel for Sustainable Resource Management 
of the United Nations Environment Programme (UNEP) (UNEP et al. 2010).  
 

The figure indicates the normalized contribution to Global Warming 
Potential (GWP) of material flows and Environmentally-Weighed Material 
Consumption (EMC) for the EU 27 + 1 region (UNEP et al. 2010). Note that 
in the EMC, values are assigned to different groups of indicators to reduce 
multiple variables to single numbers, a practice not globally accepted.

The UNEP Panel is currently working on managing and conserving the 
natural resource base of economic and social development. They are helping 
frame Sustainable Management of Natural Resources in the United Nations 
Sustainable Development Goals for Equity, Environment, Economics for a 
Sustainable Future, including land use management [1].

For small-scale bioenergy, a strong consensus propels increased efficiency of traditional 
biomass combustion while fostering sustainable biomass supplies. Sustainably managed 
feedstock supplies in many developing countries today vary from 35%-85% of the 
feedstocks used (IPCC 2014; Smith et al 2013). Generic statements become more 
difficult to make because bioenergy is site specific. Often favored are perennials such as 

 »  
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sugarcane, miscanthus, and other herbaceous crops, short rotation woody crops, and the 
use of residues. Overall outcomes depend, among others, on (a) governance of land use, 
(b) increased yields of production of biomass for bioenergy, agriculture, and forestry, and 
(c) deployment of best practices in agricultural, forestry and biomass production (Creutzig 
et al. 2014), among others. A fundamental component to decrease the yield gap between 
developed and developing countries is basic research in photosynthesis to further increase 
yields in terrestrial and aquatic biomass production (Hall and Richards 2013; van Ittersum 
et al. 2013). The various models, systems, and networks of methodologies are increasing 
the understanding of products and supply chains (including the less studied bioenergy 
and biomass supply chains for conversion), helping identify “hot spots” in environmental 
and cost performance, and increasingly considering social aspects. The sustainability 
assessment field is starting to move from static comparisons of inventories (snapshots) 
to dynamic (temporal) and spatial analyses (flows) at landscape and watershed levels, to 
decrease the uncertainties of climate change mitigation of large-scale bioenergy (Creutzig 
et al. 2014; Hellweg and Milà i Canals 2014; IPCC 2014) and more accurately reflect all 
climate change global and local effects (IPCC 2014). 

Selecting from the wide range of biomass feedstocks, conversion processes, and uses 
(heat, power, fuels—gaseous or liquid) and determining which combinations are the 
most appropriate for a specific location requires a framework with specific assumptions. 
A study conducted by the European Environmental Agency (EEA) compared the 
current policies, which use market ready technologies, with a scenario requiring high 
resource use efficiency in all applications with built-in climate considerations. The study 
restricted land areas to protect biodiversity and excluded areas of high soil organic 
carbon (e.g., peat lands). In addition, it required sustainable feedstock production 
practices, and small/medium size conversion facilities with small carbon environmental 
footprints. Feedstock included EU-produced agriculture, forest, waste biomass, and 
imports. The details of the scenarios studied and methodologies are described by EEA 
(EEA 2013). Bioenergy comprises 68% of the renewable energy, with 48% being wood 
and its residues, and the remaining other biomass crops and residues (AEBIOM 2013). 

The conversion technologies investigated are shown in Figure 12.2 for power, heat, 
and biofuels. The net efficiency of conversion of biomass to the energy products on a 
life cycle basis, from harvested biomass to bioenergy use, is shown for a range of high 
and low overall net efficiency conditions for specific technologies (EEA 2013). Figure 
12.3 summarizes the results for the two scenarios indicating the following changes 
in proportions: increased electricity, less heat, and half biofuels. However, instead of 
generating 79 kg CO2eq/GJ of biofuel, the GHG emissions from lignocellulosic biofuels 
energy crops would produce nearly zero emissions and be more resource-productive 
than current rapeseed biodiesel production in the EU 27. Figure 12.4 shows the current 
crops used for biofuels and the projected environmentally compatible with higher 
resource efficiency crops based on this framework. The specific European situation, 
geographic area, and economic conditions show that increased resource efficiency 
makes more energy product per unit of land area used, and reduces the amount of 
biomass needed because these are high product efficiency routes for power, heat and 
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biofuels. In this story line, the overall high resource productivity generates low levels of 
waste and pollutants to air, water, and land (Petersen et al. 2014). 

Each country/region would need to analyze its own situation to select combinations 
of biomass for food, feed, fiber, and biomass for energy most suitable to their 
circumstances including socio-economic parameters, scale of operations, supply 
chains, and environments (Kostin et al. 2012; Mele et al. 2011; van Eijck et al. 2014). 

Models for using land more efficiently for animal feed production (e.g., leaf protein, pre-
treated crops, and double crops) from the same land area, project maintaining domestic 
food production and agricultural exports, while increasing soil fertility and biodiversity in 
the context of the U.S. agriculture (Dale et al. 2010). This view is illustrated in Figure 12.5. 
The model projects a 670 Tg CO2 eq/yr using a third of the total cropland for a biofuel. 
Other resource efficiency considerations were not investigated. Borders of perennial 
energy crops or short rotation woody crops could provide buffer zones for commercial 
crop production and reduce environmental emissions by absorbing run off fertilizers 
and pesticides (Gopalakrishnan et al. 2012). The integration of bioenergy systems into 
agriculture and forest landscapes can improve land and water use efficiency and help 
address concerns about environmental impacts (Creutzig et al. 2014).

Figure 12.2. Net efficiency range of biomass-to-energy pathways on a life cycle basis from 
harvested crop to power, heat, and biofuels considered by the (EEA 2013) for current applications 
and developing lignocellulosic biofuels. Reproduced with permission from EEA. 
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Figure 12.3. Current bioenergy in GJ compared to a 2020 projection emphasizing resource 
efficiency for all biomass applications including climate change mitigation using EU-produced 
and imported biomass. Also shown are the average GHG emissions for current commercial 
technologies for heat, electricity, and biofuels and a 2020 projection with advanced biofuels from 
lignocellulosic energy crops (EEA 2013).

Figure 12.4. Mix of energy crops used in Europe from 2006–2008 (left) and the 2020 EEA 
modeled crops for high yield of products per unit area used, low waste and pollution, including 
low ecosystems impacts and high GHG emissions reductions in 2020 (right) (EEA 2013). 
Reproduced with permission from EEA.



390

chapter 12 
Conversion Technologies for Biofuels and Their Use

Bioenergy & Sustainability

Figure 12.5. The current allocation of 114 million hectares in the U.S. is shown on the left. Modeled 
annual mass flows from a land efficient allocation (right) showing major crops and outputs for a 
scenario of maximum ethanol production. The CO2 listed is biogenic carbon released during 
fermentation (Dale et al. 2010 ); reproduced with permission.

12.1.2 Technology development and deployment Context
This chapter addresses improvements in commercial biomass and commercial 
biofuels production and use. Current use situations span the range from (a) existing 
distribution and transport infrastructure with vehicle manufacture adjusted to the 
biofuel and (b) adapting a massive infrastructure in place to different levels of 
biofuels occurring at the same time that regulation lowers vehicle emissions, which 
also requires increases in overall vehicle efficiency. These use situations provide 
important lessons that can help countries develop their resources and infrastructure, 
or adapt infrastructures to climate change. 

Lignocellulosic biofuels technology development is linked with the simultaneous 
establishment of the feedstock production and logistics to provide sustainably produced 
biomass to conversion facilities. These efforts are starting in conjunction with existing 
corn ethanol refineries or sugarcane ethanol as the product storage, distribution, and 
use, are established or coupled to urban residue collection. Detailed examples of 
setting the feedstock infrastructure for sustained supplies, their specific environmental 
assessment and management systems—developed with many sustainability 
considerations—have been performed as described in [2]. Instead of an exhaustive 
coverage of conversion technologies and multiple uses, the chapter shows examples. 
The examples include building systems, learning impacts of rates of penetration from 
their establishment,  and environmental aspects including of fuel use. Production of 
biomass-derived hydrocarbon fuels that serves road transport and the more regulated 
and constrained fuelling infrastructure system for air transport. Power and heating 
infrastructures are more mature and established, although we show examples of 
improved cogeneration opportunities in the existing commercial industry.
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Many biofuels and bioenergy developments are already producing commercial products 
in bio-based materials and renewable feedstocks for the chemical industry around the 
world (IEA-ETP 2013; Singh 2010; Vennestrøm et al. 2011). Iles and Martin (2013) 
describe current examples of commercial bioplastics that were built using business 
models that linked producers and customers through the development of new 
technologies and products at DuPont, BASF, and BRASKEM (Iles and Martin 2013); 25 
“hot molecules” are under various phases of development [3]. This trend is reinforced 
in the U.S. by the lighter oil products from shale hydrofracturing that will result in a 
decreased supply of C-3 to C-5 hydrocarbons for chemicals, making the renewable 
derivatives such as ethylene, isoprene, and para-xylene as well as specific biomass-
derived chemicals such as 2,5-furandicarboxylic acid, isosorbide, and farnesene 
especially attractive as their costs decline (Hackett 2014) with continued technology 
development [4].

An S-shaped curve in Figure 12.6 characterizes technology developments in many 
fields, including renewable energy (Chum et al. 2011; Junginger et al. 2010), biofuel 
from corn production (Hettinga et al. 2009; Resch et al. 2013), and sugarcane (van 
den Wall Bake et al. 2009; Chen et al. 2014). The cost per unit of product (e.g., 
feedstock or biofuel) decreases from the original costs by a fraction at each doubling 
of cumulative production, i.e., a learning rate that follows a power law (Junginger et al. 
2010). Learning rates of 32% and 45% described progress in sugarcane (van den Wall 
Bake et al. 2009) and corn feedstocks production (Hettinga et al. 2009), respectively 
from 1975-2005 in Brazil and in the U.S. For the conversion process, the learning rates 
were comparable at about 20%. As the technology matures, learning rates decrease 
unless significant innovation occurs across the value chain. This progress is roughly 
represented by the blue range in Figure 12.6. The performance is an index including 
product quality, capital investment, operating costs, and environmental performance. 

Lignocellulosic biomass conversion processes to ethanol, other biofuels and chemicals, 
land-efficient animal feed, or power are represented schematically by the red line and 
adjacent hatched areas. Many advanced biofuels and bio-based products processes 
are at various stages of development and include many innovations or adaptations 
to the existing industry technology that span the range from the red to the green line. 
To arrive at the point of commercial production, development work at various scales 
is conducted on individual components of the process, prior to their integration into 
a process. Therefore, process integration is another important area, as the many 
individual steps are either not yet optimized or have not been optimized in a fully 
integrated process (Chum et al. 2011), usually involving many organizations. More 
specifically, research is needed at kilogram per hour (kg/h) scales to identify main 
characteristics of concepts; then at multiple metric ton per hour (t/h) of feedstock to 
identify detailed characteristics, operating the facilities to identify issues and solve 
problems. At the same time developers collect products and with the data obtain process 
performance information in continuous operation for a significant number of hours to 
enable prediction of performance for further scale-up. With increased confidence in the 
process performance, technical risk decreases and further scale-up proceeds to gain 
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confidence in decreased risk of capital investment in larger demonstration or first-of-a-
kind commercial facilities [2] (see also Table 6.2 in chapter 6, this volume). 

Fuels markets, like power markets, could require hundreds of large-scale facilities 
while chemicals at large scale do not require as many (Brown and Brown 2013; 
Vennestrøm et al. 2011). Premature scale-up toward commercial scale increases 
operation costs significantly and has caused many failed projects (Kirkels and Verbong 
2011), significant delays, and increased costs [5]. Developers and their networks 
of suppliers of equipment and engineering and construction firms who succeed in 
the systematic development through various stages to reach a performance point 
that can be warranted have easier access to regular financing. This is the case, for 
instance, of the development of small- [6] to medium-scale gasification for heat and 
CHP applications [7](IEA Bioenergy 2010). Large-scale operations still have too high 
a cost of capital and risk for private investment, and require targeted public policies 
such as values for carbon markets to drive technological change. This is described in 
innovation studies of gasification RD&D (Hellsmark and Jacobsson 2009, 2012). This 
chapter provides examples of commercial and developing technologies and highlights 
some of the science and technology advances, using notes as further information 
and records of commercialization progress from companies’ announcements, which 
change with time, and websites and references for permanently retrievable materials. 

Taking Figure 12.6, we illustrate conversion facility sizes adapted to the small feedstock 
supply of a location and approaches that increase the feedstock supply with logistics and 
pre-processing so that economies of scale in regular or larger scale conversion facilities can 
be used. How to optimize economic, environmental, social, and sustainable development? 

Figure 12.6. Hypothetical S-shaped curve for technology development of biofuels to 
commercialization and maturation, and advanced technologies that could surpass the 
performance of incumbent technologies. Performance index includes product quality, capital 
investment, operating costs, and environmental performance. LC = lignocellulosic.
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For instance, Route A for lignocellulosic biomass at scales of current dry mills (or <1,000 
t/day) could become Route B by increasing the supply of sustainable lignocellulosic 
feedstock to be equivalent to that of a few of the largest corn wet milling facilities in 
the U.S., with scales near 20,000-30,000 t/day (closer to those of refinery operations 
of 150,000-200,000 bbl/day). The necessary innovation is in feedstock supply, 
preprocessing, and logistics to enable much larger storage facilities. For instance, 
densification is already enabling a stable and storable material to be produced and 
then shipped or transported to a larger centralized storage and distribution center 
(e.g., similar to a grain storage facility). These can then support conversion facilities 
operating at the needed scale (Egbendewe-Mondzozo et al. 2012; Eranki et al. 2011). 
The scales were modeled for other feedstocks up to 10,000 t/day, a small refinery size 
(Argo et al. 2013). Densification is already used in combination with maritime shipping 
so wood pellets (Lamers et al. 2014; Searcy et al. 2014) can reach coal-fired plants 
or heat and power applications in Europe from North America (Faaij et al. 2014; Goh  
et al. 2013). As shown in Figure 12.1, 23.6 million metric tons were traded in 2013. 
Advanced technologies such as mild pyrolysis (torrefaction) (Batidzirai et al. 2014) of 
wood could enable even larger scales and project environmental benefits (Wilson et al. 
2011) but have not been demonstrated at scale yet. 

Another Route B uses a lower feedstock cost, for instance, from smaller plants located 
close to high density urban centers that generate waste. For instance, a 100 to 170 t/
day could lead to 20-35 million liters fuel facility for small cities. Such technologies help 
municipalities attain large diversion rates from landfills as was achieved in California 
in the eighties (Chum and Overend 2003) and continues to be pursued. Depending on 
the route, around 100 million liters could be produced with 1,000 t/day at sites where 
this supply is available.

Route C could be reached in a location where the cost differential could be absorbed 
by a higher value coproduct where appropriate size markets can support this cost 
difference over time. Route D could be reached with flexible manufacturing of different 
coproducts. Such multiproduct facilities could have smaller scale and are being pursued 
as potential routes in Europe, for instance, coupled to pulping processes (Modahl and 
Vold 2010; Rødsrud et al. 2012), or, as the example of the European study described in 
Section 12.1.1, small to medium size facilities to decrease the environmental footprint 
and overall resource use. Some are being designed to be flexible and support small-
scale fuel production (for an urban center) or make multiple chemical or specialty 
products (Vennestrøm et al. 2011). These are examples of integrated biorefineries.

In bioenergy today, one size does not fit all situations and both small- and large-scale 
conversion plants are necessary to match the multiple feedstock and development 
opportunities. Appropriately sized conversion technologies can be developed in different 
countries and communities. Advanced manufacturing, automation, and process controls 
progress could favor smaller plants. Major sources of commercialization status used are: 

 ● Information provided by The International Renewable Energy Agency (IRENA 
2013), Bacovsky (2013) database, databases of pilot, demonstration, and first 
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commercial plants of the International Energy Agency (IEA) Bioenergy Agreement 
task 39 (Bacovsky et al. 2013), literature (Brown and Brown 2013), and trade 
association data such as Biofuels Digest. IRENA and the various working tasks 
of the IEA Bioenergy publish frequent updates on technologies, integration, and 
commercialization, including on biorefineries (task 42).3

 ● Reviews of developments in the EU and the U.S. (Balan et al. 2013) with consistent 
and diverging U.S. and EU developments (Monti and Berti 2013; Zegada-Lizarazu et 
al. 2013) including biofuels demonstration and commercialization efforts (Balan et al. 
2013; Janssen et al. 2013).

The production of biofuels for use in road and air transport is the major thrust of 
this chapter, including environmental performance examples, and gaseous biofuels. 
Feedstock production and logistics are the subjects of Chapters 10 and 11, this 
volume respectively; social aspects, environmental impacts on biodiversity, water and 
hydrology, GHG emissions and indirect land use impacts, and sustainability certification 
of bioenergy are addressed by chapters 15 to 19, this volume. 

12.2 Key Findings
Commercial Biofuels

 ● Ethanol: The dry mill corn refining industry matured, producing ethanol, feed, biodiesel, 
and other products and increased average yield, increased energy efficiency, and 
decreased process environmental impacts (12.2.1, 12.2.1.1.1, see Chapter 10, this 
volume for parallel feedstock improvements). Mature sugarcane to ethanol conversion 
processes increased feedstock use efficiency and developed electricity generation as 
a main coproduct in Brazil and in other countries (12.2.1, 12.2.1.1.2).

