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Abstract This chapter will cover the current state and possible futures of the

biofuels industry. Technology options for the production of cellulosic ethanol

will be explained with comparative economics given for representative biochemical

and thermochemical cellulosic ethanol conversion processes. This will be followed

by a description of the current state of the biofuels industry with possible future

directions outlined and what needs to happen both from a technical and business

perspective to provide the best chances of success. Finally, advanced biofuel

(hydrocarbon fuels) conversion options will be discussed with preliminary eco-

nomics provided.
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Overview

The future of industrial crops for biofuels and bioproducts is highly dependent on

the current and future direction of the biofuels and bioproducts industry. The

biofuels industry is very much in a state of transition with many possible futures.

After significant growth in the 2000s decade, first-generation biofuels have entered

a period of minimal to stagnant growth due to a variety of factors such as market

conditions, concerns about land use, sustainability concerns, and decreasing gov-

ernment policy support. Conventional wisdom was that the stagnation of first-

generation biofuels industry would lead to the natural transition to the second-

generation biofuels industry, utilization of lignocellulosic crops.

However, the transition to the second-generation biofuels industry is occurring

at a much slower pace than anticipated again to a variety of factors such as market

and economic conditions as well as renewed debate about the proper role of

biofuels in a sustainable world future on food and fuel supplies. Hence, the biofuels

and bioproducts industry is currently in a state of flux with many possible future

scenarios that are both dependent on technologies and markets.
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This chapter will explore several possible scenarios for the future of the second-

generation biofuels industry and the implications that this will have on approaches

for industrial crop breeding for bioenergy and bioproducts. For first-generation

biofuels, the relationships between desired crop characteristics and biofuel or

bioproduct type are fairly straightforward, i.e., high sugar or starch content corre-

lates to higher yields and better economics. However, this relationship for second-

generation biofuels and bioproducts is much more complex and is highly

conversion-type specific. For example, for the same product, cellulosic ethanol,

high carbohydrate low lignin crops would be preferred if a fermentation-based

conversion technology is utilized. However, if a thermal conversion route such as a

gasification/catalytic fuel synthesis conversion route is utilized, relative carbohy-

drate/lignin composition percentages are not that important, but inorganic trace

constituents are very important.

Cellulosic Ethanol

Cellulosic ethanol has been the historical focus point of second-generation biofuels.

Cellulosic ethanol development efforts date back to the early 1980s [1, 2], with

some initial work beginning in the late 1970s [3]. Cellulosic ethanol is the logical

biofuel to initially focus on for two main reasons: it builds upon the corn and sugar

ethanol industry and it addresses the gasoline market, which is the biggest fuel

market worldwide.

Cellulosic ethanol shows a good deal of promise for overcoming many of the

limitations of first-generation ethanol technologies that utilize sugar or starch crops

as the feedstock. Since cellulosic crops are utilized as feedstocks, the issue of direct

competition with food production is negated [4], although land completion issues

still exist [5].

Environmental and Sustainability Benefits

Cellulosic ethanol has long been touted for its environmental and sustainability

benefits over first-generation ethanol technologies. The two biggest producers of

first-generation ethanol are Brazil from sugarcane and the USA from corn. True

environmental benefits and effects on food supply and food prices are concerns that

are commonly brought up about first-generation ethanol. For example, at the 2011

US production rate of 52.8 billion liters/year, almost 40 % of the US corn crop is

utilized for ethanol production [6]. There is considerable debate about the effect this

amount of corn crop consumption for ethanol production has on world food prices

and supplies, but in any case further significant growth is unlikely.

Cellulosic ethanol also has significant potential greenhouse gas (ghg) emission

reduction benefits over first-generation ethanol technologies [7]. Figure 19.1 shows
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potential ghg benefits of various cellulosic ethanol technologies, current first-

generation corn ethanol, and an advanced future state of the corn ethanol industry

as they compare to gasoline based on values given by Hsu et al. [8]. These ghg

values incorporate using the lignin component to supply the heat and power needs

of the conversion process in the cellulosic ethanol cases and an increased biomass

component in the advanced corn ethanol state [9]. Another benefit of cellulosic

ethanol over first-generation ethanol is that cellulosic ethanol has a much-improved

net energy balance [10], and similar to the ghg emission benefits, much of this

benefit comes from utilizing the lignin component to supply the heat and power

needs for the conversion process.

Conversion Technologies

Although there are a multitude of variations, there are essentially two main tech-

nology approaches for producing cellulosic ethanol from lignocellulosic biomass.

