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ScienceDirect
Although the purchase price of cellulosic feedstocks is

competitive with petroleum on an energy basis, the cost of

lignocellulose conversion to ethanol using today’s technology

is high. Cost reductions can be pursued via either in-paradigm

or new-paradigm innovation. As an example of new-paradigm

innovation, consolidated bioprocessing using thermophilic

bacteria combined with milling during fermentation

(cotreatment) is analyzed. Acknowledging the nascent state of

this approach, our analysis indicates potential for radically

improved cost competitiveness and feasibility at smaller scale

compared to current technology, arising from (a) R&D-driven

advances (consolidated bioprocessing with cotreatment in

lieu of thermochemical pretreatment and added fungal

cellulase), and (b) configurational changes (fuel pellet

coproduction instead of electricity, gas boiler(s) in lieu of a

solid fuel boiler).

Addresses
1 Thayer School of Engineering, Dartmouth College, Hanover, NH 03755,

United States
2National Renewable Energy Laboratory, 15013 Denver West Parkway,

Golden, CO 80401, United States
3Argonne National Laboratory, 9700 Cass Ave., Lemont, IL 60439,

United States
4Chemical and Environmental Engineering, University of California,

Riverside, 900 University Avenue, Riverside, CA 92521, United States

Corresponding author: Lynd, Lee R (Lee.R.Lynd@dartmouth.edu)
* Coequal contributors.

Current Opinion in Biotechnology 2017, 45:202–211

This review comes from a themed issue on Energy biotechnology

Edited by Scott Banta and Brian Pfleger

For a complete overview see the Issue and the Editorial

Available online 18th May 2017

http://dx.doi.org/10.1016/j.copbio.2017.03.008

0958-1669/ã 2017 Published by Elsevier Ltd.

Introduction
Biofuels are the most established and arguably most

promising option available for decarbonizing aviation,

ocean shipping, and a substantial fraction of long-haul

trucking, without which the 2�C target agreed to at the

COP21 meeting is probably not possible to meet [1�].
Lignocellulosic feedstocks are likely required in order to

produce biofuels at the level anticipated as part of low
Current Opinion in Biotechnology 2017, 45:202–211 
carbon energy scenarios. Consider that whereas

3.1 EJ/year of ethanol are produced from sugar cane

and grains today [2�], anticipated global demand for

transport modes difficult to decarbonize without biofuels

are projected to be at least 50 EJ [1�]. Significant tech-

nology export opportunities are likely to arise in response

to the world’s demand for low-carbon fuels. Cellulosic

biofuels also can make important contributions to rural

economic development and enhanced sustainability of

agricultural landscapes in both developed and developing

economies [3,4,5�]. Finally, biomass-derived fuel mole-

cules can be used in conjunction with engine innovations

to maximize efficiency and performance [6,7�].

Notwithstanding these motivations, contextual factors

impacting cellulosic biofuels have changed substantially

in recent years and in general have become more chal-

lenging. Widespread deployment of emergent oil extrac-

tion technologies such as hydraulic fracturing, horizontal

drilling, and tar sands refining have led to an oversupply of

oil, lower prices, and decreased energy security concerns

for many countries [8]. Exhaustion of global oil resources

is a weaker driver for development and deployment of

alternative fuels than was the case 5 years ago, and

economic barriers to biofuels gaining market share are

larger today than they were in the recent past. During this

time, we have also seen wide swings in expectations and

activity related to cellulosic biofuels, and growth in pro-

ductive capacity far below that envisioned, —for exam-

ple, in the Renewable Fuel Standard. Recently-deployed

facilities producing cellulosic ethanol at scales approach-

ing commercial, referred to herein as ‘pioneer’ facilities,

represent an important and needed step forward but also

bring into focus needs and opportunities for further

innovation.

These developments invite a reassessment of needs and

opportunities related to development of biologically-

based processes for production of cellulosic biofuels,

which we endeavor to provide here. We focus on cellu-

losic ethanol because it is the cellulosic biofuel deployed

on the largest scale and is the logical proving ground for

new technologies aimed at overcoming the biomass recal-

citrance barrier and product diversification.