 ● Hydrotreated vegetable oil or renewable diesel started production at commercial 
scale, has high acceptance, and with more reasonable cost if produced from 
waste oils, fats, and greases (12.2.1.4, 12.2.2.4.1), it enables the use of higher 
volume fraction in blends. Several of these products have received sustainability 
certification. It is projected to be the fastest growing biofuels segment with additional 
production coming from tall oil (12.2.1.6) and other fats and used cooking oils.

 ● Ethanol and biodiesel matured as biofuels in commerce with significant trade 
among producing and using countries (Pelkmans et al. 2014) (12.2.2.1, 12.2.2.3). 
Blends are the most common use but straight ethanol and flexible fuel vehicles are 
marketed. Biofuels exported to the EU had sustainability certification according 
to criteria defined by several sustainability schemes accepted in that market (see 
Chapter 19, this volume).

3 http://www.ieabioenergy.com/wp-content/uploads/2014/09/IEA-Bioenergy-Task42-Biorefining-Brochure-
SEP2014_LR.pdf
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Advanced Biofuels

 ● A large number of process configurations are possible to convert lignocellulosic 
biomass to fuels, products and energy. Portfolios of conversion technologies are 
being tested, some of which are moving toward commercialization.

 ● Convert the carbohydrate portion (about 75%) with improvements in pre-treatment 
and microorganisms (natural and engineered) and enzymes to fermentable 
sugars to ethanol, while using the lignin fraction for process heat and electricity 
(e.g., in Italy, U.S., Brazil) (12.2.1.1.4). 

 ● Use low cost waste biomass to produce clean syngas using advances in engineering 
and catalyst development in thermochemical gasification. Catalytic Fischer-
Tropsch (FT) processes using microchannel reactors after plasma gasification 
are undergoing simultaneous scale-up to assess small-scale developments to 
synthetic gasoline, diesel, jet fuel, and waxes (e.g., U.S., U.K.) using economies 
of volume for small manufactured plants. Many gasification commercial 
developments for cogeneration of power and heat are operating commercially. 
Other catalytic processes yield dimethylether, also being tested for transport (e.g., 
Sweden) (12.2.1.5.1). Clean gas upgrading is also occurring in bioprocessing 
such as fermentation by acetogenic organisms, natural and engineered, at room 
temperature to ethanol or other fuels and chemicals (e.g., U.S., New Zealand) or 
catalytic conversion to methanol (e.g., Canada) (12.2.1.5.2).

 ● Three first-of-a-kind commercial plants using biochemical conversion to ethanol 
have been designed and constructed in the U.S.; the feedstock supply chains for 
corn stover and other lignocellulosic materials have been contracted for reliable 
delivery at about 700-1,000 Mg/day each and two started operations by October 
2014. As expected, initial commercial conversion plants have higher capital 
costs than the mature conventional ethanol plants. Sustainability criteria for the 
systems were built into the design and continue to be evaluated. At the start 
of operations, plants undergo normal de-bottlenecking to reach their designed 
capacity (12.2.1.1.4). 

 ● One first-of-a-kind commercial project using mixtures of agricultural residues 
to ethanol and power started operations in 2013 in Italy and a similar type of 
commercial project started operations in Brazil at twice the scale using sugarcane 
bagasse and field residues in 2014. 

 ● Many process configurations are being tested in pilot and demonstration stages 
around the world. For very large-scale conversion approaching petroleum fuels-
scales with lower processing costs, new logistics of feedstock supply models are 
under development through densification and preprocessing to stable and storable 
feedstocks. At the same time, size-adapted conversion plant scales to feedstock 
supplies is also under development for urban centers of distributed production or 
community or household (12.2.1.1.3, 12.2.1.5, 12.2.1.6, 12.2.1.7). 



396

chapter 12 
Conversion Technologies for Biofuels and Their Use

Bioenergy & Sustainability

 ● Diversification of biofuels—type and coproducts—characterizes the new 
biorefineries. These pathways use scientific developments from synthetic 
biology, metabolic engineering, and construction of designed strains, among 
others, to build higher alcohols (e.g., butanols such as isobutanol) or more 
complex hydrocarbon structures such as contained in natural rubber, to 
make farnesene (C15H24). Others are using heterotrophic algae as catalysts in 
dark fermentation of sugars to make a variety of oxygenated oil products or 
hydrocarbons. The desired traits and functions are built into yeasts for industrial 
production that is starting. Further conversion of each of these products can 
make gasoline, diesel, and jet fuel substitutes and coproducts. Purely chemical 
pathways are also under development at various scales for all fuel products. 
Significant progress is also being achieved in catalysis for thermochemical 
and catalytic conversion of biomass and its upgrading to fuels and chemicals 
(12.2.1.1.4, 12.2.1.2 to 12.2.1.7).

 ● Pathways to commercialization include retrofitting commercial ethanol plants 
(either corn or sugarcane) to produce significant quantities of materials for 
testing for performance, lower costs, and risks, of going directly to lignocellulosic 
materials. Parallel development of multiple fuel and chemical products of higher 
value or food/feed products is a major strategy moving forward paving the way to 
biofuels commercialization (12.2.1.1.4, 12.2.1.2, 12.2.1.5, 12.2.1.6).

 ● A myriad of conversion routes are being researched, then a large number is 
being explored at pilot and demonstration scale, including pyrolysis of biomass 
to oils, which can be upgraded in standalone configuration in catalytic processes 
to produce fuel blend fractions, or sent to petroleum refineries for upgrading. 
Biomass pyrolysis also produces biochar which is being sold in some locations 
as organic soil amendment. Developments are occurring both at small- and 
large-scale conversion plant sizes covering the multiple existing or developing 
feedstock production and logistics systems highlighting opportunities and 
challenges (12.2.1.7, 12.2.1.1.3).

 ● The coordinated development of the biomass and biofuel supply system and its 
utilization is occurring in the aviation sector. Aviation has no substitute power 
systems for the foreseeable future, so biomass can help fill a gap with low-carbon 
profile fuels. Biofuels that passed ASTM certification have been tested, as 50% 
blends are hydrocarbons derived from biomass gasification and commercial FT 
processing to jet fuel, and hydrotreated vegetable oils, waste, fats, and greases; 
and at 10% jet fuel blend with farnasane. Alcohols to jet fuels, pyrolysis and 
upgrading to fuels and chemicals production, and others continue to be tested to 
pass certification to enable actual testing in commercial flights. Costs are still high 
and several coordinated approaches by multiple sectors, public and private, are 
being employed globally to facilitate cost reductions and the necessary further 
testing to commercial products (12.2.2.4).
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12.2.1 Biofuels and Sustainability Are Systems 
dependent: Scale, Nature and location
The major biofuels systems by 2013 were: 

1. Ethanol from corn or other cereals, sugar beet, and sugarcane, primarily in the 
U.S., Brazil, EU, China, and Canada (97% of 87 billion liter (L) produced) with the 
total ethanol consumption of 1.8 EJ4,

2. Biodiesel production from rapeseed, soybean, palm oils, waste oils and greases, 
and animal fats in the EU, U.S., Brazil, Argentina, and Indonesia (85% of 23 
million metric tons produced) with a total biodiesel consumption of 0.85 EJ.

3. Biogas from waste management and animal husbandry, which is the major 
gaseous biofuel produced in most countries and its application globally produces 
twice the energy of biodiesel [8] (REN21, 2014) or about 1.7 EJ.

4. Renewable diesel, also called HVO, at an estimated 2.7 million metric ton 
production in the EU, Singapore, and U.S., is consumed mostly in the U.S. and 
EU [9] or 0.12 EJ. In addition, smaller quantities of other biofuels are produced. 

Cost trends of commercial biofuels and bioenergy were reviewed for many countries 
and expressed as levelized cost of biofuel—a function of feedstock cost (Chum et al. 
2011). For biodiesel, the oil feedstock costs contribute 80% to 90% of the estimated 
production cost, unless derived from wastes. For ethanol from corn and sugarcane, the 
feedstock contributed 60% to 80% of the cost. The 2012 estimated production cost and 
producer prices in Brazil and the U.S. are shown in Figure 12.7 (IRENA 2013).

The ethanol price variations from food commodity feedstocks shown in Figure 12.7 
are linked to oil prices and other factors, which are not seen to the same extent in 
lignocellulosic feedstocks, principally for residues and pellets; for comparison, wood at 
$70/t (dry) corresponds to $3.8/GJ while corn at $197/t corresponds to $9/GJ. 

Although most of the literature on environmental impacts is based on considerations 
of GHG emissions, fossil energy use per unit of output fuel produced, and sometimes 
air impacts—the broad range of life cycle impact assessment categories shown in 
Box 12.1 (data for the specific location and time of production (Ridley et al. 2012)) 
have been less studied. Some models include toxicological data using prior databases 
versions which are updated as more compounds are tracked. Corn ethanol in the 
U.S. has lower ozone layer depletion, particulate matter emissions; higher impacts in 
acidification, eutrophication, photochemical oxidation; and decreased Global Warming 
Potential (GWP) (Yang et al. 2012). 

4 Global and major countries consumption and production data were supplied by F.O.Licht Interactive Database 
with permission (March 2014). Data were supplied in cubic meters for ethanol and million tonnes for diesel and 
hydrotreated vegetable oils and converted to EJ. Values used for conversion were in MJ (lower heating value)/kg: 
26.8, 37.7 (average), and 45.5 (supplier value) for ethanol, biodiesel, and hydrotreated vegetable oil, respectively. 
Note that average gasoline and diesel in the U.S. are 43.1 and 42.8 MJ/kg, respectively. 
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The environmental performance of U.S. commercial ethanol industry has improved with 
time. Specific vintage plants—2001, 2005, and 2010—were analyzed for indicators related 
to human health carcinogenicity and fresh water ecotoxicity for corn ethanol production. 
Figure 12.8 shows the potential human impact on the left and the potential ecosystem 
impact on the right and the ranges indicate the producing states (from lower to upper 
values). Conversion contributed over time to a smaller fraction of the life cycle impacts 
across the value chain and this trend was mostly associated with power generation. While 
in 2001 overall conversion had about the same order of magnitude of impacts by petroleum 
processing, in 2010 human carcinogenic impacts were halved. The bulk of the impacts 
came from the distributed biomass production with phosphorus contained in the fertilizer 
being the major source. As the types of regulated pesticides changed with time, so did 
their ecotoxicity impacts (as shown in the figure on the right) and by 2010, the conversion 
process had minimized emissions. the comparison is with modern gasoline produced in 
very large commercial plants that are highly regulated because of the toxicity of chemicals 
involved and concentrated in a specific location. Within the errors of these measurements, 
the potential human health carcinogenic impacts are similar. The potential for freshwater 
ecotoxicity is higher than that of gasoline because it primarily derives from feedstock 
production using pesticides over a wide geographic area of production. 

these impact studies are preliminary and need additional research and measurements 
with increased spatial resolution at landscape and watershed levels. Such resolution 
is beginning to emerge in air emissions of ethanol use compared to gasoline (Hill 

Figure 12.7. Average producer prices from 2002 to 2012 for commercial ethanol are expressed 
in liters of gasoline equivalent energy from commodity crops and 2012 estimated production cost 
ranges (IRENA 2013) in major producing areas. Reproduced with permission from IRENA.
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et al. 2009; Tessum et al. 2012), which is often concentrated in the urban centers. 
Frameworks for analysis of the lignocellulosic biofuels impacts are being developed 
and tested, such as corn stover removal for bioenergy and watershed impacts for 
advanced biofuel production (Gao et al. 2011; Gramig et al. 2013).

Figure 12.8. Trend in human carcinogenic toxicity of E85 (85% ethanol/15% gasoline blend) 
from corn ethanol in the U.S. from 2001 to 2010 (left) and freshwater exotoxicity impacts (right). 
Units are Comparative Toxic Units per km driven, which represent potential increase in human 
morbidity (or aquatic toxicity), calculated using the USEtox model and TRACI 2.0 [10]. Error bar 
represents the range from highest to lowest values for corn-producing states (Yang 2013). Note that 
the conversion process over time minimized emissions with recycling and wastewater processing 
solutions decreasing its ecotoxicity impacts (Yang 2013). Reproduced with permission.

Several specific configurations of corn ethanol processes powered by natural gas with 
cogeneration, or anaerobic digestion gases in the U.S. have received sustainability 
certification for the EU Renewable Energy Directive (EU RED) (RED 2003) system to 
meet 35% GHG emissions reductions by the International Sustainability and Carbon 
Certification and have been exported [11].

In one example of an integrated corn-based biorefinery, an analysis of sustainable 
process development guided the subsequent stages of the company’s development 
from a stover commercial plant to ethanol in collaboration with academic and 
government laboratory partners (Alles and Jenkins 2010). (See [2] for environmental 
impact assessments for three examples of first-of-a-kind commercial plants in the 
U.S. setting feedstock supply systems with multiple sustainability parameters and 
conversion systems for fuels and power).

Sugarcane ethanol in Brazil presents lower impacts than gasoline in terms of GWP, fossil 
depletion, and ozone layer depletion , and higher impacts in acidification, eutrophication, 
photochemical oxidation, and agricultural land use categories. Human health toxicity values 
are similar to those of gasoline (Cavalett et al. 2013). Ethanol from sugarcane refineries 
that use mechanical harvesting of unburned cane and configure the process to efficiently 
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generate power receive the U.S. EPA Advanced Biofuel category (meeting the 50% threshold 
level) and receive a 50% reduction in the EU RED system (RED 2003). An economic input-
output life cycle assessment analysis of the sugarcane ethanol system with mechanization 
comes to similar conclusions, emphasizing the need to improve agricultural management to 
decrease fuel, fertilizer, and herbicide consumption (Caldeira-Pires et al. 2013). 

A number of multiobjective studies optimizing the products of the sugarcane biorefinery 
are available, including various uses of bagasse for fuels, chemicals, and power 
generation with the latter having the lowest impact in several areas (Dias et al. 2013a; 
Dias et al. 2012; Dias et al. 2013b). In the framework studied, only power generation was 
available; the others were developing technologies, so the emissions performance is 
based on projected data from pilot or early demonstration work, as data for commercial 
practice are not available but guide RD&D. 

Environmental performance of biodiesel production in various countries is shown in 
Table 12.1 for selected life cycle impact assessment indicators, harmonized by the 
Swiss Federal Laboratories for Materials Science and Technology organization (EMPA) 
(EMPA 2012). Additional data points from China (Hou et al. 2011) illustrate results from 
two different allocation of coproducts impacts [12] in the life cycle methodology used 
that was adapted to that country’s conditions. Note that differences of 10% to 25%, 
depending on measurement types, may show equal performance within the errors of 
measurements and models used, or use generic data if specific locations lack them. 
Data gaps for many countries need to be filled.

Environmental legislation in the U.S. had parameters for considering global market 
mediated land use changes in the development of pathways that set the limit of 
GHG emissions relative to gasoline at the time of legislation enactment. The EU 
legislation set restrictions for the use of high carbon soils and various types of land 
with high value for biodiversity, and considered indirect land use change (iLUC) as 
another parameter to consider along with results of the a static life cycle assessment 
analysis. We provide some recent examples, but recent publications provide many 
more (Chum et al. 2011; Creutzig et al. 2014; IPCC 2014; Pelkmans et al. 2014; Smith 
et al. 2013) showing conditions under which overall sustainability can be improved 
for specific sites and with appropriate governance of land use.

In the case of palm oil biodiesel, the Roundtable on Sustainable Palm Oil enabled 
process and system improvements with anaerobic digestion of mill effluent wastewater 
to generate power and also pelletized empty fruit bunches for power generation in 
combustion boilers for process and for nearby communities, with improvements in 
GHG emissions and environmental indicators [14]. 

Specific sustainability studies compared jatropha biodiesel from decentralized 
smallholders and a centralized plantation and conversion facility using data from 
producing facilities in Tanzania. Both models investigated could lead to positive socio-
economic and environmental impacts. The smallholder model scores better on land 
rights, GHG balance, and biodiversity, and reached out to more people. Whereas the 
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plantation model creates more employment and higher (local prosperity) benefits spread 
to a smaller number of people, and could lead to higher yields (van Eijck et al. 2014). 
Both models could be made to provide benefits. More field measurements are needed 
(van Eijck et al. 2014)—a persistent conclusion from this and other studies in developing 
countries, especially least developed countries (Creutzig et al. 2014; IPCC 2014).

For conversion technology processes, initial sustainability guidance includes materials 
utilization, energy use, water use, toxics dispersion, pollutants dispersions, and GHG emissions 
[15], as used by the chemical industry, including the many categories of environmental 
impacts discussed in Box 12.1. Countries and organizations have developed guidance and 
context, as have global companies (Efroymson et al. 2013) [16]. A review of taxonomy for 
conversion technologies process development R&D summarizes global developments (Ruiz-
Mercado et al. 2011a), discusses data needs (Ruiz-Mercado et al. 2011b), and applications 
(Ruiz-Mercado et al. 2012; Ruiz-Mercado et al. 2013). From incoming feedstocks to outgoing 
fuels (products), these researchers identified 66 environmental, 26 efficiency (materials), 
33 economics, and 15 energy indicators to analyze their interdependencies and guide 
process development toward commercialization. The efficiency indicators are listed in Table 

Table 12.1. Ratio of Impacts: Biofuel/Fossil Fuel. Environmental impact indicators from life 
cycle impact assessments for select criteria show data as ratios of biofuel impacts divided by 
petroleum diesel fuel impacts by EMPA (EMPA 2012) and Hou et al. (Hou et al. 2011). INT and 
EXT refer to intensive or extensive crop production and CONV refers the conventional process 
in the database used [13].
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12.2 and carbon and atom efficiency are main indicators. A process that is better—in terms 
of the environment, efficiency, energy, and the economy—will most likely be sustainable, 
although one can expect that trade-offs will need to be made. The tool, “Gauging Reaction 
Effectiveness for the Environmental Sustainability of Chemistries with a Multi-objective 
Process Evaluator” (GREENSCOPE), was tested with one commercial biodiesel production 
(Ruiz-Mercado et al. 2013), and could be helpful in continued development of biofuels and 
biorefinery technologies (Smith and Ruiz-Mercado 2014). 