The first route, commonly referred to as the biochemical route, utilizes a sugar

intermediate, which is fermented into ethanol, and the second route utilizes a

syngas intermediate, which can either be fermented or catalytically converted to

ethanol. Both routes have received considerable amount of public and private

Fig. 19.1 GHG benefits of cellulosic ethanol compared to first-generation ethanol
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support to develop the technologies to a commercially viable state, and both routes

have the potential to make a significant contribution to the world’s supply of

transportation fuels.

Biochemical

A schematic of a representative biochemical conversion process for cellulosic

ethanol is shown in Fig. 19.2.

The biochemical conversion process can essentially be categorized into two

main subcomponents: the liberation of the sugars from the biomass and the fer-

mentation of these sugars to ethanol. The efficient liberation of sugars from the

carbohydrate portion of the biomass “saccharification” is a significant challenge

given the recalcitrant nature of biomass [11]. Saccharification research has received

considerable attention over the past couple of decades with significant improve-

ments made in both the efficiency and the cost of the process [12].

Saccharification can essentially be either a chemical process where a concen-

tration acid process or multiple stages of dilute acid are utilized to liberate both the

hemicellulose and cellulose sugars [13] or a two-step approach involving a

pretreatment step and a enzymatic hydrolysis used to liberate some to most of the

hemicellulose sugars and condition the biomass to a state that is amenable for

enzymatic hydrolysis [14].

The US Department of Energy (DOE) evaluated the long-term potential [15] of

these two approaches and determined that the pretreatment/enzymatic hydrolysis

approach had the best potential for efficient conversion at low cost for wide-scale

applicability [16]. Although this is true at the macroscale, chemical saccharification

technologies such as concentrated acid or multistep dilute acid approaches are

certainly viable for special niche applications.

Fig. 19.2 Biochemical conversion process schematic

410 T.D. Foust



When effectively coupled, pretreatment and enzymatic hydrolysis can be a very

efficient, cost-effective way to liberate monomeric sugars from the carbohydrate

portion of biomass with some organizations reporting over 90 % conversion of

structural polysaccharides to monomeric sugars [17]. There are a multitude of

pretreatment approaches being pursued that cover the gamut of pH ranges from

acidic to alkaline approaches as well as temperature ranges (~140–210 �C). All of
these approaches have their plusses and minuses when compared on an efficiency

and cost basis [18]. However, comparison work has shown that there is really not a

“one size fits all” when it comes to a pretreatment approach across the spectrum of

suitable lignocellulosic feedstocks. In general, the alkaline or higher severity

approaches such as wet oxidation [19] that are more aggressive at depolymerizing

the lignin component tend to perform better on higher lignin feedstocks such as

softwoods, while the lower severity approaches such as dilute acid or hot water [20]

tend to perform better on the low lignin herbaceous feedstocks such as corn stover

or switchgrass.

Enzyme development with the goal of low cost-efficient hydrolysis to mono-

meric biomass sugars has been an area of extensive focus with considerable

progress being made [21]. This progress has been critically important in moving

the biochemical conversion process towards its goal of economic competitiveness;

however, further progress in both specific activity and costs to produce the enzymes

is still possible and desirable.

Similarly, with enzyme development, organism development for the cost-

effective efficient fermentation of biomass sugars to ethanol has been an area of

significant focus, again with impressive, high-impact progress being made

[22]. Humbird [15] reported for pilot scale results very effective fermentation

results of greater than 90 % of total biomass sugars to ethanol, which would

correspond to a total ethanol yield of 330 l/tonne of biomass. At these yields and

efficiencies, the overall economics compare favorably to first-generation ethanol

technologies. However, this needs to be caveated with the fact that these are pilot

plant numbers and the technology still needs to be proven out at commercial scale.

The final step in the biochemical lignocellulosic ethanol conversion process is

product recovery, which is envisioned to be standard fractional distillation to the

ethanol-water azeotrope, followed by molecular sieve concentration to anhydrous

ethanol. These techniques will be very similar to what is currently used in first-

generation ethanol processes and hence is a well-proven technology.

Since cellulosic ethanol technology utilizes only the carbohydrate portion of the

biomass, the lignin component of the biomass is available for other uses. Initial

process designs put forward by a number of organizations [23] dry the lignin and

then use it as a fuel for heat and power needs of the conversion process. The

Renewable Fuel Standard (RFS) requires that advanced biofuels show a 60 % ghg

reduction when compared to conventional gasoline to quality for the RFS credit.