Status
The equivalent purchase price of biomass on a per barrel

oil basis is a function of the purchase price of biomass and
www.sciencedirect.com

mailto:Lee.R.Lynd@dartmouth.edu
http://www.sciencedirect.com/science/journal/09581669/45
http://dx.doi.org/10.1016/j.copbio.2017.05.002
http://dx.doi.org/10.1016/j.copbio.2017.03.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.copbio.2017.03.008&domain=pdf
http://www.sciencedirect.com/science/journal/09581669


Cellulosic ethanol: status and innovation Lynd et al. 203
the energy contents of biomass and oil in appropriate

units, and may be calculated via Equation (1):

EqPBiomass
Barrel ¼ PBiomass

Ton EOil
Barrel=E

Biomass
Ton ð1Þ

where

EqPBiomass
Barrel = oil equivalent biomass purchase price ($/bar-

rel oil)

PBiomass
Ton = biomass purchase price ($/dry Mg)

EOil
Barrel = energy content of oil (GJ/barrel)

EBiomass
Ton = energy content of biomass (GJ/Mg)

Given that EOil
Barrel = 6.13 GJ/barrel and EBiomass

Ton = 17.2 GJ/

Mg, Equation (1) simplifies to PBiomass
Ton /2.8. Thus for

example the oil-equivalent purchase price of biomass

in the range of $60–80/dry metric ton is $21–29/barrel,

competitive with that of petroleum even at the low oil

prices observed in 2016.

As summarized in Table 1, several pioneer facilities

producing ethanol from lignocellulosic agricultural resi-

dues with capacity �10 million gallons per year have been

built over the last few years. All of these facilities feature a

dedicated process step in which cellulases and other

saccharolytic enzymes are produced by aerobic fungi,

and all feature pretreatment with heat, added chemicals,

and often both—referred to here as thermochemical

pretreatment. These facilities use yeast to produce etha-

nol with the exception of the DuPont facility, which uses

Zymomonas. Pioneer cellulosic biofuel facilities are an

important, long-awaited advance in the field because they

allow (a) evaluation of costs and operability based on
Table 1

Pioneer facilities producing ethanol from lignocellulosic agricultural r

Company Location Feedstock Scale (MGY) 

Abengoa Kansas, USA Corn stover,

straw

25 

Beta Renewables Crescentino, Italy Grass 13.4 

DuPont Iowa, USA Corn stover 30 

Granbio Alagoas, Brazil Bagasse, straw 21.6 

POET/DSM Iowa, USA Corn stover 20 

Raizen Piracicaba, Brazil Bagasse, straw 10.6 

Average 20.1 

a DuPont CapEx includes feedstock supply infrastructure.
b http://www.energy.gov/sites/prod/files/2015/04/f22/demonstration_mark
c http://www.betarenewables.com/en/crescentino/the-project.
d http://www.processingmagazine.com/dupont-defends-cellulosic-ethanol
e http://www.granbio.com.br/en/wp-content/uploads/sites/2/2014/09/part
f http://www.energy.gov/sites/prod/files/2015/04/f22/demonstration_marke
g http://www.raizen.com.br/en/energy-future/renewable-energy-technolog
h https://www.bloomberg.com/news/articles/2013-03-13/raizen-to-spend-

www.sciencedirect.com 
experience rather than projection, and (b) realization of

cost reductions driven by ‘learning by doing’.

High capital costs are an impediment to the cost-com-

petitiveness and replication of pioneer cellulosic biofuels

facilities. For example, while the capital cost per annual

gallon of capacity averages $13.81/annual gallon for the

facilities listed in Table 1, the corresponding value for

corn plants is on the order of $2/gallon [9]. A capital cost of

$13.81/annual gallon corresponds to an annualized cost of

$2.76 per gallon ethanol, which exceeds the average

market price of ethanol when oil was $100/barrel

(Table 2). Compared to the low prices seen in 2016, with

oil at $30/barrel, an annualized capital cost of $2.76/gallon

exceeds the market price of ethanol by about 1.8-fold and

the price based on energy content by about fourfold. The

cost of feedstock is not considered in these comparisons

and is normally higher than the annualized cost of capital

for economically viable production of commodity pro-

ducts such as fuels.