A simplified subset for sustainability assessment is shown in Figure 12.9, comparing 
country-specific hydrocarbon fuels production pathways in petroleum refineries, with 
possible substitute processes based on coal (Yang et al. 2013) gasification to liquids 
(commercial catalytic FT process), or biomass, or coal and biomass coprocessing 
in China. Here the technical maturity is specifically highlighted as well as relatively 
simple proxies for the various indicators (aggregation) (Yang et al. 2013). Just looking 

Table 12.2. Sustainability Indicators for Efficiency (Materials) in Chemical Processes. These 
indicators, along with environment, economics, and energy indicators contribute to selecting 
sustainable processes (Ruiz-Mercado et al. 2011a).

Indicator Description Indicator Description

1 Reaction yield 14 Carbon efficiency

2 Atom economy 15 Material recovery parameter

3 Actual atom economy 16 Solvent and catalyst environmental 
impact parameter

4 Stoichiometric factor 17 Physical return on investment

5 Reaction mass efficiency 18 Renewability-material index

6 total material consumption 19 Breeding-material factor (Mass of 
product per Nonrenewable mass input)

7 Value mass intensity 20 Recycled material fraction

8 Mass intensity 21 Mass fraction of product from recyclable 
materials

9 Mass productivity 22 Mass fraction of product designed for 
disassembly, reuse or recycling

10 Environmental factor 23 total water consumption

11 Mass loss index 24 Fractional water consumption

12 Environmental factor based 
on molecular weight

25 Water intensity

13 Effective mass yield 26 Volume fraction of water type
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at indicators one by one, determining which system is better will vary; but examining 
the multiple indicators is much more likely to provide robust information for trade-off 
analyses. The same can be concluded from analysis of specific indicators in other 
systems (Choudhary et al. 2014). 

Figure 12.9. Comparison of parameters for sustainability assessment of liquid fuels routes from 
existing oil refinery process with developing alternatives based on gasification of coal, biomass, and 
coal/biomass to liquids using the commercial Fischer-Tropsch catalytic processes (Yang et al. 2013).

At the same time, simpler tools that aggregate results from multiple and complex 
indicators into simpler indices using multivariate analytical methods are under 
development to uncover major variables responsible for the overall impacts (Sikdar et 
al. 2012; Sikdar 2003). Methodologies are being developed that do not require specific 
values to be assigned to groups of indicators but use all the individual information 
collected (Ingwersen et al. 2014a; Ingwersen et al. 2014b); value-based methodologies 
are employed in European countries (EMPA 2012). 

Company-specific aggregate indicators include various types which are used 
alone (one dimension) or in combination such as: product focus life cycle impacts; 
eco-efficiency indicators; and process cradle-to-grave costs; one full combination 
includes also the overall impacts on the environment, society, and related costs to 
help manufacturer in product selection (e.g., BASF’s SeebalanceR). A framework 
and guide for people engaging with the complex and evolving sustainability 
literature reviews the development and application of sustainability assessment 
tools led by CSIRO (Australia) for the World Economic Forum’s Global Agenda 
Council (O’Connell et al. 2013). 

12.2.1.1 Ethanol
The current market-dominant biofuel ethanol is made primarily from corn and 
sugarcane, although cereal grains including wheat and sugar beet also contribute to 
production in the EU.
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12.2.1.1.1 maize and Other grains—dry mill Corn Refining 
Industry Emerged for Ethanol, Feed, and Biodiesel 
As discussed in the Introduction section (12.1) of this chapter and in Chapter 10, of this 
volume, ethanol production and use in the U.S. was a response to energy, environment, 
agriculture, alternative fuel infrastructure and vehicles, and economic development 
policies over time [17]. Policies successfully increased total ethanol production from 
2005 to 2011 by a factor of nearly three and that of the lowest environmental impacts 
dominant process by a factor of ten. 

Two primary processes for converting maize into ethanol are wet and dry milling. The 
wet milling technology coproduces starch, syrup, oil, sugar, and byproducts such as 
gluten feed and meal resulting in hundreds of products and byproducts. In the U.S., 
dry milling technology was responsible for 30% of the ethanol production in 1990, 
but became the major process for fuel ethanol production by 2004 (Hettinga et al. 
2009). This technology matured (80% to 90%) during the rapid growth period of 2004 
to 2010. Dry milling maize grains allows enzymes to have easier access to starch for 
hydrolysis to glucose, fermented by yeasts to ethanol; hydrolysis and fermentation can 
be conducted simultaneously (Mueller and Kwik 2013). The coproduct, distillers’ grain 
with solubles, is a highly valued and nutritious livestock feed that replaces the use of 
some soybean and corn (see Section 12.2.2) and thus the same planted corn area 
produces ethanol and animal feed. 

In the nineties, conversion plants were designed for beverages with 35 million 
liters per year (L/yr) capacity. Biofuel conversion plant size doubled by 2005, and 
has more than doubled again since 2005. This is due to economies of scale and 
the integration of better designs (Hettinga et al. 2009; Hettinga et al. 2007) as the 
industry reached the full legislated capacity and anticipated performance ahead of 
time (U.S. EPA 2007)—with many mills meeting the EU RED (RED 2003) legislation. 
Using technology vintage- and specific-data, Figure 12.10 displays selected energy 
and environmental parameters over time. the improvements in the average corn 
ethanol dry mill decreased GHG emissions by nearly half; fossil energy consumption 
decreased by 54% through enhanced energy efficiency (Wang et al. 2012); and 
land use decreased by 44% resulting from improved crop genetics and agronomic 
practices in 2010, respectively, compared to 1990 (on a life cycle basis discounting 
land not needed for soy; see Chapter 10, this volume) (Chum et al. 2014). In the 
nineties, each liter of ethanol used six liters of water in the process. By 2007, only 
three liters of water were used, (Chum et al. 2014; Wu 2008), and by 2012, water use 
decreased further by 10% (Mueller and Kwik 2013). The 2012 corn average yield is 
420 L/t (up from 327 L/t in 1990), a value that incorporates feedstock improvements 
(see Chapter 10, this volume).

The process industry achieved enhancements in yield through:

1. More efficient separation of plant components
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2. More efficient conversion of these components use advanced preparations of 
commercial enzyme mixtures for starch hydrolysis that also operate at lower 
temperature [18]

3. The use of more efficient engineered yeasts that consolidated multiple processes 
to increase ethanol production [19]

4. Advanced process configurations enabling separation of corn oil from the 
thin stillage for biodiesel production (Chum et al. 2014), or even earlier in the 
fractionation process (Mueller and Kwik 2013). 

Recovering corn fiber became possible, and some companies are adding cellulase 
enzyme mixtures to increase ethanol production [20].

EU biofuels production was spurred by the EU (RED 2003). EU RED considers ethanol, 
biodiesel, biogas, methanol, dimethylether, ETBE (ethyl-tert-butylether) based on 
bioethanol, MTBE (methyltert-butylether) based on methanol from biomass, synthetic 
biofuels, biohydrogen, and pure vegetable oil as biofuels. Production is located close to 
the end market and designed to use multiple feedstocks such as wheat, maize, barley, 
rye, and sugar beet derivatives. The total weight of grain feedstocks processed is the 
same as that for beet derivatives used for a total production of about 4.5 billion L/yr, which, 
with imports, totals 4.5% of the EU gasoline use [21] (AEBIOM 2013). Wheat-to-ethanol 
processing starts with a malting step, and either enzyme or acid hydrolysis leading to 
sugars for fermentation. These processes improved as in the U.S. Ethanol plants initially 
averaged about 50 million L/yr (2006-2008) and doubled in size from 2009 to 2011 [22]. 
Because energy prices are higher in the EU compared with the U.S., energy efficiency 
improvements were implemented quickly compared to the U.S. (AEBIOM 2013).

12.2.1.1.2 Sugarcane Biorefineries make Ethanol, Sugar, and 
Power the grid (mostly based on Walter et al. 2014)
Sugarcane ethanol was produced in Brazil since the early 20th century with 
increased production in the mid-1970s aiming at substituting 20% of the gasoline. 
During the first phase of the Proalcool program, the priority was to increase ethanol 
production with little concern for process efficiencies. After 1986, however, the 
industry competed with gasoline under adverse conditions of low oil prices and a 
lower level of subsidies. Several less efficient mills were pushed out of the market or 
consolidated. Competition led to important improvements in sugar production and, 
in the 1990s, the industry began its trajectory to become the world’s main sugar 
exporter (Walter et al. 2014). 

Table 12.3 summarizes the results of this technology development. In Brazil, ethanol 
can be produced either from cane juice, molasses, or (in most cases) from mixtures 
of juice and molasses. Most mills are sugar mills with adjacent distilleries, enabling 
an important operational synergy. Within the distillery, the largest area of sugar 
losses was (and still is) the fermentation. The use of cane juice in the autonomous 
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distilleries was a novelty for most plants at the beginning of the Proalcool program. 
Improvements areas were: juice treatment, beer centrifugation, microbiological control, 
yeast treatment and recycling, and use of selected yeasts in fermentation. The prevailing 
system includes fed-batch fermentation with yeast recycling even though some continuous 
fermentation systems are in use. The distillation and dehydration technologies were 
imported as integrated systems adapted to the Brazilian conditions of beer quality and 
fuel ethanol specifications (Walter et al. 2014). Today, the average yield of the process is 
around 82 liters of ethanol per wet metric ton of cane (Seabra et al. 2011). 

The transition from being electricity grid purchasers to becoming energy self-sufficient 
relied on installing more efficient equipment and redesigning the process for energy 
efficiency from 1975 to 2000. With the Brazilian deregulation of the power sector in 
1999, an accelerated modernization process started, substituting high-pressure boilers 
(>40 bar) and turbo-generators for the old machinery. Simultaneously, approaches 
to reduced processes steam demand were pursued. The progress of the sugarcane 
industry-wide electricity generation is shown in Figure 12.11. Using this configuration, 
more than 60 kWh/t cane surplus electricity is generated from bagasse fuel only. The 
implementation and evolution in the cane straw recovery will eventually lead to much 
higher levels of surplus electricity. On average, the current levels of electricity surplus 
are around 10 kWh/t sugarcane (Seabra et al. 2011) and are expected to increase 
rapidly in the next years (the level of efficiency could be higher but at increased costs). 

Figure 12.10. Life cycle improvements, using time-specific technologies for conversion and 
feedstock production for corn ethanol production in the U.S. Shown are total fossil energy used, 
GWP (100 year), water consumption, and direct land used per liter of ethanol (discounting land 
not needed to plant soy for feed). Grey blocks show produced annual volume. Adapted from 
(Chum et al. 2014) with permission.
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12.2.1.1.3 Scale—large and larger, with Small-
Scale Ethanol Production Evolving
Sugarcane and corn ethanol production enjoy economies of scale that have favored 
production scales greater than 100 million L/yr. Customizing small scale production with 
automation, process controls, and advanced manufacturing could enjoy economies of 
volume with increased number of plants in many locations.

 Examples: 

 ● Downscale beverage-sized facilities: 9 million L/yr from 250 t/day of cassava has 
operated for six months at 60% capacity at a commercial facility, with improved 
yields of cassava plants and farming practices [23].

 ● Commercial ethanol plant supplier customized a 1 million L/yr plant installed 
and operated in Mozambique with local operators [24]. Challenges included 
training and qualifying local personnel in cassava chips production and delivery 
to the fuel plant and for the operation of the facility. Capacity building in the local 
communities is necessary to enable complex technical operations.

The current corn biorefineries already use the wet stream of pure CO2 by drying, 
compressing, and delivering through pipelines to commercial applications 
(carbonated beverages, freeze drying, etc.), and also commercial enhanced oil 
recovery for facilities in close proximity. This part of the technology could be coupled 
with CO2 capture and storage (CCS) technologies under development globally for 
potential negative emissions should the needed coupling of technologies be tested, 

Table 12.3. Technological Evolution of Brazilian Sugar Mills and Distilleries Since 1975 (Finguerut 
2005; Walter et al. 2014; Olivério 2008). 

Unit Operation 1975 2005

Milling capacity of 6 milling units of  
78” width (tc h-1)

5,500 15,000

Sugar extraction efficiency (%) 93 97

Fermentation time (h) 16 8

Fermentation efficiency (%) 82 91

Distillation efficiency (%) 98 99.5

Overall distillery efficiency (%) 66 86

Boiler efficiency, Lower Heating  
Value (%)

66 89

Turbo-generator efficiency (%) 50 75
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monitored, verified, and become commercial (Creutzig et al. 2014); see Chapter 7 
in IPCC (2014) and [25]. One project is operating sequestering GHG emissions to 
onshore deep saline formations in the Illinois Basin to a final 1 MtCO2/yr capacity, 
testing performance over time [26]. All bioenergy technologies that emit streams 
of CO2 as a product are part of the family of technologies called bioenergy-CCS, 
with potential to sequester atmospheric CO2 producing negative emissions, which 
could become important strategies in climate change mitigation if proven (GEA 2012; 
IPCC 2014). The larger the scale and the proximity to appropriate geologic storage 
sites, the more likely the technologies are to be used. Both the U.S. and Brazil have 
appropriate geologic sites in proximity of current biorefineries (IEA-ETP 2013).

12.2.1.1.4 lignocellulosic Ethanol Using 
Bioconversion Processes in Biorefineries 

The challenge of biochemical conversion approaches is the use of a series of 
steps (Figure 12.12). Biomass pre-treatment is intended to separate the durable 
polymeric matrix of sugar-derived cellulose and hemicelluloses, and lignin, an alkyl-
aromatic polymer, thus more difficult to process than grains or sugar crops. Figure 
12.12 lists 14 leading pre-treatment options. Ethanol was the major product focus 
of biochemical conversion, with concentrations and rates varying depending on 
catalysts, temperature, and time, as well as reactor selection and process integration 
conditions (Chundawat et al. 2011; Galbe and Zacchi 2012; Saddler and Kumar 
2013; Tao et al. 2011; Wyman 2013). Another important consideration is that pre-
treatment optimization conditions vary from one feedstock to another (Elander et al. 
2009; Tao et al. 2013b), thus generating many process configurations and technology 
companies and multiple partnerships based on the specific selection of steps and 

Figure 12.11. Brazil’s sugarcane industry-wide electricity generation nearly doubled since 2006-
2009, according to data from EPE (EPE 2013) and MAPA (MAPA 2010).
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their optimization. The status of this field is similar to biomass gasification technology 
development compared to coal analyzed by Kirkels and Verbong in 2011 (Kirkels and 
Verbong 2011). Proprietary information from the various competing routes is shown 
by the rapid increase in patents applied and received.

Biochemical conversion technologies that employ pre-treatment processes of 
various types (Mosier et al. 2005; Pedersen and Meyer 2010; Wyman et al. 2005), 
enzymatic hydrolysis (Himmel et al. 2007) and fermentation to ethanol, have now been 
demonstrated at the pilot scale; and multiple industrial-scale plants utilizing various 
configurations of this general technology are being constructed and coming online 
worldwide (Bacovsky et al. 2013; Balan et al. 2013; Janssen et al. 2013). Pre-treatment 
and enzymatic hydrolysis processes typically remain the most costly portion of the 
conversion processes due to high enzyme cost, although costs have been reduced 
over time (Hu et al. 2013; McMillan et al. 2011; Tao et al. 2013a; Tao et al. 2013b; 
Tao et al. 2013c). Issues with wastewater treatment when acid or base catalysts 
are present can also increase cost. Some pre-treatments require corrosion resistant 
materials, thus increasing capital costs. New pre-treatment media such as ionic liquids 
(Werner et al. 2010) can be expensive and require very high recovery efficiency for low 
cost products (Kroon et al. 2013; Peralta-Yahya et al. 2012) although could eliminate 
the need for enzymes for hydrolysis (Sun et al. 2013). Other process configurations 

Figure 12.12. Biomass pretreatments alone or in combination with hydrolysis lead to sugars that 
can be fermented to ethanol and other products as indicated. The most common application for 
the lignin is process heat and electricity although many others are being developed. Examples of 
other biofuels discussed in the next section include: other alcohols, microbial products using tools of 
synthetic biology (Alonso et al. 2013; Peralta-Yahya et al. 2012; Yoon et al. 2013), or fatty alcohols 
via heterotrophic algae in dark fermentation (Perez-Garcia et al. 2011) that are also undergoing 
parallel technology development. Modified from Balan et al. (Balan et al. 2013) with permission.
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liquefying biomass first and then conducting the enzymatic hydrolysis are also under 
advanced development (Galbe and Zacchi 2012).