Utilization of the lignin component as opposed to using a fossil fuel such as natural

gas or coal contributes significantly to ghg reductions for cellulosic ethanol [24].
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Feedstock Considerations

Since the biochemical lignocellulosic ethanol conversion process hinges on high

sugar conversion to ethanol, desirable feedstocks will have a high carbohydrate

content that is amenable to conversion to monomeric sugars that in turn are readily

fermented to ethanol. Although this statement is fairly straightforward and may be a

bit obvious, it is in reality overly simplistic and may not be a good metric for

judging the relative value of feedstocks. Lignocellulosic feedstocks have a great

variety as to both physical and chemical properties, and these variations can have

significant impacts on the yields and efficiency of the conversion process.

In the early days of biochemical conversion process development, the process

was commonly referred to as the sugar platform and organizations and researchers

focused on cost of sugars [25]. Research predominantly focused on maximizing

sugar yields per mass unit of feedstock. However, since the ultimate goal in any

conversion process is to produce the final product at the highest efficiency and yield

at the lowest possible cost, history and experience has shown that this singular focus

on sugar yields could be misleading. Fermentation inhibitors such as furfural,

hydroxymethylfurfural (HMF), or other inhibitory compounds can significantly

affect the fermentability of the sugar solution [26]. The presence and concentration

of these inhibitory compounds is very much a function of the feedstock type, the

pretreatment technology, and finally the severity of the pretreatment. Since some

inhibitory compounds such as furfural and HMF arise from thermal degradation of

sugars, the higher severity pretreatment approaches that lead to higher sugar yields

also lead to high inhibitory compound concentrations. Hence final ethanol yields

could actually be lower for higher sugar concentration hydrolysates with these

compounds present, then they would be for lower sugar concentration hydrolysates

without these compounds being present. Although these inhibitory compounds can

be reduced or eliminated by hydrolysate conditioning [27], these processes add cost

and complexity to the process as well as lead to sugar losses; hence, it is best to

avoid these processes if possible.

For these reasons, there is really not a preferred feedstock since the best choice

will be the feedstock that is available at the desired quantities at the lowest cost. The

conversion process will need to be well suited for the feedstock. Adding to the

complexity will be that feedstock availabilities and cost are geographically depen-

dent as well as weather and time of year dependent. Therefore, it might be cost

effective to build robustness into the process conversion plant so that a range of

feedstocks can be accommodated based on weather or seasonal variations. Simply

building a plant capable of processing the predominant feedstock in the geograph-

ical area (i.e., corn stover in the US Midwest or Sugar Cane Bagasse in Brazil) may

make the plant difficult to operate economically year in and year out over the 30+

year life of the plant if the feedstock availability drops significantly due to a

prolonged drought or other condition that affects the availability of that particular

feedstock.
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Economics

Since ethanol like any transportation fuel is a commodity with no price differenti-

ation in the market place, price parity with first-generation ethanol as well as

ultimately price parity with conventional petroleum-based gasoline on an energy-

adjusted basis needs to be achieved before demand-driven market penetration can

occur. Achieving price parity has proven to be a very difficult challenge, and

fortunately after decades of focused effort, significant encouraging progress is

being made. Several companies are going forward with commercial cellulosic

ethanol facilities, but private companies are typically resistant or even prohibited,

depending on the country regulations where they are located from publicly disclos-

ing feedstock or production costs. Hence, the only method to get production cost

numbers is from the open literature. This tends to be somewhat of a mixed bag

depending on the source of the numbers and the rigor that was used to develop the

production cost numbers as well as the underlying motivation for publishing the

numbers. Press releases [28] and other popular press articles [29] exist that show

economically competitive production costs, which if taken at face value would

indicate that price parity has been achieved or even exceeded. However, peer-

reviewed literature on economics of cellulosic ethanol production tends to be more

conservative on the costs [30]. Hence, why it is difficult to state a number or even a

range of numbers is that range is likely to be so broad that it ceases to be

meaningful.

With all these said, probably the best source of public numbers on the production

cost of cellulosic ethanol from a biochemical production route is available from the

US DOE via the National Renewable Energy Laboratory (NREL). Humbird

et al. [22] published a case where a fully loaded production cost of $2.15/gallon

(2007 dollars) could be achieved based on technology demonstrated at the pilot

plant for a 2,000 tonnes/day commercial plant for an nth plant case.