The cost of added cellulase enzymes per gallon ethanol is

given by Equation (2):

C ¼ LP=Y ð2Þ

where

C = cellulase cost ($/gallon ethanol)

L = cellulase loading (mg protein/g feedstock = kg pro-

tein/metric ton feedstock)

P = cellulase price ($/kg)

Y = ethanol yield (gallons/Mg).
esidues with capacity �10 million gallons per year

CapEx (MM $) CapEx ($)/Annual Gal Coproducts Sources

444.6 17.78 Heat, electricity b

171 12.76 Heat, electricity c

500a 16.67a Solid boiler fuel d

265 12.27 Heat, electricity e

275 13.75 Heat f

102 9.62 Heat, electricity g,h

293 13.81

et_transformation_bradford_3432.pdf.

-plant-announces-laundry-detergent-deal/.

ida_english.pdf.

t_transformation_ward_3433.pdf.

y/second-generation-ethanol.

102-million-on-brazil-cellulosic-ethanol-plant.
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Table 2

Comparative prices for various fuels and capital costs for cellulosic ethanol

Oil at $100/barrel

(Feb ’12, July ’13, Apr ’14)

Oil at $30/barrel

(Mar ’02, Jan ’09, Mar ’16)

Gasoline price

Average Wholesalea $2.96/gal � 0.03 $1.04/gal � 0.10

Corn ethanol price

Average Marketb $2.68/gal EtOH � 0.44 $1.57/gal EtOH � 0.22

Gasoline equivalent (BTU basis)c $1.99/gal EtOH $0.70/gal EtOH

Cellulosic ethanol capital cost

Total $293 milliond

Per annual gallon capacity $13.81e

Selling price contribution $2.76f

Fuel prices in 2015 dollars.
a U.S. Department of Energy, Energy Information Administration, Independent Statistics & Analysis. (12/1/2016). U.S. Regular Gasoline

Rack Sales Price by Refiners. Retrieved from https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?

n=PET&s=EMA_EPMR_PRG_NUS_DPG&f=M.
b USDA Economic Research Service, U.S. Bioenergy Statistics. (12/5/2016). Table 14–Fuel ethanol, corn and gasoline prices, by month.

Retrieved from https://www.ers.usda.gov/data-products/us-bioenergy-statistics/.
c Gasoline price*0.67.
d Average from Table 1.
e Average from Table 1.
f Based on a capital recovery factor of 0.2, corresponding to a return on investment of about 16% depending on details of the schedule for

construction and ramp up of capacity.
Based on the carbohydrate content of cellulosic biomass

and typical process yields, 75 gallons per short ton

(82.5 gallons per metric ton) is a reasonable value for Y
for today’s technology. At-site production of cellulase is

expected to be less expensive than off-site production,

but adds to process complexity and already high capital

costs. More aggressive pretreatment can lower the

required loading and hence cost of added enzymes, but

is typically accompanied by higher costs elsewhere in the

process. The cost of at-site enzyme production is esti-

mated by Klein-Marcuschamer et al. [10] to be $10/kg

protein. Amylase enzymes produced via mature technol-

ogy and purchased in large amounts by the corn ethanol

industry are valued at about $25/kg protein [11]. With

Y = 82.5 gallons per ton and P = $15/kg protein, Equation

(2) becomes C = L/5.5. At 10 mg cellulase protein/g dry

solids, lower than most loadings in the research literature

[11], the cost of cellulase is $1.82 per gallon ethanol. If

either L or P were halved, this becomes $0.91/gallon. If

both were halved, $0.45/gallon—which is still a great deal

for a product with an average recent (2014 through 2016)

market price of $2.22/gallon and average gasoline equiv-

alent price of $1.78/gallon in the US over the last 3 years.

Clearly the main economic obstacle to cost-competitive

cellulosic biofuel production is the cost of conversion

rather than the cost of feedstock. The key factor respon-

sible for the high cost of processing cellulosic biomass

using current technology is the recalcitrance of lignocel-

lulose, that is, the difficulty of its conversion to reactive

intermediates [12,13,14�]. The recalcitrance barrier is

manifested in costs associated with the two unit
Current Opinion in Biotechnology 2017, 45:202–211 
operations aimed at rendering cellulosic biomass ferment-

able: thermochemical pretreatment and enzymatic

hydrolysis.