Conversion of soluble sugars to fuels such as ethanol has traditionally been limited by the 
robustness of the fermentative organism against inhibitors commonly produced during 
pre-treatment and by competitive organisms (Parawira and Tekere 2011). The discovery 
of new detoxification methods and, more robust fermentative organisms is addressing 
this problem. More robust fermentation organisms that can tolerate molecules typically 
considered as inhibitors (e.g., furfural or 5-hydroxymethylfurfural) will enable harsher 
pre-treatment conditions, which in turn will enable lower enzyme loadings.

One pilot-scale example (see Box 12.3) completed multi-thousand hours of operation at 
the Kalundborg industrial symbiosis site integrated with heat and power and animal feed 
production. In this facility, performance evaluation was conducted of various commercial 
cellulase and hemicellulase enzyme cocktails based on Trichoderma reesei fungus [27][28] 
or other engineered advanced yeasts that can ferment both five and six carbon sugars [29]; 
further commercialization steps are described in [30] to [32]. The importance of this step in 
industrial bioprocessing developments was summarized by Lane (Lane 2014). By 2014, in 
industrial conditions, enzymes cost contribution to lignocellulosic ethanol is described by 
industry as seven- to ten-times higher than in the mature starch ethanol production [33]; 
costs are expected to decrease with increased operational time of industrial-scale plants 
and continued improvements in cocktails by enzyme manufacturers.

An integrated facility with annual capacity production of 50 million liters of ethanol and 
13 megawatt (MW) power capacity started operation in Crescentino, Italy (10/2013). 
Mixtures of agricultural residues (200,000 t/yr) are processed by steam to reduce 
viscosity; enzymes are added for hydrolysis and yeasts for fermentation (Janssen et al. 
2013). Operations started at 60% of capacity; other facilities using similar technology 
are under development in several countries [34][35]. 

Using similar integrated technology, an industrial cellulosic bioethanol plant started 
operations (9/2014) in São Miguel dos Campos, Alagoas, Northeastern Brazil. The 
production capacity per hectare is projected to increase by 50% using both bagasse 
and agricultural straw residues with the system developed to harvest, store, and 
process 400,000 metric tons of straw per year with an initial production capacity of 
82 million liters of ethanol per year. The associated Caete power plant is expected to 
generate about 135,000 MWh/year [36].

Another standalone integrated facility using corn stover as feedstock to produce 
about 100 million liters of ethanol and 21 MW of power capacity (fully operated on 
biomass energy) of which 4 MW is for the community in Hugoton, Kansas, U.S. 
started operations in 10/2014 [37] (Janssen et al. 2013). With similar production 
capacity, two integrated biorefinery plants co-located with conventional ethanol 
plants, sharing infrastructure and trade by-product streams, were constructed in the 
U.S. near Nevada [38] and near Emmetsburg [39], both in Iowa, U.S. and started 
commissioning operations. These plants include validated data on five years of 
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feedstock nutrient management at the site and prior history with recommendations 
from independent researchers on residue removal quantities [40] [41]. To set up 
integrated corn stover biorefineries, the lignocellulosic feedstock supply chain had to 
be developed over about five years each using best management practices (Janssen 
et al. 2013); in parallel design and construction of the conversion technology facilities 
(about 700 t/day) continued [2] [42].

The Emmetsburg facility began converting baled corn cobs, leaves, husk, and stalk into 
cellulosic ethanol by 9/2014, and is moving forward toward continuous operation. At full 
capacity, it is projected to consume 285,000 tons of biomass annually from a 45-mile radius 
of the plant. About 25% of the residue per unit area will be used to produce ethanol at a 
rate of 80 million liters per year, and later to full capacity of 100 million liters per year [43].

Co-optimization of pre-treatment and enzymatic processes or development of one-pot, 
high efficiency conversion processes (Lynd et al. 2005) will be required to continue 
to lower the cost of the biomass deconstruction. The development of enhanced 
enzymes combining novel activities (Quinlan et al. 2011; Vaaje-Kolstad et al. 2010) and 
complementary enzymatic paradigms (Resch et al. 2013) has recently been reported. 
Further improvements in biological solubilization are critical for cost effective biochemical 
conversion processes to be an economic reality at large scale (Brunecky et al. 2013). 

Consolidated bioprocessing (Lynd et al. 2005) also offers the ability to produce 
enzymes in situ via the fermentative organism. Significant challenges exist in terms 
of heterologous expression of effective cellulolytic enzymes, which undergo post-
translational modifications that are of significant importance for enzyme activity 
(Beckham et al. 2012). Industrial development utilizes genetically modified yeast and 
bacteria to convert cellulosic biomass into high-value end products in a single step that 
combines hydrolysis and fermentation [44]. 

Consolidated bioprocessing is also being pursued with many strains, one example being 
bacteria that can withstand radiation and very harsh conditions such as Deinacoccus 
radiodurans (Leonetti and Matic 2011). French researchers found that these hardy 
bacteria, also used for environmental detoxification, exhibit both xylanolytic and 
cellulolytic abilities, withstand high ethanol concentration, and have high productivity 
because of their genes’ ability to self-repair (Daly 2009). Development of fuel and 
chemicals as applications for antibiotics and other medical uses is continuing [45].

Lignin offers potential additional value streams from an integrated biorefinery (Zakzeski 
et al. 2010). Moreover, lignin conversion to chemicals or materials offers a broader 
product slate to produce renewable aromatics, which are common building block 
molecules produced currently from fossil fuels. Evidence increasingly indicates the 
need for value added coproducts to establish the cellulosic ethanol industry (Davis et 
al. 2013; Ragauskas et al. 2014) [46].

Supercritical water processing to rapidly solubilize in two stages five-carbon sugars from 
six-carbon sugars is being tested at small scales at high temperature and pressure [47]; 
whether this testing can translate into a commercial process is unknown. However, if high 
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throughput plants can be mass produced at small to medium scales, their environmental 
footprints could become smaller and the cost may be reduced sufficiently for chemicals 
applications. This chemical/thermochemical pre-treatment can also be coupled with 
a variety of chemical catalysts to produce drop-in hydrocarbon fuels and a variety of 
approaches have received significant research attention in the last decade. 

Promising chemical strategies include aqueous-phase and mixed-phase catalytic strategies 
to go through carbohydrate-derived intermediates (Cortright et al. 2002; Huber et al. 2005; 
Kunkes et al. 2008). From various pretreatments integrated catalytic upgrading can also 
lead to hydrocarbons in the jet, diesel, and gasoline range in addition to other chemicals 
(Bond et al. 2014) also undergoing development and commercialization [48]. Traditional 
lines between biochemical and catalytic conversion will continue to be significantly blurred 
with the development of processes combining aspects of biological, catalytic, and thermal 
treatments of biomass to produce renewable transportation fuels (see 12.2.1.5.2).

Box 12.3. Industrial Symbiosis and Bioenergy demonstrations 
at Kalundborg, denmark
One example of multiple systems’ integration operates at the eco-industrial 
park in Kalundborg, Denmark. Industrial symbiosis evolved there over fifty 
years (see figure below) [49]. Multiple co-located companies exchange 
streams; a waste stream becomes a feedstock for another company’s 
process including heat used for industrial processes and municipal facilities 
heating. Kalundborg partners foster industrial symbiosis globally.

The power company spearheaded several projects. Ethanol from wheat straw 
facility with a 100 t/day processing capacity was built (Inbicon); wheat straw is 
pre-treated followed by enzymatic hydrolysis and fermentation, with the lignin 
fraction pelletized and used in the power plant. The five-carbon molasses make 
an animal feed (Janssen et al. 2013). Production runs delivered the first batch 
of ethanol to the oil company in 10/2010 for blending and distribution; this was 
the first part of the 1 million liters delivery contract over time. Tests of the blends 
started with distribution to 100 fuel stations [50]. Another project supported 
produced 270,000 liters delivered by 12/2013 using mixed sugars with reported 
increased yields by 40%, and qualified a third enzyme supplier [51]. 

Support of a 6 MW output energy gasifier demonstration project using wheat 
straw and other wastes at a 1.5 t/h was also part of the efforts of the power 
plant. The gasifier supplied high quality gases for cofiring with the high efficiency 
combustor at the power station (>>90% efficiency thermal and electric) [52]. 

The industrial park in Kalundborg, Denmark was established based on 
human relationships and fruitful collaboration between the employees  »  
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(Symbiosis Center 2014) [49]. Many companies and demonstration plants 
have been added over time as indicated by the figure starting dates with 
companies and municipality buildings spreading over 7 km. 

12.2.1.2 Other Alcohols, Fuel Precursors, and 
hydrocarbons from Biochemical Processing 
Recent progress in omics5 is facilitating the analysis of microorganisms based on 
bioinformatics data for molecular breeding and bioprocess development as seen in 
the previous section applied to ethanol production. Systems metabolic engineering, 
a new area of study, has been defined as a methodology in which metabolic 
engineering  and systems biology are integrated to upgrade the ability to design 
industrially useful microorganisms for a wide range of products. Rational design of 
metabolic networks targets production by flux balance analysis using genome-scale 
metabolic models. Also, evolution engineering helped by omics analyses created 
stress-tolerant microorganisms with the desired phenotypes (Furusawa et al. 2013). 
For instance, a variety of alcohols can be made from the pathways shown in Figure 
12.13, depending on the metabolic pathways selected (Rude and Schirmer 2009). 
Acetone-butanol-ethanol (ABE) fermentation by Clostridium spp of many sugars 
produces acetone, butanol, and ethanol in a ratio of 3:6:1 (Zheng et al. 2009).  

5 “Omics is a general term for a broad discipline of science and engineering for analyzing the interactions of 
biological information objects in various ‘omes’. […] The main focus is on: 1) mapping information objects such as 
genes, proteins, and ligands; 2) finding interaction relationships among the objects; 3) engineering the networks 
and objects to understand and manipulate the regulatory mechanisms; and 4) integrating various omes and 
omics subfields.” http://en.wikipedia.org/wiki/Omics and Nature http://www.nature.com/omics/about/index.html

 »  

http://en.wikipedia.org/wiki/Omics
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Figure 12.13. Examples of metabolic pathways leading to microbial fuels from Rude and Schirmer 
(2009) and examples of bacteria and yeasts. Reproduced with permission6.

ABE has been practiced for 100 years. Isobutanol has been produced by engineered 
Escherichia coli (Atsumi et al. 2008; Atsumi et al. 2010) or by Bacillus subtilis and 
Corynebacterium glutamicum (Blombach and Eikmanns 2011), typically with co-
products such as acetate, ethanol, acetone, or isopropanol. 

Many microorganisms such as microalgae, bacteria, yeast, and fungi are available, or 
can be engineered, to produce biofuels, chemicals, and polymers. A variety of biofuel 
molecules (or their precursors) can be derived from the fatty acid biosynthetic pathway by 
using the metabolic capabilities of native microorganisms and by engineering novel strains. 
For example, fatty acid esters and alkanes (Fortman et al. 2008; Keasling 2010; Peralta-
Yahya et al. 2012), and fatty alcohols and alkenes (Steen et al. 2010) were produced using 
engineering microbial strains from fatty acid synthesis pathway (Figure 12.13 bottom left). 

Fatty acids are the foundation of triacylglycerides, which become the primary energy 
storage molecules for many species of algae, fungi, and bacteria (Shi et al. 2011). 
High yields of lipid precursors can be achieved using (a) oleaginous microbes (e.g., 
the yeast Rhodotorula graminis and the alga Chlorella sorokiniana) that naturally 
accumulate and store lipids, or (b) metabolic engineering to convert well-known and 
well-characterized microbes (such as engineered E. coli) to produce lipids (Howard 
et al. 2013; Rude and Schirmer 2009). One key difference among these microbes 

6 “Deinococcus radiodurans” Credit: TEM of D. radiodurans acquired in the laboratory of Michael Daly, Uniformed 
Services University, Bethesda, MD, USA. http://www.usuhs.edu/pat/deinococcus/images/tgy1bbar.jpg 

 »  
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is whether lipid or free fatty acids are secreted (i.e., E. coli ) (Lennen et al. 2013) or 
intracellularly accumulated (yeast and algae). Additional extraction and purification 
steps may apply for intracellular lipid products and add costs to the process. 

Figure 12.13 top right shows how isoprenoid-based biofuels are produced from two 
basic C5 (five carbon) precursors (Lange et al. 2000; Peralta-Yahya et al. 2012; Pitera 
et al. 2007). The feasibility of using the isoprenoid biosynthesis pathway for biofuels 
has been shown by fermentation of sugars to isoprene (Keasling 2010; Lange et al. 
2000; Peralta-Yahya et al. 2012; Rude and Schirmer 2009), terpene (C10) (Keller 
et al. 2005; Koksal et al. 2011; Peralta-Yahya et al. 2011; Zhang et al. 2011), and 
farnesene (C15 – Figure 12.12) (Renninger and Mcphee 2008; Rude and Schirmer 
2009). Mild hydrogenation of farnesene saturates the double bond and produces 
farnasane, a diesel substitute and partial jet fuel additive [53] (see Section 12.2.2.4). 

Substitution of the whole barrel of oil products became a driver for aligned civil and military 
government offices (U.S. DOE 2013) air transport associations, companies in multiple 
sectors, national and international organizations (FAPESP 2013; International Air Travel 
Association 2013), [54], other governmental organizations (IEA 2011), and the voluntary EU 
program [55]. A few examples of developments to commercialization are highlighted here 
and in other sections. The engineered microorganisms have to be permitted to operate in 
the specific countries in the industrial setting, as is the case of the examples below.

The production of farnesene (Figure 12.12) derived hydrocarbons has been tested at 
industrial sugar fermentation scale to tailored diesel substitute in Brotas, São Paulo, 
Brazil and the fuel is being tested in bus fleets and as jet fuel [56]. These industrial scale 
efforts follow the testing of the synthetic biology principles that resulted in a commercial 
anti-malarial product (Paddon et al. 2013). The ability of these processes to work in the 
presence of complex lignocellulosic sugar streams to produce farnesene was shown 
on a small scale. The C5 sugars required xylose isomerase addition to lead to high 
quality diesel fuel blendstocks [57]. Scale-up considerations such as the fermentation 
mode (aerobic and anaerobic), carbon efficiency, and biological productivity of the 
molecule of interest, toxicity effects, and separation must be considered for technical 
and economic feasibility to produce fuels in parallel with metabolic engineering.

The branched and symmetric alcohol isobutanol (see Figure 12.12) production was scaled 
up in a retrofitted corn dry mill in Luverne, Minnesota, U.S., with the alcohol registered by 
EPA as a fuel additive. The product can be catalytically upgraded to hydrocarbon fuels in 
gasoline, diesel, and jet fuel range of properties, and is being tested [58]. Several companies 
pursue this alcohol and four other carbon alcohols as well as catalytic hydrotreatment to 
hydrocarbon fuels essentially equivalent composition to those of fossil fuels (see 12.2.2.4) 
as well as routes to monomers for plastics by catalytic dehydration to olefins (e.g., 
butenes). The dehydration route of ethanol to ethylene and subsequent polymerization to 
polyethylene is already practiced commercially in Brazil (Iles and Martin 2013). 

Renewable algal oil production started in a fermentation facility coupled to a corn mill 
plant in Clinton, Iowa, U.S. [59]. Heterotrophic cultures of microalgae (Perez-Garcia et 
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al. 2011) illustrated in Figure 12.12 convert glucose in an advanced (dark) fermentation 
plant, into a variety of biofuels, chemicals, specialties, food, and cleaning products by 
designing specific compositions. Developers project to ramp up to annual production 
capacity of 20,000 Mg by 2016 [60].

12.2.1.3 Biodiesel—Chemical Processing of Plant 
Oils or Fats matures—Small and large Plants
The production of oil seed crops like soybean, rapeseed, canola, or from trees such 
as oil palm or jatropha are described in detail in Chapter 10, this volume, with their 
geographic distribution in the world. 

Biodiesel is produced through a transesterification, by combining plant oil with a large 
excess of methanol and a catalyst (sodium or potassium hydroxide) to produce glycerol 
and a mixture of fatty acid mono-alkyl methyl esters (FAME) that is designated as 
biodiesel (Atadashi et al. 2013; Demirbas 2009; Luque and Melero 2012). About 50% 
of the biodiesel plants are smaller than 35 million liters per year capacity because they 
use a variety of waste feedstocks in many locations (e.g., used cooking oil, greases), 
while the other half ranges in size from 40 million to more than 150 million liters per 
year of capacity, using oil seed feedstocks, with the larger sizes being of integrated 
soybean production and biodiesel plants (e.g., Indiana) [61]. European size plants 
tend to be smaller than in the U.S. because of feedstock availability. Globally, a large 
number of suppliers of smaller size production capacities range from one t/day to 500 
times that, include modular configurations, and deal with the various waste feedstocks 
such as animal fats, waste cooking oils and greases, and some non-food oils. 

Processes start with the oil and methanol with the base catalyst, usually in batch operations, 
that produce two phases, the lower rich in glycerol, and the upper containing the biodiesel 
(Luque and Melero 2012). Methanol has to be recovered from both fractions and water 
washed. The presence or production of free fatty acids impacts product quality. Process 
intensification advances include reactive extraction in-situ transesterification, methods 
to improve mass and energy transfer (e.g., oscillatory baffle reactors), heterogeneous 
catalysts, biocatalysts, such as lipases (Itabaiana et al. 2013), among others (Harvey 
and Lee 2012). In addition, continuous operations capable of processing mixture of these 
feedstocks are evolving with process controls. Methanol as a reactant is one of the safety 
issues of production, principally in small-scale production. 