At these production costs, cellulosic ethanol produced via a biochemical con-

version route compared very favorably with first-generation ethanol production

costs from sugar or corn. A noticeable difference is the percentage of overall

production costs represented by the feedstock component. In the case of first-

generation ethanol, feedstock costs represent about 70 % of overall production

costs, whereas in the case of cellulosic ethanol, feedstock costs only represent 30 %

of overall production costs [29]. Analyses that have been performed on a range of

technically mature conversion processes have shown that typically feedstock costs

represent 30–50 % of production costs for commodity products [31] such as

ethanol. Hence, this would indicate that the long-term potential for further cost

reductions is higher for cellulosic ethanol than it is for first-generation ethanol.
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Thermochemical

A schematic of a representative thermochemical conversion process for cellulosic

ethanol is shown in Fig. 19.3. This conversion route is based upon utilization of

catalytic fuel synthesis for ethanol production. An alternative to catalytic fuel

synthesis would be fermentation of the syngas to ethanol [32]. The catalytic fuel

synthesis option will be covered here primarily because better public data exists for

this option.

Similarly to the biochemical conversion process, the thermochemical ethanol

conversion process can essentially be categorized into main components: the

gasification of the biomass to syngas (H2 and CO) and then the catalytic conversion

of this syngas to ethanol. Biomass gasification is an early-stage commercial tech-

nology that has been deployed at a few locations [33]. Biomass gasification

technologies cover a fairly broad gamut of simple to sophisticated approaches

with, as would be intuitively expected, the sophisticated approaches having higher

costs, both from an operating and capital perspective. The simplest biomass gasi-

fication technologies, updraft or downdraft air-blown approaches, produce a syngas

highly diluted with N2 that is generally not well suited for catalytic conversion to

fuels. Oxygen blown or direct gasification and indirect gasification do not introduce

air into the gasification process and hence do not have the N2 dilution issue; thus,

they are the two best gasification technology choices for producing a syngas

suitable for catalytic fuel synthesis. Phillips, Dutta, and coauthors did a series of

studies [34–36] where they looked at dry ash and slagging direct biomass gasifica-

tion approaches compared to indirect biomass gasification for mixed alcohol fuel

synthesis and concluded that for the scales of biomass (2,000 tonnes/day), indirect

gasification was the preferred route on both a cost and an efficiency basis.

A drawback of indirect biomass gasification is the amount of tars and light

hydrocarbons produced during the gasification process [37]. Light hydrocarbons

and tars are problematic since they represent a carbon and hence an efficiency loss,

Fig. 19.3 Thermochemical conversion process schematic
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but tars are especially problematic since they have the additional detrimental effect

of fouling downstream fuel synthesis catalysts and system.

Proven technology approaches for removing the light hydrocarbons and tars

from the syngas is a two-step process: water quenching to remove the tars and other

particulates from the syngas stream followed by steam methane reforming to

change the methane and other light hydrocarbons to additional syngas. Although

water quenching is effective for removing tars and heteroatoms from the syngas, it

represents a carbon and efficiency loss since the carbon and energy contained in the

tars would be lost to the system. However, even more problematic is the large toxic

wastewater stream that water quenching would create. Steam methane reforming

does not represent a carbon or energy loss or create a problematic waste stream, but

it does add additional cost and complexity to the process.

A preferred approach to this two-step process would be to perform integrated tar

and light hydrocarbon reforming in a catalytic single-step process. This would have

the benefits of increasing the carbon and energy efficiency of the process, reducing

process steps and hence the cost and complexity of the conversion process, and

finally eliminating a large volume toxic wastewater stream. Although several

researchers have published results showing that a number of catalysts look prom-

ising for tar and light hydrocarbon reforming [38], the challenge is to maintain the

activity in the presence of sulfur. This area has been the focus of considerable effort

over that past several years, and a number of researchers and organization are

reporting some encouraging results [39].

The next major step in the process after the syngas has been cleaned and

conditioned is to perform the catalytic fuel synthesis. Several organizations have

developed mixed alcohol synthesis catalysts over the past decade or so [40, 41]. In

order to be commercially viable, mixed alcohol synthesis must have good selectiv-

ity to the desired product, in this case ethanol, as well as good CO conversion.

Several researchers have reported significant improvements in mixed alcohol

synthesis catalyst performance [42]. Improvements in catalyst performance that

increase single-pass conversion and ethanol productivity are particularly beneficial

since these improvements have the added benefit of simplifying the process by

requiring fewer recycle loops, hence improving both costs and efficiencies.

Feedstock Considerations

Biomass composition affects thermochemical processing differently than biochem-

ical processing. Unlike biochemical conversion, which only converts the carbohy-

drate portion, gasification converts the entire organic component of biomass, both

carbohydrate and lignin fractions, into syngas, light hydrocarbons and some tars.