Innovation
Adoption of new technologies involves a progression from

an emergent paradigm, to a dominant paradigm, to initial

commercial deployment, to mature deployment (Fig-

ure 1). For biomass processing technology, and some

other technologies, it is often advantageous for initial

commercial deployment to involve ‘bolt-on’ configura-

tions at a host facility based on established technology

that makes available feedstock and/or infrastructure at

lower cost than would be the case for a stand alone facility.

Examples include bagasse conversion to ethanol at a host

facility processing sugar cane, and corn fiber conversion at

a host facility processing corn kernels. In mature deploy-

ment, technological risk is minimized, the value of the

once-new technology is maximized by integration into

production facilities and the broader economy, and this

technology bears its full share of infrastructure costs.
Stages of new technology adoption.

www.sciencedirect.com
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Figure 2
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Innovation cost curve.
From a cost point of view, the progression in Figure 1

typically involves ascending costs as the first commercial

application is approached, followed by descending costs

informed by experience and innovation. Together these

two trends define an innovation cost curve, illustrated in

Figure 2 using results from the landmark Rand study [15]

and cost reductions for cane ethanol production in Brazil

[16]. The innovation cost curve applies to both new

industries, and also new processing paradigms within

those industries. Innovation can involve precommercial

advancement of new paradigms and industries up the

ascending part of the curve, or post commercial advance-

ment down the descending part of the curve. Different

processing paradigms have different ultimate potential to

achieve low costs, although this potential cannot be

known with certainty in advance of progressing through

the innovation cost curve.

The thermochemical pretreatment/fungal cellulase para-

digm has dominated the cellulosic biofuels field for over a

quarter century. Given the recent emergence of pioneer

cellulosic ethanol facilities based on this paradigm, it is

likely that they are at the peak of the new technology cost

curve. Cost reductions as a result of in-paradigm innova-

tion can be confidently anticipated as seen for ethanol

from both corn [17] and sugar cane [18]. Whether these

cost reductions will be sufficient to provide the impetus

for cellulosic biofuels to rapidly exceed the scale of

current production from more easily-fermented feed-

stocks, as must occur in order for cellulosic biofuels to

meaningfully impact climate objectives, is an open ques-

tion. In light of the imperative to address climate change,

the still high cost of cellulosic biofuel production via the

thermochemical pretreatment/fungal cellulase paradigm,
www.sciencedirect.com 
the increased barrier-to-entry represented by low oil

prices, and the emergence of promising alternatives,

we believe that there is ample incentive to explore

approaches outside the current processing paradigm. By

way of illustration, one such approach is considered here:

consolidated bioprocessing using thermophilic bacteria

combined with milling during fermentation, termed

cotreatment.

An illustrative example
Several cultures of thermophilic anaerobic bacteria [19��],
and in particular Clostridium thermocellum [20��], have

been recently shown to be markedly more effective at

deconstructing cellulosic biomass than industry-standard

fungal cellulase under a broad range of conditions. While

not yet completely understood, the effectiveness of C.
thermocellum at lignocellulose solubilization has been

attributed to the ability to splay ends of cellulose fibers

[21] and the presence of multiple cellulase modalities

[22�]. C. thermocellum has also been shown to be capable of

carrying out soluble sugar fermentation in the presence of

aggressive ball milling, whereas yeast has not [23]. Wild-

type strains of C. thermocellum and other thermophilic,

saccharolytic anaerobes produce organic acids, in particu-

lar acetic acid, in addition to ethanol and do not exhibit

high ethanol tolerance. The hemicellulose-fermenting

Thermoanaerobacterium saccharolyticum has been engi-

neered to produce ethanol at a yield of 0.46 g ethanol/g

fermented sugar, comparable yields for hexose fermenta-

tion by yeast, and titers up to 70 g/L [24�], which is close

to the upper limit of that feasible from cellulosic biomass

given material handling constraints [25]. An engineered

strain of C. thermocellum has recently been developed that
Current Opinion in Biotechnology 2017, 45:202–211
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Table 3