As presented in the previous section, the same type of oil compositions or a tailored one 
can be made from sugars using modified organisms including heterotrophic algae that 
can utilize various sources of carbon. The larger group of photoshynthetic organisms such 
as microalgae and cyanobacteria use sunlight, CO2, and water to generate similar fatty 
acids from which biodiesel or other hydrocarbon products can be produced (Blankenship 
and Chen 2013; Melis 2013). Significant research is ongoing in these organisms that can 
use brackish waters and land that do not conflict with food production, but they require 
water and engineering to lead to sustainable systems (Work et al. 2012). 
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12.2.1.4 Renewable diesel—hybrid Chemical and Thermochemical 
Processing from Plant Oils or Fats to hydrocarbons
Renewable diesel is the commercial hydrocarbon biofuel introduced in 2007 reaching 10% 
of biodiesel mass by 2013. It is also referred to as hydrotreated vegetable oil (HVO),“green 
diesel”, or hydrogenated esters and fatty acids (HEFA); it is produced from fatty acids 
(fats, oils, and greases) or vegetable oils or tall oil from trees, by hydroprocessing and 
hydroisomerization technology used in petroleum refineries. In hydroprocessing, the 
feedstock is reacted with hydrogen under elevated temperatures and pressures and in the 
presence of a catalyst in order to remove oxygen, sulfur, and nitrogen and saturate double 
bonds. The triglyceride-containing oils can be hydroprocessed either as a co-feed with 
petroleum or as a dedicated feed. The products consist predominantly of isoparaffins with 
some residual normal paraffins and proportions can be adjusted for diesel fractions or jet 
fuel fractions; technoeconomic analyses and size of production are different depending on 
the feedstock and coproducts (Miller et al. 2012; Smagala et al. 2012). 

12.2.1.5 hydrocarbons, Alcohols, Ethers, Chemicals, 
and Power from Biomass and Waste gasification—
Flexible Biorefineries to multiple Products 
Gasification is a process which converts carbonaceous solids, liquids, and gases to a 
mixture of fuel gases ,e.g., CH4, CO, H2, and higher hydrocarbons. After purification, 
these can be converted into syngas (CO + H2) which is a versatile resource for upgrading 
to chemicals and fuels. The gasification process is endothermic and thus requires heat 
supplied either from external sources, or from combustion of part of the feedstock 
with substoichiometric amounts of oxidants such as oxygen/steam or air. When air 
is used, the nitrogen remains in the product gas (aka producer gas), and dilutes the 
energy content from the approximately 12 MJ/m3 of synthesis gas, to a range of 4-6 
MJ/m3 (at standard temperature and pressure). Gasification is commercial at very 
large scales using natural gas in FT synthesis, and with coal and petroleum feedstocks 
for integrated gasification combined cycle power generation (IGCC), while at much 
smaller scales plasma assisted partial oxidation and air oxidation are commercial with 
municipal solid waste (MSW) and biomass for CHP and power generation at the village 
scale. Gasification is also used to convert biomass to co-fire with coal in large power 
stations (Kirkels and Verbong 2011; Ahrenfeldt et al. 2013; Matas Guell et al. 2013).

Biomass gasification takes place in a temperature range of 700°C-850°C, depending 
on the type of gasifier, which can consist of moving beds in which the oxidant flow is 
either co-current (sometimes called downdraft) or counter current. Fixed beds are limited 
to scales up to about 5 MW of thermal input. Larger scale units are usually fluidized 
beds (FB), either bubbling FB or circulating FB, for which there is no significant scale 
limitation (Noureldin et al. 2014). Unlike some of the typical coal feedstocks, or gaseous 
and petroleum feedstocks, one feature of biomass gasification is the production of 
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condensible organics “tars”, which requires considerable efforts to either remove, or 
catalytically reform them to more gas (Deshmukh et al. 2010; Kumar et al. 2009). 

12.2.1.5.1 Catalytic Upgrading of Syngas—Commercial and 
developing Processes—Could lead to CO2 Capture and Storage
Figure 12.14.1 illustrates the flow from the biomass feedstock that has to be dried to a 
moisture mass fraction of <15% through to clean syngas and a synthesis stage such as 
FT (de Klerk 2000) to hydrocarbon fuels. The general catalytic metals are indicated in 
Figure 12.14.2. In the FT process a catalytic polymerization and hydrogenation of CO 
produce a synthetic crude oil that has naphta (gasoline), diesel, or kerosene and waxes, 
as well as combustible gases like propane and butane products and is practiced at very 
large scales requiring very high capital costs. Changing catalysts, the clean syngas 
produces: ethanol, other alcohols, ethers such as dimethylether, also a transport fuel, 
and chemicals (Figure 14.12.2) (Alonso et al. 2010; Dayton et al. 2011; Dutta et al. 2011; 
Magrini-Bair et al. 2007). One of the interesting synthetic catalytic products is methane 
or synthetic natural gas (SNG), which can be supplied to the natural gas pipeline network 
for distribution and use. SNG from biomass is, of course, biogenic and after combustion 
will have a very small CO2 equivalent GHG gas contribution if the feedstock is sustainably 
produced. Due to catalyst limitations, the specification for syngas is quite strict with 
essentially less than 1 cm3/m3 level of critical contaminants such as H2S being allowed. 
Even for SNG there are also limitations on the higher hydrocarbons that are allowed. 
However, once syngas from biomass has attained the needed criteria, the already wide 
range of catalysts that have been developed for fossil feedstocks are available. 

In multiproduct biorefineries based on gasification (Haro et al. 2014) or other 
technologies, the product diversification can increase the total energy and materials 
recovery over the single product strategy. A simple illustration is CHP, which in the case 
of an advanced IGCC coupled with a district heating system, could easily get >90% 
high-heating value based efficiency. Other configurations use the excess heat from 
FT production for electricity and CHP to gain very high energy and carbon utilization 
efficiencies and for multiple products (Haro et al. 2014; Meerman et al. 2011). Also, 
there are continued efforts to adapt catalysts or design new approaches for chemicals, 
or separation of CO2 for sequestration (Meerman et al. 2013).

One opportunity for the gasification-based electricity or synthetic-fuels pathways, which 
can provide significant high concentration CO2 that is produced in many industrial 
streams, is to capture this stream with, for example, amine absorbers, and to sequester 
the CO2 in suitable media. Since the CO2 is biogenic, this not only avoids the release of 
CO2, but also acts as a carbon pump drawing down the atmospheric CO2 captured by 
photosynthesis in biomass—the negative CO2 emission can be quite large. Emissions 
from systems of this type are illustrated for power and fuels in Figure 12.15 (Creutzig 
et al. 2014; IPCC 2014). The figure shows estimated emissions that vary with biomass 
feedstock and conversion technology combinations, as well as life cycle GHG calculation 
boundaries. It shows each part of the life cycle as well as the biogenic emissions and 
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Figure 12.14.1. Biomass gasification steps to fuel synthesis using FT catalysts for integrated fuels, 
heat, and power production (modified from figure in (Alonso et al. 2010) with permission).

Figure 12.14.2. shows the general composition of catalysts for various conversion pathways 
from syngas to many fuels and chemicals.
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stored emissions. Significant net negative emissions could be possible in these systems, 
but the uncertainties in the data are high because these systems have not operated in an 
integrated manner, although individual parts of the system have been. 

For policy relevant purposes, counterfactual and market-mediated aspects (e.g., 
iLUC), changes in soil organic carbon, or location-dependent changes in surface 
albedo need also to be considered, possibly leading to significantly different outcomes 
in either direction (Creutzig et al. 2014). Surface albedo changes are significant using 
biomass sourced from temperate and boreal managed forests which would be snow 
covered for a significant time after removal of the carbon from the land (Cherubini et 
al. 2012; Cherubini et al. 2011; Cherubini and Strømman 2011; Guest et al. 2013). The 
cooling effect caused by the reflection of sunlight can offset warming for periods of 
time that depend on the location and change with time. To model the climate impact of 
these long rotation systems, it is necessary to consider the timing of emissions, specific 
albedo effects, and counterfactuals (Guest et al. 2013; Cherubini et al. 2012). Use of 
shorter rotation trees or perennial crops would have fewer of these impacts.

Combinations of coal or natural gas with biomass in gasification can thus enable production 
of power and of a variety of hydrocarbon fuels or oxygenated fuels and chemicals at very 

Figure 12.15. Illustration of the sum of CO2-equivalent (GWP100: Global Warming Potential over 100 
years) emissions from the process chain of alternative transport and power generation technologies 
both with and without CCS. Values are uncertain and depend on the production chain as well as what 
and how biomass is sourced and its original location. Units: g-CO2-eq/MJ el (left y-axis, electricity); 
g-CO2-eq/MJ combusted (right y-axis, transport fuels). Direct CO2 emissions from energy conversion 
(‘vented’ and ‘stored’). iLUC not considered. For detailed explanation and references see (Creutzig et 
al. 2014). Reproduced with permission from IPCC 2014.
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large scales (Baliban et al. 2013; Soimakallio 2014; van Vliet et al. 2009). On the other hand, 
progress in small scales for biofuels is also occurring and taking advantage of innovation 
in FT processes using microchannel reactors (Almeida et al. 2013; Deshmukh et al. 2010), 
which allow compact reactors with heat integration and a much smaller footprint (process 
intensification), and the use of a variety of biomass residues. Combinations of gasifiers 
operating at very high temperatures with microchannel reactors are advancing for waste 
conversion to biojet fuels in a variety of settings close to airports [62]. 

12.2.1.5.2 Bioprocessing Upgrading—hybrid Processing
The conversion of syngas into biofuels can be performed by a variety of microbial catalysts, 
including those containing acetogens in Figure 12.16, using the reductive acetyl-CoA 
pathway (Latif et al. 2014). In this coupling, biomass is more fully utilized, including lignins, 
and a wide variety of waste streams, including CO and CO2 containing streams of industrial 
origin (e.g., steel making). The microbial catalysts tolerate a wide range of CO:H2 ratios in 
bioreactors operating at ambient conditions. Some will also convert the CO2 into products, 
depending on the organism. Gas-liquid mass transfer properties of the gaseous substrates 
are being addressed with better reactor designs fermentation, syngas quality, microbial 
catalysts activity, and product recovery. These issues are being addressed by researchers 
and several companies in order to make syngas fermentation more economically feasible 
(Mohammadi et al. 2011; Munasinghe and Khanal 2010; Liew et al. 2013).

Two-stage fermentation processes to overcome the gas-liquid mass transfer issues were 
studied in the early nineties (Klasson et al. 1991); technology development continued 
to identify robust organisms and reactor and process development with many patents 
(e.g. Gaddy et al. 2011). A pilot plant at 1.5 t/d operated since 2003 on various woody 
and organic waste materials which are gasified and cleaned up. The cooled syngas is 
fed to the continuous stirred tank reactor to achieve a proper mass transfer when mixed 
with the microorganism Clostridium Ljungdahlii, yielding a 2% ethanol solution initially 
[63]. The concept proceeded with a joint venture using green waste gasification, the gas 
cleaned up, and the biosyngas is biochemically converted to ethanol (20 million liters), 
integrated with a 6 MW external power capacity when operating at full capacity, in Vero 
Beach, Florida, U.S. [64]. This fuel was qualified as a cellulosic fuel by EPA [65]. Details 
of the project environmental assessment are found in [2].

Process development for syngas fermentation can improve further with understanding 
of the fundamental biology of these microbes with tools that are now available (Latif et 
al. 2014). Other examples are highlighted by Daniell et al. (2012) and [66], including 
the work conducted in New Zealand up to demonstration scale with off gases from 
steel-making operations that reduce the carbon footprint of these mills by converting 
CO/CO2/H2 into ethanol or higher value products such as 2,3-butanediol, by select and 
modified Clostridia microorganisms with appropriate pathways [67] and reusing these 
gases. Scale-up of this concept is ongoing in Chinese steel mills [68] (Daniell et al. 
2012; Liew et al. 2013). The production of this biofuel received RSB certification for 
complying with this voluntary standard principles and criteria [69].
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12.2.1.6 liquid Fuels from Biomass Pyrolysis—multiple Scales for 
Centralized and decentralized Production of Bio-Oils and Upgrading
Pyrolysis is thermal decomposition of biomass in the absence of oxygen that produces 
a solid (charcoal), a liquid (pyrolysis oil or bio-oil), and a gas product (Bridgwater et 
al. 2003). The relative amounts of the three co-products depend on the operating 
temperature and the residence time used in the process. High heating rates (fast 
pyrolysis) of the biomass feedstocks at moderate temperatures (450°C to 550°C) 
result in oxygenated oils as the major products (60% to 75%), with the remainder split 
between a biochar and gases. Slow pyrolysis, also known as carbonization, produces 
about 35% of charcoal, 30% of tars/oils, and gas. At medium heating rates, about 50% 
of pyrolysis oil formed has lower oxygen content than those from fast pyrolysis, and 
about 20% char and gases (Laird et al. 2009). 

Pyrolysis oils typically contain a significant amount of reactive, oxygenated species 
including organic acids, aldehydes, ketones, and oxygenated aromatics (Elliott et al. 
2012b). These oxygenated species present significant challenges for use in transport 
applications (Elliott 2013). Biomass pyrolysis technologies are advancing toward the 
production of liquid fuels for transport applications. Figure 12.17 illustrates the steps 
to one approach to reach upgraded products in a standalone hydrotreating refining 
situation (Arbogast et al. 2013; Elliott et al. 2012a). Biomass pyrolysis is commercial 
for the manufacture of flavor compounds from wood with the residual oils being co-

Figure 12.16. Schematic of biomass-derived syngas fermentation to ethanol and a variety of 
oxygenated products from Liew et al. (2013) reproduced with permission from Intechopen. Also 
converted are industrial off-gases containing CO and CO2.
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fed in boilers for power production (Stuart and El-Halwagi 2012); bio-oils can be used 
in commercial heating and several combustion systems (Harmsen and Powell 2011; 
Venderbosch and Prins 2010).

One catalytic pyrolysis and upgrading of yellow pine to hydrocarbons was scaled up 
rapidly to commercial scale and produced 3.5 million liters of total fuel, 41% gasoline, 
37% diesel, and 22% fuel oil [70] operating at a fraction of capacity. 

Developing technologies are the upgrading to drop-in hydrocarbon fuels and 
chemicals recently reviewed (Talmadge et al. 2014). Upgrading can be conducted 
as a stand-alone operation to generate blendstocks from uncatalyzed pyrolysis oils 
or, as above, from catalytic pyrolysis. Many process configurations and catalysts 
are currently being developed. Alternatively, the pyrolysis oils can be co-processed 
directly with appropriate petroleum refinery feeds in fluidized catalytic cracking 
units (de Rezende Pinho et al. 2014). These are areas of significant research, 
development, demonstration, and initial commercialization (Zacher et al. 2014). 
Pyrolysis approaches have lower capital costs compared to gasification for the 
production of diesel fuels as projected in (IRENA 2013). Today’s projected costs 
are the same but could decrease faster for pyrolysis than gasification based on the 
anticipated future yields at the sizes considered. Pyrolysis scaleup to the large scales 
is under way by multiple developers. 

Figure 12.17.1. Fast pyrolysis of biomass process steps to liquid, solid char, and gaseous 
fractions, followed by upgrading of the bio-oils to liquid hydrocarbon fuels and chemicals (modified 
from figure in (Alonso et al. 2010) with permission).
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Figure 12.17.2. Multiple pyrolysis biorefineries under development with parts already commercialized.

A pyrolysis technology-based very small modular concept using wood residues is 
operating at small scale in California and started demonstration phase in Alexandria, 
Louisiana, U.S. as part of an economic development program that includes local 
capacity development as a first integrated system [71]. The oil is projected to be 
upgraded to a blend stock for gasoline and the biochar has been developed into a 
soil amendment with organic certification in California [72]. The integrated concept 
has the potential to generate negative carbon emissions for the system overall, 
and has added benefits if coupled with continuous improvement of degraded soils 
with the biochar. Biochar can improve water moisture retention and increase plant 
yields and provide the basis for rural or urban high yield production of vegetables, 
among others [73]. 

Using other business models and developments on a larger scale than the previous 
concept, premium fuels from palm and bagasse residues are being generated in 
Malaysia. The operations proceed through a long-term purchase agreement between 
developers and users of bio-oil to replace petroleum-based heating oil [74]. 
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12.2.1.7 Biofuels from Forest Products and Pulp 
and Paper Biorefineries—Old and New
A pulp and paper based biorefinery can take various forms, derived from pulping 
processes. The Kraft (sulphate) and the Sulphite (dissolving) pulp processes produce 
packaging and writing paper and chemical/polymer feedstocks (such as rayon), 
respectively. The development and marketing of novel polymer materials such as 
Crystalline NanoCellulose and NanoFibrilated Cellulose are also being pursued at 
demonstration level in Canada, Sweden, Norway, and the U.S. the third area, producing 
biofuels and biochemicals from the wood derived sugars (such as pre-extraction of the 
hemicellulose sugars prior to pulping) (Amidon et al. 2013), is an active research area 
but, as yet, has not evolved to the demonstration and commercial scales. However, the 
conversion of tall oil to renewable diesel has reached commercial scale production in 
Finland [75] and development in Sweden [76]. 