Trace inorganics predominantly sulfur, salts, and alkaline earth metals can be

problematic in a variety of ways. Potassium can be problematic in the gasifier for

fluidized bed gasifiers. The potassium interacts with the silica in the system to form

K2SiO4 which has a low melting point of ~ 500 �C, and its formation will lead to the
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bed media becoming sticky which in turn leads to agglomeration and defluidization

of the bed media.

Sulfur that gets converted into H2S and alkaline earth metals such as Ca or Na

can be significant catalyst poisons for both the tar reforming catalyst and the fuel

synthesis catalyst. Depending on their concentration in the feedstock and the

sensitivity of the catalysts being utilized, they may need to be reduced or eliminated

from the syngas stream by water scrubbing or catalyst guard beds. Although both of

these techniques are well-proven technologies, they do add cost and complexity to

the process.

Economics

The thermochemical conversion process has not received the same degree of focus

as has the biochemical conversion process, and therefore there are less references in

the literature on the economics of the process. Similar to the biochemical conver-

sion process, probably the best public source of production cost numbers is NREL.

Dutta et al. published a case where a fully loaded production cost of $2.05/gallon

(2007 dollars) could be achieved based on technology demonstrated at the pilot

plant for a 2,000 tonnes/day commercial plant for an nth plant case [43].

Given these two independent technology approaches for producing cellulosic

ethanol, the logical question is how they compare. Several studies have looked at

this particular question, and one study [44] specifically did a rigorous comparison of

these two technologies based on 2007 reported numbers. Table 19.1 provides some

direct comparison numbers for the two processes based on the latest reported results

from NREL referenced above.

As can be seen from the values in Table 19.1, the economics of the two processes

are very similar. The thermochemical process has a slightly lower MESP (5 %

lower) but a higher required capital investment (22.1 % higher). The thermochemi-

cal process does have slightly higher yields since the lignin portion is utilized for

fuel production as well. Average return on investment is almost identical.

An important point of distinction is that the biochemical results are presented for

corn stover, whereas the thermochemical results are for pine. The authors of the

referenced studies choose the feedstocks that tended to give the best performance

and economics for their conversion technology. Although conversion economics do

not exist for pine feedstocks for the biochemical conversion process or corn stover

for the thermochemical conversion process, poorer conversion economics would be

expected for these cases due to lower carbohydrate content for the pine feedstock

for biochemical conversion and higher ash content for the corn stover feedstock for

thermochemical conversion. This illustrates the earlier point that there does not

appear to be a clear superior conversion technology in terms of yields and/or

economics. Hence, the best approach is to best match the conversion technology

to the predominant feedstock. Since feedstocks tend to be local, the best conversion

technology choice will most likely be feedstock dependent or regionally specific.
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State of Industry

After rapid growth in the 2000s decade, further expansion of first-generation

ethanol technology has been fairly stagnant. Future growth in first-generation

ethanol production will most likely continue to be slow mainly due to concerns

about the percentages of the sugar and corn crop being directed to ethanol produc-

tion, true environmental benefits, as well as market saturation.

Many companies are proceeding forward with plans to commercially deploy

cellulosic ethanol in many parts of the world with several commercial production

plants in construction. Since pioneer plants or first-of-a-kind plants have higher

costs than mature nth plant cost, many countries such as the USA [45] have

incentives in place for the initial commercial production of cellulosic ethanol to

offset this initial higher cost.

An important point to make is that since the biofuels industry and especially the

cellulosic ethanol industry is in an immature state and as any immature industry, it

is highly dynamic and will change and evolve over time. For this reason, mention-

ing any companies’ or organizations’ plans is not that useful since it will quickly

become outdated. A review of the recent history of the biofuels industry from 2006

to 2012 clearly illustrates this point. In the 2006–2008 timeframe, driven by record

high prices for crude oil and aggressive government policies for biofuels develop-

ment and deployment, there was tremendous growth in the biofuels and bioproducts

sector with more than 135 companies [46] being active in the “second-generation”

biofuels space. This growth period continued until 2011–2012 where there has been

a consideration contraction of the industry. A specific illustrative example of this

point is that in the US public company valuations for 13s generation biofuels

companies are down more than 66 % in 2012 which translates into a $4B USD

decrease in value. Many companies have delayed or even shelved plans to proceed

forward with commercial plants leading to layoffs across the industry. Therefore,

the industry is clearly in a critical state where it can move on to a successful future

state or continue downward to an uncertain future. For the industry to be successful,

it must focus on sustainable value creation and learn from and move on from past

mistakes.