Ethanol from the hemicellulose component and additional ethanol fuels from some 
cellulosic biomass is being integrated in Norway along with the production of lignin 
products for a variety of applications. Examples of products and applications are shown 
in Figure 12.18 (Modahl and Vold 2010; Rødsrud et al. 2012).

Figure 12.18. An integrated biorefinery emerged from a paper mill in Norway with basic products 
and their applications (Rødsrud et al. 2012) with improved environmental impacts (Modahl and 
Vold 2010).
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12.2.1.8 The Commercialization of Advanced  
Biofuels and Biorefineries
The preceding sections described science and technology advances including examples 
of about 50 companies and venture partnerships. Many more exist because the industry 
of advanced biofuels and biorefineries is expanding, albeit at a slow pace, not surprising 
given the complexity of the systems involved described earlier. Figure 12.19 shows a 
snapshot of global developments in 2013, from the database of ongoing bioenergy and 
biorefinery projects with pilot, demonstration, and industrial facilities (Bacovsky et al. 
2013) led by the IEA Bioenergy Agreement, which along with the literature (Balan et al. 
2013; Janssen et al. 2013) change rapidly; the database is updated periodically.

Figure 12.19. Examples of pilot, demonstration, first-of-a-kind industrial projects from IEA Bioenergy 
Agreement including only member and associated countries as of 2013 (Bacovsky et al. 2013) 
accessible at http://demoplants.bioenergy2020.eu/.

One approach used to decrease the risk of commercialization is creating multiple 
partnerships for the development of each of the potential product applications 
from the core technology invention, including high value products. These activities 
facilitate biofuels/bioenergy commercialization—as developers and their suppliers/
partners gain experience in plant operations to reduce production costs—by de-
bottlenecking the technology at smaller scales (Hellsmark and Jacobsson 2009). 
Existing biomass industries also use another approach: expanding their product 
portfolio by forming partnerships with other companies such as petroleum processing 
companies. The biotechnology and the catalyst developers are major participants. 
Many developments reach technical successes, but fail to move to commercial 
successes as companies transition from the technological to the commercialization 

http://demoplants.bioenergy2020.eu/
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Valley of Death (Clean Energy Group and Bloomberg New Energy Finance 2010; 
Jenkins and Mansur 2011). 

12.2.1.8.1 Partnerships Created Across the globe 
demonstrate multiple Technically Feasible Options for 
Advanced Biofuels and many Types of Biorefineries
Partnerships have formed among multiple entities through: government programs, 
e.g., U.S. Department of Energy (DOE) directly [77], or indirectly through the European 
Technology Platforms [78], multicountry-multiagency collaborations such as the IEA 
Bioenergy [79], trade and professional associations, conferences, tailored journals, 
academia, industry, and partners along the supply chain (e.g., biotechnology suppliers) 
(Thelwall et al. 2010). These loosely linked activities, up to 2009, can be seen through 
a Webometrics site linkage analyses (Zhao and Strotmann 2014) illustrated in Figure 
12.20. Webometrics provides policy-relevant insights (Zhao and Strotmann 2014), 
principally in the early stages. The advanced biofuels analysis provided evidence of 
networking and extent of mutual awareness among partners through a process that: 
(a) identifies the participants, (b) tracks the early, mainly prepublication development of 
biofuels research funding initiatives, and (c) assesses the role and impact of intermediary 
organizations and gaps (Thelwall et al. 2010). Figure 12.21 illustrates each of these 
aspects; starting from the 45-node subnetwork, a four-node subnetwork and four two-
node subnetworks indicate a loosely connected association, and then describe the main 
connections among the various players as types of organizations and countries.

The network has increased substantially with significant additional industry-to-
industry and multiparty networks since 2010. Government programs continue 
to foster efforts from basic research to pilot, demonstration, and first-of-a-kind 
commercial plants—in the U.S. case through coordinated federal programs of the 
government (Energy, Agriculture, Defense, Transportation Departments and the 
National Science Foundation, the Environmental Protection Agency, and the Federal 
Aviation Administration) [80]. In the European case, multiple projects address the 
bioeconomy for the European Technology Platforms, managed by partnerships 
including industry, with great emphasis on biorefineries [81], with member 
countries that have aligned investments. On the private sector side, a measure of 
growth is the Biofuels Digest Index7 of 30 publicly traded biofuels companies; the 
Digest tracks the daily field activities of biofuels, chemicals, and power, and also 
conferences around the world. Other trade associations and magazines around the 
world cover the field. Publications have increased significantly—particularly on the 
sustainability of the various supply chains to biofuels and bioenergy, along with all 
other uses (Creutzig et al. 2014). 

One of the challenges has been financing, but both private and government sources are 
being utilized (Janssen et al. 2013). Private sources include internal corporate funds and 

7 http://www.biofuelsdigest.com/bdigest/category/biofuels-digest-20-index-bdi/
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debt offerings, and venture capital. Some government sources include the U.S. federal 
government, the EU, European national governments, the Brazilian and other governments—
including many local governments (Bacovsky et al. 2013). Private sector actors involved 
are in many fields, financing community, sustainability standards organizations, academia 
in multiple fields of science, engineering, equipment manufacturers, and many others.

Figure 12.20. At the top, the 57 connected advanced (also called second-generation) biofuels 
websites show the links from government programs (yellow) elements, red indicates the nonprofit 
technology platforms of research funded by European government programs, green are the 
various industries operating in one or more countries, and the blue circles indicate the public 
science as performers of RD&D or conferences or associations. At the bottom left, are the 
linkages between the major types of organizations and the links between countries are displayed 
on the right (Thelwall et al. 2010).
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12.2.1.8.2 Estimated Production Costs of the 
Porfolios of Advanced Technologies 
The capital costs of advanced technologies, so far, have been estimated at factors 
of four to five higher than commercial ethanol plants, so they will contribute more 
to the advanced biofuel production cost, depending on the conversion plant size, 
among other factors. 

Chum et al. (2011) project the 2020-2030 ranges of estimated production cost for 
families of processes based on literature data of processes at different stages of 
development, assuming that projected costs of a first-of-a-kind plant would be 
reduced based on the industry experience of many pioneer plants to that of the 
nth plant (Chum et al. 2011). To succeed at scale requires accurately estimating 
cost and performance at smaller scales. Plant cost growth correlates with the 
level of process understanding (integration issues) and project definition (estimate 
inclusiveness). In fact, a common issue is not having enough data at the pilot scale 
level  and premature scale-up, a costly way for examining major process variables.8 
Plant performance correlates with the number of new steps, the percent of heat 
and mass balances that are based on data, waste handling, and the use of solid 
feedstocks (McMillan et al. 2011).

Zinoviev et al. (2010) conducted a detailed analyses and found wide ranges of costs 
estimated for European conditions, primarily, and concluded that better criteria were 
needed for selecting processes to scale-up. A recent comparison9 of developers scaling 
up biofuels and bioproducts processes, including published data technoeconomic 
data, by Jacobs Consulting for Alberta Innovates (Canada) emphasizes the issues 
above and further highlights that successful developers have access to versatile, 
highly instrumented piloting facilities; close access to laboratory facilities…[for] quick 
turnaround; and are led by multi-disciplinary individuals with process development 
backgrounds, among others.

More recently, IRENA evaluated transport biofuels costs, based on analyses of 
more than 15 plants, which are planned to be online within the next few years for 
lignocellulosic biofuels (IRENA 2013). IRENA also projected the costs of current 
commercial production (Figure 12.21) and projected 2020 commercial feedstock 
costs. Figure 12.21 summarizes the analysis results framed with the U.S. range of 
gasoline and diesel for 2012. IRENA concludes that compared to today’s estimated 
production costs, significant improvement is possible in both the enzymatic hydrolysis 
and thermochemical lignocellulosic ethanol pathways. Similarly, the thermochemical 
routes for hydrocarbon diesel fuels could also reduce their costs based on gasification 
or pyrolysis (IRENA 2013). 

8 http://www.energy.gov/sites/prod/files/2014/06/f16/d_and_d_workshop_summary_report.pdf
9 http://www.biofuelsdigest.com/bdigest/2014/10/22/enerkem-albertas-municipal-waste-to-fuels-juggernaut-in-

pictures/ and http://www.biofuelsdigest.com/bdigest/2014/10/28/the-8-habits-of-highly-successful-biorefinery-
developers-looking-at-albertas-look-at-advanced-biofuels/

http://www.biofuelsdigest.com/bdigest/2014/10/22/enerkem-albertas-municipal-waste-to-fuels-juggernaut-in-pictures/
http://www.biofuelsdigest.com/bdigest/2014/10/22/enerkem-albertas-municipal-waste-to-fuels-juggernaut-in-pictures/
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Figure 12.21. Summary of current estimated production costs of biofuels and projected estimates 
by 2020. A reference is the range of U.S. ex-refinery fossil fuel prices (IRENA 2013) reproduced 
with permission. Ex-refinery price of a product paid to local refineries is the landed cost of the 
product. It originates in the import parity price of the product if the same were to be imported.

IRENA expressed a positive outlook conditional to the following:

 ● “Advanced biofuel deployment accelerates, process stability, reliability and availability 
could be proven, and production costs could fall to very competitive levels.” 

 ● “Advanced ethanol production costs from biochemical and thermochemical 
routes could decline by 30-50% if capital costs are reduced to the fully deployed, 
debottlenecked and upscaled integrated plant designs.” 

 ● “Advanced renewable diesel production costs under the same conditions could fall 
by 40% to 50% if the capital costs can be reduced to long-run optimized levels.” 

 ● “Fischer-Tropsch synthesis has yet to be deployed commercially using biomass-
based feedstocks. However, if deployment can be accelerated and the syngas 
production from biomass optimized and proven to be reliable, costs in 2020 
might be competitive with fossil fuels.”

In addition, there is a need to couple this technical and commercial feasibility to the 
overall system with sustainability considerations as discussed in sections 12.1.1 
and 12.2.1.
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12.2.2 Biofuels Utilization in Transport
Each renewable fuel option, whether it is fermentation ethanol or a diesel prepared 
from vegetable or waste oils, has to fit into a matrix of regulatory requirements that 
satisfy public safety, and determine the eligibility to be recognized as renewable, 
per: EU or individual member countries, the U.S. or individual states (California), 
or other countries. Ethanol and biodiesel, the major biofuels commercialized today, 
have highlighted the processes by means of which the road transportation sectors 
can be accessed. 

The first requirement is to have a reliable and proven manufacturing process and off-
take arrangement. The key to this is that the manufactured fuels meet specifications 
at the point of delivery to the off-taker. This is done through accepted standards in the 
U.S. [82] or Europe [83]. Before renewable fuels specifications are accepted into the 
transportation system, their blends have to satisfy environmental and health criteria 
with respect to their shipping, as determined by the International Maritime Organization, 
through certificates for shipping [84]. 

Storage and end-use consideration also require the fuels and their blends to 
meet emissions standards. In Europe, these are known variously as Euro 5 or 6 
standards and cover the combination of the vehicle, engine, and fuel with respect 
to the systems emissions of particulate matter (PM), oxides of nitrogen (NOx), total 
hydrocarbons (HC), non-methane hydrocarbons (NMHC), and carbon monoxide 
(CO). In the U.S., the Environmental Protection Agency (EPA) sets standards under 
Tier 1 and Tier 2, while California has its own standards set by the California Air 
Resources Board. GHG emissions are also incorporated into the various emissions 
test programs. We review the use of the two major commercial biofuels to provide 
common understanding of their history, uses, and limitations. We highlight 
the use of advanced biofuels that can reach all markets for transport and their 
commercialization. The first was renewable diesel (hydrotreated vegetable oil—
HVO) which reached 10% of the biodiesel market. Several processes for liquid 
hydrocarbon fuels derived from biomass (see sections 12.2.1.4-7) are producing 
the whole range of liquid fuels from gasoline, jet A1, diesel, and maritime fuels in 
various stages of development. The applications and requirements for liquid fuels 
and networks of stakeholders and systems necessary to use transport fuels are 
illustrated in Figures 12.22 and 12.23.      

12.2.2.1 Ethanol Use Increased 
Table 12.4 lists properties of ethanol and gasoline, and common fuel blends used in spark-
ignition engines (API 2010; Kasseris 2011; Larsen 2009). In the most common blend, 
ethanol is an additive to gasoline represented as (E10), as the main fuel, E85 as used in 
Sweden and in the U.S. (51% to 83%), or the neat wet version (6.5% water by mass) used 
in Brazil. Mid-level blends properties and references may be found in Stein (2013).
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Table 12.4. Comparison of Ethanol and Gasoline Properties and Definitions of Abbreviations (API 
2010; Kasseris, 2011; Larsen 2009; Ratcliff et al. 2013; Yanowitz and McCormick 2009).

Property Gasoline Ethanol E10 E85 
85%

E100 
hydrous

Lower Heat Value (LHV) (MJ/kg) 42-44 27 41 29 25

Mass Density (kg/dm3) 0.72-0.77 0.79 0.75 0.78 0.81

Heat of Vaporization hlhv (kJ/kg) 310 885 366 836 970

Air/Fuel Stoichiometric Ratio 14.7 9.0 14.1 9.8 8.4

LHV/CO2 Exhaust Emission (MJ/kg) 13.5 14.1 13.6 14.0 14.1

Laminar Flame Velocity @ 1 bar, 
20°C (m/s)

0.33 0.41 - - -

Research Octane Number (RON) 86-98 110 +7- +3a 105-109 111

Motor Octane Number (MON) 80-90 91 +4- +2a 90-91 92

Anti Knock Index (AKI) 
=(RON+MON)/2

87-9b 100 +6- +3a 97-100 101

Reid Vapor Pressure @ 37.8C (bar) ~ 0.6 0.16 ~ 0.7 ~ 0.4 ~ 0.15

aValues of the increment of octane number over that of hydrocarbon gasoline
bRegular and Premium unleaded gasolines

12.2.2.1.1 low and mid-level Blends Used in more Than Fifty Countries
Fifty or more countries have policies [87] to use low-level blends like E5 or E10 already. 
Global vehicle manufacturers usually allow a maximum of 10% ethanol blend in their new 
gasoline vehicles. Low level blends are compatible with the gasoline vehicle fleet, unless 
the vehicles are older models. Older models can be subjected to corrosion in aluminum 
fuel lines, exposed Zn/Al/Cu alloys, and swelling of butyl rubber or polyamide 6.6. 

From 2010 to 2011, the U.S. EPA granted a partial waiver for E15 use in model year 
(MY) 2001 and newer light-duty motor vehicles. This waiver included manufacturer 
requirements like registering the fuel, developing a mitigation plan against misfueling 
into inappropriate vehicles, and ensuring appropriate blend level delivery; therefore, 
introduction of E15 started in 2013 [88]. Consequently, vehicles beginning with MY 2012, 
2013, and 2014 from General Motors, Ford Motor Co., and Volkswagen, respectively, 
are compatible with E15, as are certain models of other manufacturers [89]. 

Currently, more than 75% of ethanol consumption in transportation worldwide is in 
the form of a low-level blend, limited usually to E10. Mid-level blends (E10<EX<E40) 
represent approximately 10% of ethanol consumed in transportation worldwide. 
Ethanol/Gasoline properties are shown in Box 12.4.
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Figure 12.22. Transport fuel applications are shown on the left, showing the ease of introducing 
electric or hybrid concepts, higher for light duty road vehicles and urban road services. Liquid fuels 
are needed in the aviation and marine sectors due to the high energy intensity of hydrocarbon 
fuels. The right figure illustrates the various types of  integration of the fuels needed with engines, 
after treatments to comply with emissions regulations, refueling, and  customer acceptance (from 
Nils-Olof Nylund [85] with permission).

Figure 12.23. Properties of liquid fuels for common types of engines: Left—compression ignition 
with the corresponding petroleum fuels, diesel and heavy fuel oil (HFO) or oxygenated blends 
or substitutes from biomass, HVO (hydrotreated vegetable oils), SVO (straight vegetable oils), 
FAME (fatty acid methyl ester - biodiesel), and DME (dimethyl ether) with SVO causing the most 
problems in use. Right: Gasoline and blends or alternative fuels such as MeOH (methanol), EtOH 
(ethanol), Hydrogen, LPG (Liquefied Petroleum Gas), and CNG (Compressed Natural Gas) and 
LNG (Liquefied Natural Gas). Drop-in biofuels are produced in the range of hydrocarbons for 
multiple transport applications (adapted from Schramm [86] with permission). 
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In Brazil, gas stations sell a mandated mid-level “matched blend” that contains 18% 
to 25% of anhydrous ethanol, based on ethanol availability; there are no gasoline 
pumps. All new vehicles have been developed and emission certified for E22 since 
the 1980s. Major vehicle manufacturers can build new models compatible with, not 
only mid-level blends but also, hydrous ethanol, and these have been in production 
for the Brazilian market for the last 34 years. 

         
Box 12.4. Ethanol/gasoline Specifications
 ● Mixtures of gasoline and anhydrous ethanol are denominated EX, 

where X represents the volume fraction of ethanol as a percentage. In 
low-level blends X goes up to 10 or 15, while for mid-level blends X can 
vary from above 15 up to 50. 

 ● “Splash blended” fuels are a mixture of specified anhydrous ethanol with 
a commercial gasoline.

 ● “Match blended” fuels are a mixture of specified anhydrous ethanol with 
gasoline blendstocks in order to obtain a blend meeting the specifications 
for finished gasoline.

 ● To improve the economics of ethanol blending in low-level blends, 
petroleum refiners have developed hydrocarbon blendstocks (blendstock 
for oxygenate blending, or BOB). A BOB does not meet the specifications 
for gasoline until blended with 10% anhydrous ethanol. Typically a BOB 
will have an Anti-Knock Index (AKI) below the minimum requirement, 
taking advantage of the relatively high AKI of ethanol. Other properties 
such as Reid Vapor Pressure (RVP) and the 50 volume percent boiling 
temperature may also be tailored for ethanol blending. Flex-fuel 
vehicles (FFVs) can operate on any ethanol level from 0% to 83%. The 
specification for the fuel known as E85 allows ethanol levels as low as 
51%, although this low ethanol level is typically only used during winter 
months such that the additional gasoline can provide a higher RVP for 
cold starting. Because FFVs operate on such a wide range of blends they 
are not optimized to take advantage of the high AKI imparted by the high 
levels of ethanol. 

 ● Hydrous ethanol, as commercialized in Brazil, contains 5% water on 
a volume basis and requires less energy for production, but requires 
some extra care to avoid corrosion on fuel systems components. It 
has been used in straight ethanol vehicles manufactured from 1979 till 
2005 or in flex-fuel vehicles (FFVs) produced since 2003 (Nigro and 
Swarcz 2010).
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“Splash blended” ethanol in the E10 to E30 range increases Reid Vapor Pressure (RVP), 
which can lead to additional evaporative emissions (API 2010). Blending of about 10% 
ethanol into a regular gasoline can increase AKI to the level of a premium gasoline. 
The observed increase in RVP declines to below that of the blending hydrocarbon 
gasoline at blend levels greater than approximately 40% to 50%. Fuel consumption 
(L/km) increases about 2.5% for each 10% of blended ethanol, a number just slightly 
smaller than calculated based on the fuel heating value and density.

The effect of ethanol blends on vehicle emissions depends on the engine and emission 
control technology to meet regulated emissions levels required in the specific location. 
Due to the physicochemical properties of ethanol, CO and HC emissions can be 
reduced. Some studies show no significant effects on NOx emissions in modern 
cars that have more effective control of air-fuel ratio for blends up to E20 [2]. In older 
vehicles, there can be increases depending on specific conditions [2]. Life cycle CO2 
emissions are addressed in Chapter 10, and they are generally lower.

12.2.2.1.2 Straight Ethanol and Flexible Fuel 
Vehicles in Brazil, U.S., and Sweden
Brazil produced 5.6 million straight ethanol vehicles from 1979 till 2005 but the program 
lost credibility after ethanol supply shortages. Brazil started producing flex-fuel vehicles 
(FFVs) for gasohol and hydrous ethanol in 2003 because of government policies and 
a clear market pull. In the country’s fourth generation of FFVs, the compression ratio 
was reaching 13:1, torque and power with ethanol were about 10% higher than with 
gasohol, and cold start was carried out by pre-heating ethanol, eliminating the need 
for the auxiliary gasoline fuel tank (Joseph Jr. 2009). More than 20 million FFVs were 
produced until 2013.

In the U.S., FFVs for gasoline and E85 have been produced since the 1990s, reaching 
14 million FFVs in 2013 [90], more than 10% using E85 from about 2,600 retail stations 
(from 150,000 total outlets).10 The standard from ASTM International, ASTM D5798, 
specifies blends containing 51% to 83% ethanol with lower levels ensuring cold starting 
and driveability during winter months. Overall, the tailpipe pollutant emissions data 
indicate either no significant change in FFV emissions versus E10 for higher levels of 
ethanol or some decrease in emissions, with the exception of acetaldehyde (Yanowitz and 
McCormick 2009). Box 12.5 compares Brazil and U.S. emissions experience with FFVs.

12.2.2.2 Other Alcohols Are less Volatile 
but have lower Octane Numbers 
Isobutanol has a slightly lower octane number than ethanol (106 versus 110 RON, see 
Table 12.4) but otherwise has several advantageous properties. These include much 
lower water solubility, and the fact that when blended into gasoline, isobutanol causes 

10  http://www.eia.gov/todayinenergy/detail.cfm?id=15311&src=email, March 7, 2014

http://www.eia.gov/todayinenergy/detail.cfm?id=15311&src=email
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Box 12.5. Emissions and fuel consumption of straight ethanol 
and flexible-fuel vehicles
 ● 1979 to 1985: Brazilian hydrous ethanol dedicated vehicles had the same 

power and performance of similar models running on gasohol, but with 
16% lower energy consumption (MJ/km) (Joseph Jr. 2013; Nigro and 
Swarcz 2010). Model year 1985 ethanol vehicles, without exhaust after-
treatment, emitted 30% less CO, 18% less HC, 20% less NOx and 200% 
more acetaldehyde (CETESB 2008).

 ● After the introduction of three-way catalysts and closed-loop control of 
stoichiometry, the emission changes compared to gasohol were about a 
20% reduction for CO, a 30% increase for HC and ethanol, and similar NOx 
emissions (CETESB 2008). The observed advantage in energy consumption 
dropped from 16% to 4%, while the ethanol vehicles performance gained 
compared to gasoline models (Nigro and Swarcz 2010).

 ● The usual technology applied in FFVs to run on gasoline or a blend of 
up to 85% ethanol (E85) makes a compromise between gasoline and 
ethanol, so that the advantageous properties of ethanol are not fully 
explored to avoid impairing gasoline operation. this is the situation in 
both Brazil and the U.S. but designs specifically designed for the fuel 
blend to be used can perform better.

 ● Brazilian FFVs tested since 2009 in the Vehicular Labeling Program 
(Inmetro 2012) show 2% higher average energy consumption with 
ethanol than with gasohol (see also Joseph Jr. 2009).

 ● U.S. fuel economy data for FFVs (U.S. DOE 2013) shows an average 
reduction of energy consumption for E85 over hydrocarbon gasoline of 
about 3% (MJ/km), with large automobiles and SUVs experiencing a 
slightly larger benefit, while for compact and subcompact cars the fuel 
energy consumption is about the same for both fuels. 

 ● When Tier 1 FFVs running on E85 are compared to similar non-FFVs 
running on gasoline with 54% reductions in emissions of NOx, 27% of 
NMHCs, and 18% of CO are obtained (Yanowitz and McCormick 2009). 
Other studies report similar results for NOx but find no significant change 
in CO (U.S. Environmental Protection Agency, 2007, 2010). A similar 
comparison of Tier 2 FFVs running on E85 and similar non-FFVs running 
on gasoline shows on average, 20% reductions in CO, and no significant 
effect on NMOGs emissions. NOx emissions averaged approximately 28% 
less than comparable non-FFVs (not statistically significant). For both 
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RVP [16] to decrease rather than increase as is the case for ethanol up to about E40 
blends. This decrease in RVP is potentially a major economic driver for the use of 
isobutanol by petroleum refiners as it may significantly reduce refining costs for the 
hydrocarbon portion of the gasoline. The relatively low RON of 96 for 1-butanol makes it 
less desirable. Longer chain alcohols (pentanols, for example) have even lower octane 
numbers. Extensive emission testing studies for isobutanol are not available. One 
study showed no differences for NOx, CO, and non-methane organic gases (NMOG) in 
a Tier 2 car. Formaldehyde and acetaldehyde were the largest carbonyl emissions for 
ethanol blends, while formaldehyde, acetone, and 2-methylpropanal were the largest 
carbonyl emissions from isobutanol blends (Ratcliff et al. 2013).

12.2.2.3 Biodiesel Is Blended with diesel, Some 
Infrastructure and distribution Issues
Biodiesel is primarily used as a 2% to 20% by volume blend with petroleum diesel. 
Biodiesel in blends will not separate or partition into water. In most engine and 
vehicle manufacturers’ literature, B5 and lower blends are approved, as long as the 

Tier 2 and older cars the results vary widely due to different calibration 
emphasis during start and cold phase of the test cycle (Haskew 2011). 

 ● Brazilian FFVs are tested with gasohol and hydrous ethanol. Emission 
differences between these fuels vary depending on the calibration used 
by the automaker. The effects on NOx are similar to that observed in the 
U.S. but CO and NMHC are higher in Brazil, due to start up difficulties on 
ethanol, which require mixture enrichment during the cold phase of the 
test cycle. Brazilian emission regulations allow subtracting the unburned 
ethanol from NMHC to avoid gasohol injection during the cold phase 
cycle. Upcoming regulations will probably incorporate the NMOG concept 
to limit total VOC and the potential to form ozone (Branco 2013). Several 
studies have shown lower ozone forming potential for FFVs operating on 
higher ethanol level blends (Haskew 2011).

 ● Air toxic emissions when using E85, as presented by U.S. EPA (U.S. 
Environmental Protection Agency 2010), show a strong increase of 
aldehydes (~4,000% for acetaldehyde and 100% for formaldehyde) 
and a significant reduction of 1,3 butadiene (~-70%) and benzene (~-
60%). Studies in Brazil have shown aldehydes increases from 200% to 
2,000% (ANFAVEA 2013). Considering EPA toxicity equivalence factors 
(Graner 2013; Hammel-Smith 2002) the differences in 1,3 butadiene and 
benzene emissions more than compensate for the increased aldehydes 
and the total air toxic emissions potency is smaller with E85.
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biodiesel meets D6751 and/or EN14214, the European biodiesel specification. The 
ASTM specification for conventional diesel fuel, D975, allows up to 5% biodiesel in 
conventional diesel fuel. A separate specification, D7467, describes the required 
property limits for B6 to B20 blends. Blends of B20 or higher are now accepted by most 
Original Equipment Manufacturers (OEM) [91]. 

A number of efficiencies could be gained if biodiesel blends could be moved to market 
in petroleum product pipelines. Both private [92] and a common carrier pipelines have 
begun routine shipments of B5 [93]. The B5 blends do not degrade during transport; 
however, the next batch of diesel can be contaminated with low levels of biodiesel. 
Concerns for broader expansion into most pipelines include jet fuel contamination with 
FAME in multiproduct pipelines, which could impact the stability of jet fuel [94]. 

On average, using biodiesel as a blend or in neat form results in substantial reductions 
in emissions of PM, CO, and HC in engines that are not equipped with catalyst and filter 
emission control systems (Yanowitz and McCormick 2009). Biodiesel may cause a small 
increase in emissions of NOx relative to petroleum diesel, by about 2% for B20 in some 
cases but not always (Yanowitz and McCormick 2009). Factors that affect NOx emissions 
from biodiesel include biodiesel source material, driving cycle and average load, as well 
as engine and fuel system design and operating strategy. For more modern engines 
equipped with diesel particle filters, diesel oxidation catalysts, and NOx emission control 
catalysts there is little if any effect of fuel on tailpipe emissions (Lammert et al. 2012).

Given the broad acceptance of B5 blends by engine OEMs, and the increasing ability to 
move these blends by pipeline, B5 is close to being considered a drop-in fuel in the U.S. 
Some additional research is needed on higher blends up to B20. In many markets early 
biodiesel development has been characterized by product quality issues—emphasizing the 
importance of national quality standards and their enforcement to increase acceptability.

12.2.2.4 Biomass-derived hydrocarbon Fuels Reach 
a larger Fraction of the Barrel of Oil

Most of the processes reviewed in Section 12.2.1.5 produce the whole range of hydrocarbons 
and, therefore, will produce drop-in fuels for road, water, or air transport. See also a recent 
review of the drop-in fuels research and development by biochemical, thermochemical, and 
hybrid processing with estimated production costs and companies involved.11 

12.2.2.4.1 hydrotreated Vegetable Oils or Renewable diesel 
is a hydrocarbon and Can Come from many Feedstocks

HVOs are produced commercially by Neste Oil from palm oil and a variety of 
waste oils (meat, fish, etc.). The diesel product shows encouraging reductions 

11 “The potential and challenges of drop-in biofuels” IEA Bioenergy Task 39 ISBN: 978-1-910154-07-6 (electronic 
version) at http://task39.org/files/2014/01/Task-39-Drop-in-Biofuels-Report-FINAL-2-Oct-2014-ecopy.pdf
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of either energy consumption or exhaust gas emissions [95]. In the U.S. several 
companies are producing commercial quantities of renewable diesel, mostly from 
wastes [96] and in various phases of development. ENI Spa will start commercial 
production using the UOP/ENI Ecofining process [97] at its Venice, Italy refinery 
[98]. Other developers are in start and go phases of production and have tested 
their products. Bus fleet tests are being conducted with diesel produced from 
microbial fermentation of sugars [99]. 

12.2.2.4.2 developing Bio-Jet Fuels Need a high density low Carbon Fuel
For aviation turbines the biofuel has to fit the existing and developing equipment and 
available distribution infrastructure because this infrastructure is highly regulated and 
requires a high level of safety and reliability (FAPESP 2013). This pushes solutions 
toward drop-in fuels, because the increased development costs make non-hydrocarbon 
alternatives unviable. The aviation industry is pursuing this alternative source of high 
density carbon fuels vigorously as other power sources concepts would require a new 
infrastructure and new equipment [100]. 

A special effort coordinated by ASTM has set the standards: D4054 [101] and the alternative 
jet fuels standard D7566 [102] with Annexes (A) for the specific biofuels pathways tested 
sufficiently to meet the requirements for a drop-in alternative jet fuel. This step is necessary 
to perform the continued assessment of these biojet fuels in commercial flights for their 
performance in various dimensions (infrastructure, emissions, impact on noise, etc.) 
until technical confidence is obtained. In parallel, producers refine processes and reduce 
production costs to enable their commercial adoption. Figure 12.23 presents major process 
routes being considered for drop-in aviation biofuels until mid-2014. Significant national, 
regional, and global level efforts are ongoing (International Air Travel Association 2013).

The biomass gasification and catalytic FT upgrading pathway to synthetic paraffin 
kerosene (SPK – FT A1) received the first approval, because it is substantially identical 
to the commercial product from South Africa based on coal gasification using this 
pathway, approved over 10 years ago [103]. Next, the more commercially available 
HEFA were approved for blends up to 50%. Since HEFA-A2 ASTM certification in 
2011, the industry reports (International Air Travel Association 2013) that 18 airlines 
collectively performed over 1,500 commercial passenger flights with blends of up 
to 50% biojet fuel from used cooking oil, jatropha, camelina, and algae (6/2012-
12/2013). So far, biojet fuel could be blended with conventional fuel; no aircraft 
modifications were required; and an improvement in the engine in fuel efficiency 
on the biojet mix was observed in some cases (International Air Travel Association 
2013). A six-month commercial flight use study did not show adverse effects in 
the engines. Multiple partnerships of airlines, airports, aircraft manufacturers, 
governments, biomass and biofuel producers and suppliers, and sustainability 
certification groups are leading these efforts (International Air Travel Association 
2013). The microbial pathway to farnesene, hydrogenated to farnasane (DSCH 
A3) was approved in 2014 for up to 10% blend [104]. Other processes undergoing 
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approval for commercial flights are in preparation by technical committees of ASTM 
[105]. Biojet products from routes not yet approved have produced sufficient fuels 
to start testing properties on the way to preliminary and then commercial flights 
(International Air Travel Association 2011, 2012, 2013). 

12.3 Conclusions 
 ● Current commercial biofuels production using annual crops has improved its 

performance in conversion processes, in feedstock production, and delivery, 
and in use of the biofuel while decreasing environmental impacts in general. 
Continuous improvement in performance is forecast. The overall limitation is 
global availability of feedstocks. 

Figure 12.24. Examples of identified pathways for producing biojet fuels and status of ASTM  
certification (red developing and green approved). HEFA; Alcohol to Jet, ATJ; Direct Sugars to  
Hydrocarbons, DSHC (approved to 10% as Synthesized Iso-Paraffin, SIP); Hydrotreated  
Depolymerized Cellulosic to Jet (pyrolysis), HDCJ; Catalytic Hydrothermolysis, CH; Catalytic 
Conversion of Sugars, CSHC. Modified from references (Schuchardt et al. 2014; FAPESP 2013) 
with permission.
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 ● Hydrotreated vegetable oils or renewable diesel, are hydrocarbon fuels made 
from plant oils, or waste oils, greases, or animal fats in commercial processes 
common in the petroleum refineries developed and deployed in the past five years, 
reaching 10% of the biodiesel market. These are hydrocarbons, compatible with 
petroleum fuels infrastructure, and of high consumer acceptance. Continuous 
improvement in performance is forecast including costs, principally as waste 
streams as logistics of supply development improves. 

 ● Portfolios of conversion technologies using lignocellulosic biomass have emerged 
along multiple pathways. Many are reaching industrial scales, at a slower pace 
than anticipated by governments or by the private sector. Developers and their 
partners had to set up a complex set of value chains: from biomass production, 
delivery to the conversion facility for biofuel manufacture, fuel distribution, and 
use, to product acceptance. More work is needed to bring the cost of these 
technologies down and to integrate the elements of the value chain, including 
assessments of environmental and overall system sustainability.

 ● Conversion pathways that optimized the fully integrated process at pilot- and 
small-demonstration scales benefitted from learning the interdependencies 
among individual process steps and were able to capitalize on multiple thousands 
of hours of operating experience required. They avoided pitfalls of performing 
integration research at large industrial scale, which decreases financial viability 
of involved companies and partnerships. 

 ● The use of indicators for evaluating conversion processes will benefit from 
including multiple environmental, materials efficiency, energy, and economic 
factors to analyze their interdependencies and guide process development 
toward commercialization.