Table 19.1 Comparative economics for cellulosic ethanol production

Biochemical Thermochemical

MESPa $2.15/gallon $2.05/gallon

Ethanol yield 79.0 gal/dry ton 83.8 gal/dry ton

Delivered feedstock/cost $58.50/dry ton (corn stover) $61.57/dry ton (pine)

Total installed equipment cost $232 MM $296.5 MM

Total capital investment $422.5 MM $515.85MM

Average return on investment 56.6 57.5

Current yield (actual/theoretical) 76.0 % 40.0 %
aMESP defined as a fully loaded production cost with a 10 % IRR
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Initially, the biofuels sector was following the business model set by the biotech

and software industries. These industries operate on the investment/capital-lite

potentially very high revenues model. A highly successful example of this is

Google, which went public in 2004 with only $25MM of total external funding

and generating $3.2B in revenues in its first year. Although this is an extreme

example for even the software industry, this type of revenues/investment ratio is

completely outside the realm of possible for the biofuels industry. Investments in

R&D to develop the technology plus the required capital to build and operate a pilot

plant to demonstrate the technology will easily run into the $100 s of millions to get

the technology to a commercially viable state. Estimates for a pioneer commercial

plant are around $500MM or higher so the total investment to get to a commercial

state could be around $1B to produce a commodity product that will compete with

well-established first-generation ethanol and conventional gasoline. The time

period required to go from R&D stage to commercial production can easily be

10 plus years, which also serves as an impediment. Granted government R&D

funding or incentives can be leveraged to offset some of the costs as well as help on

the revenue side, still the promise of biotech or software industry types of returns on

investment simply is not realistic.

The cellulosic ethanol industry needs to abandon this unrealistic model, which

has led to overhyping and overpromising, and endorse a more realistic business

model based on sustainable value production over the long term. Given the large

amounts of resources and time required to develop the technology to commercial-

ization, the industry will need to pool assets either by strategic alliances or

consolidation to form strong players with the required resources and strong business

positions to be successful. The many small players with weak business plans, poor

strategic and intellectual property (IP) positions, and incomplete assets and capa-

bilities are plaguing the industry with too many failures and few to any major

commercial successes. This is giving the industry a black eye with the investment

community, government policy makers, as well as the fuel industries with a

reputation of being long on promises and short on delivery.

To focus on sustainable value production, the biofuels industry needs to reduce

costs and risk and focus on ways to increase revenue over both the near and long

terms. Pooling expertise, IP, and capital through consolidation and/or strategic

alliances can reduce risks. Since the industry grew out of R&D roots, there is too

much focus and redundancies in R&D to develop unique processes for unit oper-

ations such as pretreatment in biochemical conversion that in reality has minimal

impact on overall costs and yields and ultimately business position. Research and

development resources would be better spent on ways to increase revenue by

creating higher value products that can be sold into chemical, materials, or other

higher value markets to maximize potential for commercial success. The industry

also needs to look into innovative ways to reduce time to market since failure to

deliver on past commitments is adversely impacting the industry.
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Limitations of Cellulosic Ethanol

Although ethanol has many benefits as a fuel, i.e., it is readily blended into gasoline

the predominant worldwide transportation fuel, it can be used in most cars at low

blend levels (<15 % ethanol) without modification, and it has favorable production

costs. Compared to conventional gasoline, it does have some drawbacks that have

limited its growth as a transportation fuel. Ethanol has only 2/3 of the energy

content of gasoline and hence will deliver less mileage on a volumetric basis than

gasoline. Additionally ethanol has only limited compatibility with the existing

infrastructure, thus requiring new investments in pipeline or refining infrastructure

for large-scale deployment.

However, the biggest drawback of ethanol has proven to be limited markets. In

the USA, the world’s biggest producer and user of ethanol, almost all ethanol is

utilized as E10 with E85 usage being almost negligible [47]. Currently, in the USA

almost 97 % of motor gasoline is E10; hence, the E10 market is essentially

saturated. This situation is commonly referred to as the “blend wall” and is the

primary reason potential developers of cellulosic ethanol cite as limiting the

deployment of cellulosic ethanol. This is interesting because the common percep-

tion is it lacks commercially viable cellulosic ethanol technology, which in reality

is not the case. The US Environmental Protection Agency (EPA) did approve the

use of E15 in model 2000 and newer cars [48] to address this issue, but the adoption

of E15 has been slow due to a number of logistical factors. Brazil has not faced the

blend wall issue due to a different fuel strategy that is unique to Brazil [49]. Two

fuels are offered in Brazil E25 and E100, and since 2003 most new vehicle sales are

rapidly trending towards “flex” vehicles, which can accommodate any amount of

ethanol. Transportation experts are mixed in their opinion if this strategy to avoid

the blend wall issue could be used outside of Brazil.

Although ethanol is a good blend component for gasoline, it is not a good blend

component for diesel and completely not suitable for jet fuel. Since diesel and jet

fuels are growth fuels and gasoline demand is leveling off or declining especially in

the EU and USA, biofuels that do not face the market issues of ethanol and are

suitable for the diesel and jet fuel markets are highly desirable.

Advanced Biofuels

The nomenclature of “advanced biofuels” is somewhat used inconsistently in the

literature. As it is used here, it refers to hydrocarbon fuels or “drop-in” fuels that can

be directly utilized in the existing gasoline, diesel, and jet fuel pools. Producing

advanced biofuels from biomass has a number of advantages over ethanol. Since

they are essentially substantially similar to current gasoline, diesel, and jet fuels,

they would be completely compatible with the existing fuel distribution and vehicle

infrastructure. This compatibility could be extended all the way to processing inside
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existing petroleum refineries, which will be explained in more detail in the follow-

ing sections.

Another significant advantage of advanced biofuels is that they do not face any

market or new fuel acceptance issues. The challenge to get a new fuel certified can

be very significant in a large part due to emission and air quality concerns. For

instance, in the USA, the US EPA requires a very rigorous testing program to verify

that a new fuel or even a blend limit change, i.e., E10 to E15, does not adversely

affect emissions. Additionally, vehicle manufacturers and engine manufacturers are

very leery of new fuels or blend limit changes because of possible impacts on

performance or reliability. For advanced biofuels, none of these issues or concerns

would come into play since the fuels would be simply gasoline, diesel, or jet, which

are currently certified and accepted by vehicle and engine manufacturers.

However, in the context of nothing is as simple as it first appears, fuel liability

issues would exist and need to be addressed. Most country’s fuel liability provisions

are structured in a manner that the fuel supplier accepts all liability issues associated

with the use of the fuel. Therefore, thorough testing would most likely be required

for advanced biofuels before fuel suppliers would be willing to accept them as part

of the fuel supply and accept the liability associated with their sale.

The categorization of conversion routes into biochemical routes and thermo-

chemical routes roughly holds for advanced biofuels as it does for cellulosic ethanol

with the distinction that the biochemical route is more of a sugar intermediate route

because the upgrading to fuels can be by either a fermentation route or a catalytic

route.

Sugar Intermediate Routes

Figure 19.4 illustrates the overall process for advanced biofuel conversion via a

sugar intermediate. The first part of the process, converting the carbohydrate

portion of the biomass to a sugar intermediate, is essentially the same

pretreatment/enzymatic hydrolysis process that was explained in detail in the

biochemical cellulosic ethanol conversion section. From the sugar intermediate,

the upgrading to an advanced biofuel can take two dramatically different routes,

either a fermentative route to an isoprenoid [50] that can be upgraded to a diesel fuel

in a fairly straightforward manner or a catalytic route that involves a number of

catalytic and upgrading steps to produce an advanced biofuel [51].

Feedstock Considerations

The feedstock considerations are similar to biochemical cellulosic ethanol conver-

sion. In general feedstocks with high carbohydrate content and correspondingly

lower lignin concentration tend to have better performance. This tends to favor the
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herbaceous feedstocks such as corn stover or switchgrass. For catalytic conversion,

sulfur and alkaline earth metal concentrations can be a significant issue since these

compounds can be significant catalyst poisons.

Economics

The economics for conversion to advanced biofuels are much less developed than

they are for cellulosic ethanol primarily because the technology is in an earlier state

of development. Since the biomass deconstruction to intermediate sugars compo-

nent is essentially the same as it is for biochemical cellulosic ethanol, these costs are

well quantified. However, much less cost specificity exists for the advanced

biofuels production step. For the fermentative route, it is fair to say that this will

be a higher cost fermentation than ethanol fermentation since isoprenoid fermen-

tations are aerobic which are higher cost both from a capital and operating per-

spective than anaerobic ethanol fermentations. The final product, hydrocarbon

diesel fuel, has higher value than ethanol, so this cost/benefit ratio will determine

how the economics compare to cellulosic ethanol. For the catalytic upgrading route,

the challenge most likely will be the number of process steps required. Multiple

processing steps increase capital cost as well as operationally complexity. Since

fuel production like any commodity process requires high plant online time, simpler

processes will have the advantage.