 ● Multiple pathways are undergoing development based on transformation of 
key intermediates from lignocellulosic biomass such as sugars and lignin from 
a variety of pretreatments, synthesis gas from various types of gasifers, oils 
from pyrolysis processes, and biogas from anaerobic digestion. Upgrading of 
these intermediates to final biofuels and coproducts has expanded significantly 
with biological, biochemical, chemical, catalytic, and thermal processing. These 
advances are increasing the scope of biorefineries to encompass the majority of 
petroleum-derived products and expand the portfolio of chemicals and materials 
from renewable resources.

 ● Densified biomass such as pellets are facilitating conversion of wood, wood 
wastes, and agricultural residues into storable materials for larger scale 
application in power generation and cogeneration, and traded globally. Similarly, 
such materials could increase the scale of biofuels production from sustainably 
sourced biomass and wastes. 

 ● Large-scale plant sizes can fit specific country context and available local 
resources. Developed with sustainable economic, environmental, and resource 
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efficiency goals, they may provide options that could deliver for rapid GHG 
emission reductions. Well-designed systems alone or in conjunction with CO2 
capture and storage represent options with risks and uncertainties which can be 
reduced with further RD&D and integrated testing, verification, and monitoring to 
assess their potential for climate change mitigation.

 ● A variety of small-scale processes for gaseous biofuels production with anaerobic 
digestion are already being used for heating, cooking, and power generation 
with many successes. Small systems for liquid fuels scaling-down commercial 
plants are starting and are challenged to achieve reliable supply chains and 
stable operations. Pyrolysis to bio-oils replacing heating oil for institutional 
applications is ongoing. Modular integrated systems for liquid transport fuels 
and biochar and pyrolysis technology provide opportunities to recover degraded 
soils and improve land productivity for agriculture. Modular systems costs can 
be reduced with advanced manufacturing concepts. Advances in manufacturing 
small-scale plants with automation and controls could enable deployment and 
cost reduction of a variety of processes and products including biofuels.

 ● Partnerships: Governments in the U.S., the EU and member countries, Brazil, 
and many other countries, are collectively fostering multiple private sector 
activities and public-private partnerships. These global partnerships decrease 
risks in developing a bioeconomy, by taking advantage of existing capital assets 
and knowledge, and building on each other’s developments. 

Box 12.6. Examples of Significant Outcomes at Industrial Scales
 ● Portfolios of biotechnology products, isobutanol, microbial 

hydrocarbons, and heterotrophic algae-catalyzed fermentation move 
toward commercialization. Demonstration and pilot-scale production 
is generating products for subsequent testing as fuels, lubricants, 
commodity chemicals, and others. Operations are not continuous or at 
capacity. Two facilities are in grain ethanol plants in the U.S. and one 
facility is in a sugar mill in Brazil.

 ● Portfolios of waste biomass gasification products upgraded through 
commercial Fischer-Tropsch catalytic or industrial scale syngas fermentation 
are underway for aviation biofuels and ethanol, respectively (U.K., U.S.).

 ● Feedstock supply development for reliable delivery of agricultural 
residues and feedstocks took four to six years to set up for each of 
the three first-of-a-kind commercial conversion plants in the U.S. Each 
has about 100 million L of ethanol production annual capacity, with two 
starting operations in 2014 and the third in commissioning.  »  
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 ● Two ethanol biorefineries are operating industrial-scale facilities at 
reduced capacity, planned at 30-50 million L/yr, while de-bottlenecking 
the integrated processes, to achieve sustained operation. these are 
biochemical ethanol from agricultural residues in Italy and gasification-
fermentation ethanol from green wastes in the U.S. The Italian facility 
process has been scaled up in Northeastern Brazil at the same size as 
the U.S. commercial operations and is producing ethanol and power.

Multidisciplinary Scientific Breakthroughs 
and Engineering Advances Fostered

 ● Industrial biotechnology progress in lignocellulosic feedstocks was 
synergistic with improvements in commercial starch processes.

 ● The dry mill corn refining industry matured in the U.S. and is the major 
ethanol producer with co-products animal feed, corn fiber corn oil for 
biodiesel, and others, with an ethanol carbon intensity nearly halving 
between 1990 and 2010, and improved environmental profile. 

 ● Manufacturing of ethanol production facilities matured with the rapid 
capacity expansion; currently more ethanol is being made from cellulosic 
corn fiber.

 ● Resource use efficiency improved significantly in the sugarcane 
biorefineries with power generation, essential in the Brazilian context 
during dry periods of low hydroelectricity production.

 ● Forest products biorefineries diversified into biofuels from coproduct 
oil streams to biodiesel and renewable diesel, in partnership with oil 
companies.

 ● Oil industry leadership is systematically developing, testing, and 
commercializing biofuels for road, aviation, and chemical coproducts. 
Renewable diesel commercial production reached 10% of biodiesel 
production in about five years. 

 ● A new application market is being assessed—aviation biofuels. Two 
families of hydrocarbon biojet fuels passed stringent standards certification 
allowing 50% blends to be flown commercially; a fermentation product 
farnesane was approved at 10% level for jet fuel commercial flights. 
Through 2013, 1,500 commercial passenger flights from 18 airlines were 
flown. Additional families of biojet fuel products are being tested and 
proceeding with the certification process. Tests so far indicate complete 
infrastructure and aircrafts compatibility.

 »  
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12.4 Recommendations  
for Research, Capacity Building, 
and Policy making
Long-term goals are to improve efficiency, decrease environmental impact, and enhance 
the economic viability of advanced biofuel processes by addressing key areas (examples):

 ● Investment in advanced biosciences research—genomics, molecular biology, 
and genetics—for major platforms—sugar, syngas, methane, and algae and 
cyanobacteria for fuels, including hydrogen, and chemicals;

Table 12.5. Developing Sustainable Technologies. Reduce costs while improving environmental 
characteristics, improving materials, and energy use.

Technology Key R&D Issues

Cellulosic ethanol, 
other alcohols, or 
hydrocarbons

improvements in microorganisms and enzymes

Use of C-5 sugars for fermentation or upgrading to value added 
coproducts

Use lignin as energy and fractions as source of value added 
coproducts

Biomass to liquids 
gasoline/diesel/jet fuel 
and other biorefinery 
products

Catalyst robustness and longevity

Cost reduction in clean up

Design and engineering of flexible gasification biorefinery systems 

Pyrolysis oil Upgrading to fungible biofuel

Stable bio-oils

Biochar 

Hydrotreated vegetable 
oils

Feedstock flexible processes

Couple process with renewable hydrogen generation 

Other biomass-based 
gasoline/diesel/jet fuel

Reliable and robust conversion process in pilot and demonstration 
plants

Algae and cyanobacteria 
integrated systems

Improvements of organisms for production of fuels, chemicals, and 
high value products

integrated systems development

Anaerobic digestion Advances in metagenomics

integrated systems development
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 ● Development of efficient catalysts and microreactor technologies and more 
efficient separation technologies based on membranes and other technologies;

 ● Understanding the potential value of every single stream of organic matter—a no 
waste philosophy;

 ● Assist decision-makers, designers, and stakeholders in developing more 
sustainable processes, through understanding the interdependencies in the 
areas of environment, efficiency (material), energy, and economics, by using the 
tools for sustainable process development; and 

 ● Address the integrated system—from biomass production, conversion, and use 
of all products for the specific sites where these technologies will be applied. 

Capacity building recommendations
Invest in Knowledge Mobilization programs directed at the diverse networks that 
support biomass, bioenergy, and biofuels implementation to:

 ● Facilitate public understanding of the options and impacts;

 ● Enhance the capability of local governments in economic development based on 
biomass;

 ● Provide training for the diverse workforce required; and

 ● Improve awareness of environment, safety, and health implications across the 
entire supply chain. 

Enhance collaboration between countries and industries to share lessons learned 
in the many different circumstances in Brazil, the U.S., Nordic countries, and other 
countries to integrate biofuels production schemes with: 

1. the specific economic and agricultural context of the location/country;

2. specific infrastructure of current fuel product distribution and use;

3. vehicle (jet planes, etc.) manufacturing facilities, distribution, and use;

4. customs and culture; and

5. regulations surrounding production and use, and their enforcement. 

Policy recommendations
IRENA concluded that the enhancement and acceleration of current public policies 
would support and advance the positive outlook of emerging cost data within the next 
few years. Advanced biofuels could become cost competitive with fossil fuels by 2020, 
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assuming some of the technology pathways now being explored will prove to be reliable 
at commercial scales (IRENA 2013). 

Continued co-support of biofuels production and efficiency improvements could 
further multiple public policy goals in a cost effective manner. Public policies have 
driven efficiency improvements in many countries, in which biofuels merits should 
be recognized. Historically, the emphasis for development of new passenger cars 
addressed almost equally fuel efficiency and performance. 

The suitability of biofuels for specific countries should be evaluated against other 
bioenergy and biorefinery options in order to achieve social, environmental, and 
economic goals while maintaining the ecosystems and their services. this evaluation 
should be part of an integrated land use and rural development strategy. 

Develop better criteria for selections of processes for scale-up as portfolios of 
technologies for lignocellulosic conversion are expanding to decrease the technical 
and commercialization risk.

Facilitate increased availability of site-specific spatial and temporal sustainability 
assessments data from actual implementation of projects to facilitate dissemination of 
best practices and growth of the bioeconomy. 
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Paris Air Show 20-25 min_v2.pdf .
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production-at-luverne-whats-happening-now-what-happened/; http://ir.gevo.com/phoenix.
zhtml?c=238618&p=irol-newsArticle&ID=1516201 (November 11, 2010); http://www.epa.gov/
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[59] See http://www.biofuelsdigest.com/bdigest/2014/01/30/solazyme-opens-for-business-in-iowa-
the-bioeconomys-nike-takes-it-to-the-next-level/ .
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[64] See http://www1.eere.energy.gov/bioenergy/pdfs/ibr_arra_ineos.pdf .

[65] See http://www.ineos.com/en/businesses/INEOS-Bio/News/INEOS-Bio-Produces-Cellulosic-
Ethanol/?business=INEOS+Bio; http://www.ineos.com/en/businesses/INEOS-Bio/News/
INEOS-Bio-Provides-Operational-Update-/?business=INEOS+Bio on December 6, 2013. 
Qualified ethanol for sale in US (RINS) in 2013 .

[66] See http://www.lanzatech.com/content/lanzatech-process .

[67] See http://www.biofuelsdigest.com/bdigest/2011/06/10/syngas-fermentation-third-path-for-
cellulosic-ethanol-detailed-in-new-white-paper/ .

[68] See http://www.biofuelsdigest.com/bdigest/2014/02/13/lanzatech-biofuels-digests-2014-5-
minute-guide/ .

[69] See October 2013 certification of the Beijing Shougang Lanzatech New Technology Company 
(China), http://www.rsb.org/.

[70] http://investor.kior.com/releasedetail.cfm?ReleaseID=749004; http://investor.kior.com/ 
releasedetail.cfm?ReleaseID=815660 on December 13, 2013, operational update – 
debottlenecking not operating for production, to reduce cost http://www.biofuelsdigest.com/
bdigest/2014/07/10/kior-may-sell-the-company-after-missing-loan-payment/ .

[71] See http://www.coolplanet.com/sites/default/files/elfinder/main/LED_Cool_Planet_Groundbreak-
ing.pdf .

[72] See http://www.coolplanet.com/sites/default/files/docs/Cool_Planets_Cool_Terra_Biochar_
Receives_International_Biochar_Initiative.pdf; http://www.coolplanet.com/newsroom/
first-10-million-gallon-refinery, February 26, 2014; See http://www.biofuelsdigest.com/
bdigest/2013/09/25/concord-energy-invests-in-cool-planet-and-announces-asian-jv/. 

[73] David Laird, Pathways to Carbon Negative Energy Workshop, 2014, https://www.biorenew.iastate.
edu/files/2014/06/lairdd.pdf. 

[74] See: http://www.biofuelsdigest.com/bdigest/2012/11/19/ensyn-biofuels-big-
fast-cracker-in-pictures/; http://premium-re.com.my/docs/Press Release PRE 
25102010.pdf, September 29, 2010; http://www.reuters.com/article/2014/03/06/
idUSnMKWNmF3sa+1e8+MKW20140306 . 

[75] http://www.upmbiofuels.com/renewable-diesel-upm-bioverno/Pages/Default.aspx; http://www.
chemicals-technology.com/projects/upm-lappeenranta-biorefinery-biodiesel-biofuels-finland/ .

[76] In Sweden, see http://www.ieatask33.org/app/webroot/files/file/minutes_and_presentations/
Pitea_Oct2011/Site visits/SunPine presentation_eng.pdf; http://green.autoblog.com/2011/02/28/
preem-to-offer-b15-biodiesel-across-sweden-beginning-in-april/ .

[77] See: http://www1.eere.energy.gov/bioenergy/pdfs/biomass_mypp_november2010.pdf and 
http://www.energy.gov/sites/prod/files/2014/07/f17/mypp_july_2014.pdf .

[78] See http://www.biofuelstp.eu/ .

[79] See: http://www.ieabioenergy.com/ .

[80] See; http://www.biomassboard.gov/ and http://www.biomassboard.gov/board/working_groups.html

[81] See: http://www.biofuelstp.eu/srasdd/SRA_2010_update_web.pdf; http://setis.ec.europa.eu/
publications/jrc-setis-reports/set-plan-financial-instruments-report; http://ec.europa.eu/energy/
publications/doc/2010_setplan_brochure.pdf .

[82] See ASTM International, ASTM D4806-13a Standard specification for Denatured Fuel Ethanol 
for Blending with Gasolines for Use as Automotive Spark- Ignition Engine Fuel. 
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[83] See European Committee for Standardization EN 14214: Liquid petroleum products - Fatty 
acid methyl esters (FAME) for use in diesel engines and heating applications .

[84] For ethanol and biodiesel: MARPOL Annex II for shipping dangerous chemicals in bulk; MARPOL 
Annex I petroleum products see http://www.imo.org/About/Conventions/ListOfConventions/Pages/
International-Convention-for-the-Prevention-of-Pollution-from-Ships-(MARPOL).aspx .

[85] See http://www.ieabioenergy.com/wp-content/uploads/2014/05/P09-Transport-technology-
options-Nylund.pdf .

[86] See http://www.ieabioenergy.com/wp-content/uploads/2014/05/P11-Biofuels-in-spark-ignition-
engines-Schramm.pdf .

[87] See http://www.map.ren21.net/#fr-FR/search/by-technology/8,11,11,27 .

[88] See http://www.epa.gov/otaq/regs/fuels/additive/e15/index.htm .

[89] See http://www.ethanolrfa.org/page/-/rfa-association-site/Industry Resources/RFA Auto 
Manufacturer Fuel Recommendations 2012 2013 2014 2013.10.30.pdf?nocdn=1 .

[90] Compiled by the National Renewable Energy Laboratory, September 2013.

[91] http://www.biodiesel.org/using-biodiesel/oem-information/oem-statement-summary-chart. 

[92] See http://www.biodieselmagazine.com/articles/1091/countrymark-co-op-moves-b5-through-
private-pipeline (September 1, 2006) .

[93] See http://www.platts.com/latest-news/oil/sanantonio/colonial-pipeline-to-ship-biodiesel-on-
georgia-6267714 (March 18, 2013) .

[94] See http://www.eere.energy.gov/cleancities/pdfs/bd_status_issues_final.pdf (October, 2009) .

[95] See http://2013.nesteoil.com/ Annual Report (March 19, 2014); biofuels are ISCC RED certified 
and are accepted by CARB .

[96] See another manufacturer http://www.dynamicfuelsllc.com/; RSB certified (http://
biomassmagazine.com/articles/8719/dynamic-fuels-earns-rsb-sustainability-certification) .

[97] See http://www.biofuelsdigest.com/bdigest/2014/08/04/uops-ecofining-tech-linked-to-massive-
renewable-diesel-project-in-ohio/ .

[98] See https://www.eni.com/en_IT/innovation-technology/technological-focus/green-refinery/green-
refinery.shtml .

[99] See http://www.amyris.com/News/266/Amyris-Ships-First-Truckload-of-Biofene-from-its-New-
Plant-in-Brazil on February 13, 2013 .

[100] See presentations from the 4th International Conference on Biofuels Standards: Current Issues,    
Future Trends, November 13, 2012, available from http://www.nist.gov/mml/biofuels-standards.cfm 

[101] Standard Practice for Qualification and Approval of New Aviation Turbine Fuels and Fuel  
Additives, http://www.astm.org/Standards/D4054.htm .

[102] See Standard Specification for Aviation Turbine Fuel Containing Synthesized Hydrocarbon,  
http://www.astm.org/Standards/D7566.htm .

[103] See the detailed 10+years road to certification for the South African product based  
on coal gasification, which is commercially available at http://www.sasol.com/sites/
default/files/presentations/downloads/The_synthetic_jet_fuel_journey_WPC_PMorgan_
Sasol_1323236837470.pdf; see also http://www.crcao.com/reports/recentstudies2008/AV-2-
04a/AV-2-04a - Comparison of SSJF - CRC Final.pdf .     
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[104] See http://www.astm.org/DATABASE.CART/WORKITEMS/WK45569.htm; ASTM ASTM D7566 
- 14a, http://www.astm.org/Standards/D7566.htm .

[105] See https://www1.eere.energy.gov/bioenergy/pdfs/10_brown_roundtable.pdf .
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