Fig. 19.4 Advanced biofuel routes via sugar intermediate
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Thermal Routes

Thermal routes can be categorized onto three areas based on the intermediate they

produce, liquefaction, pyrolysis, or gasification. Figure 19.5 shows the intermediate

as a function of severity of deconstruction.

The highest severity thermal deconstruction technique is gasification at temper-

atures of 600 �C and above, depending on the type of gasification technology used

[52]. Once a syngas has been produced and appropriately cleaned and conditioned,

there is a multitude of fuel synthesis routes for producing an advanced biofuels

[53]. Some of these routes such as Fischer-Tropsch synthesis are well-proven

technologies that are being practiced commercially in certain countries such as

South Africa. Others are more in the development stage such as single-step olefinic

gasoline production that shows better potential for being economically viable at the

scale of biomass.

The mid-severity thermal deconstruction technique is pyrolysis which is

performed at temperatures in the range of 300–600 �C [54] at atmospheric pressure.

Pyrolysis processes produce oil commonly referred to as “bio-oil” or “pyoil” that

somewhat resembles crude oil in appearance but has dramatically different physical

and chemical properties. The initial biomass pyrolysis process developed was fast

pyrolysis. This process is well proven and relatively efficient, but the oil produced

has some very undesirable properties that present some significant challenges for

upgrading to advanced biofuels [55]. Many of these desirable properties are directly

related to the high oxygen content of the bio-oil.

Fig. 19.5 Thermal intermediate as a function of temperature and residence time
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To address this issue, several researchers and organizations have developed

processes that deoxygenate the bio-oil during the production process such as

catalytic fast pyrolysis [56] or hydropyrolysis [57]. Since these processes produce

oil considerably lower in oxygen content, the oil has much better properties that

make it more amenable for upgrading to an advanced biofuel. These processes are

complex from both a physical and chemical perspective, so some technical chal-

lenges will need to be overcome before they can be deployed commercially.

The lowest severity deconstruction technique is liquefaction or hydrothermal

processing at temperatures in the range of 250–375 �C [58]. Hydrothermal

processing requires high pressures in the range or 600–3,200 psi to maintain the

water in a liquid state at these temperatures and as shown in Fig. 19.5 requires

considerable longer residence times than pyrolysis or gasification. Hydrothermal

processing produces oil considerably lower in oxygen content that is more amena-

ble for upgrading to an advanced biofuel.

Economics

Since gasification technologies had been under development for some time, a

number of studies exist in the literature on the economics of gasification processes

to advanced biofuels. There has been considerable interest over the years to pair

biomass gasification with Fischer-Tropsch synthesis since they are both relatively

developed technologies, and this pairing could represent a fairly streamlined path to

commercialization. Unfortunately, most studies have shown that the economics of

this paring are not that attractive primarily due to the fact that Fischer-Tropsch

synthesis is a capital-intensive technology and the economies of scale do not match

well with the scales of biomass [59]. Studies that have looked at paring biomass

gasification with less capital-intensive advanced fuel synthesis routes have shown

potentially attractive economics [60].

The economics of pyrolysis processes or liquefaction processes to advanced

biofuels are not as well developed since the technology is in an earlier stage of

development. A very enticing possibility of these routes is to perform a significant

portion of the upgrading to an advanced biofuel inside existing petroleum refineries.

Figure 19.6 shows one possible scenario for this. The economic advantages of this

are potentially significant. If a large portion of the upgrading could be accomplished

utilizing existing petroleum refineries, the capital investment required would be

dramatically reduced. A study estimated that a cumulative investment of $95B [61]

would be required in new processing facilities to meet the RFSII goals of 21 billion

gallons of cellulosic ethanol and/or advanced biofuels by 2022. Although a defin-

itive estimate does not exist as to how much this required investment could be

reduced by biofuels processing inside existing petroleum refineries, primarily

because this technology is in too early of a stage of development to make this

determination, it is fair to say the potential is very significant and warrants further

investigation.
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State of Industry

For the most part, the comments made about the cellulosic ethanol industry hold for

the advanced biofuels industry as well. One important distinction is that if the

approach for processing inside petroleum refineries develops to a state where it is

commercially viable, several large petroleum refinery industrial players have stated

they would be interested in adopting the technology. This would be a dramatic shift

in the biofuels industry because it would constitute a change from many small

companies to a few well-established large players. These larger players would

address the issue of not having adequate resources to take the technology to

commercial deployment.
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