Process scenarios

1. Base case 2. Base case +

configurational changes

3. Base case +

projected R&D advances

4. Advanced case

Thermochemical

pretreatment

Dilute acid Dilute acid – –

Cotreatment – – Yes Yes

Added cellulase Produced at-site Produced at-site – –

Coproduct Electricity Fuel pellets Electricity Fuel pellets

Boiler type Solid fuel Gas Solid fuel Gas

Wastewater

treatment

Aerobic + anaerobic Aerobic + anaerobic Anaerobic Anaerobic

External process

energy source

– Electricity – Natural gas

and electricity
produces ethanol at 75% of theoretical yield and a titer of

25 g/L [26�].

Informed by these results, we analyze here futuristic

process scenarios involving conversion of corn stover to

ethanol using thermophilic fermentation in a consoli-

dated bioprocessing (CBP) configuration with no added

enzymes and with milling during fermentation, termed

cotreatment, in lieu of thermochemical pretreatment. Our

purpose in undertaking this analysis and comparison is to

explore what could be possible in the future assuming

R&D-driven improvements that have not yet been real-

ized. Table 3 defines the scenarios examined. Parameters

used in the analysis of these scenarios are presented in

Tables S.1 and S.2. All results are in 2014 dollars.

Scenario 1, the base case, is the most recent published

NREL design using dilute acid pretreatment, fungal

cellulase addition, and fermentation with Zymomonas
mobilis as reported by Humbird et al. [27�] except with

a lower cost for anaerobic digestion (see Table S.1).

Scenarios 2 through 4 assume the same feedstock flow

as for Scenario 1, 2756 U.S. tons per day at 20% moisture,

producing about 60 million gallons of ethanol per year.

Scenario 2 is the base case with two configurational

changes: production of fuel pellets in lieu of electricity

as a coproduct, and use of gas boilers in lieu of a solid fuel

boiler. Scenario 3 is the base-case with R&D-driven

advances: thermophilic fermentation with no added

enzyme in lieu of Z. mobilis fermentation with added

cellulase, and cotreatment in lieu of pretreatment. The

Advanced case, Scenario 4, includes both configurational

changes and R&D-driven advances. Whereas aerobic

treatment including a nitrogen removal step is included

in Scenarios 1 and 2 in order to treat effluents resulting

from dilute acid pretreatment, only anaerobic wastewater

treatment is included in cases 3 and 4 since the latter cases

do not add ammonia for pretreatment hydrolyzate condi-

tioning and thus do not need to remove nitrogen. Scenar-

ios 1 and 3 derive process steam and electricity, as well as

exported electricity, from process residues. In Scenarios
Current Opinion in Biotechnology 2017, 45:202–211 
2 and 4, external electricity is supplied to the process. For

Scenario 2, methane from anaerobic digestion is sufficient

to meet process steam requirements. For Scenario 4,

methane from anaerobic digestion is supplemented by

natural gas. R&D advances needed to fully realize the

performance assumed for Scenarios 3 and 4 are associated

with developing thermophiles into robust biocatalysts,

and in particular achieving high ethanol yields and titers

at high solids loading with a cost-effective growth

medium. Progress pursuant to these goals has recently

been reviewed [20��].

Capital and operating costs are progressively lower for

Scenarios 1 through 4, as shown in Figure 3a and b,

respectively. Annual earnings before interest, taxes,

depreciation, and amortization (EBITDA), a measure

of net revenue, increases markedly from $17.4 million

per year for Scenario 1 to $37.7 million, $54.3 million, and

$79.2 million for Scenarios 2, 3, and 4 respectively.

The ratio of capital costs to EBITDA has units of years

and can be interpreted as a payback period. Figure 4

presents the payback period for Scenarios 1 through 4 as a

function of plant scale (MM gallons per year). Progressing

from Scenarios 1 through 4, the payback period is

markedly lower at all scales. The other notable feature

is the much-reduced sensitivity of payback period to scale

for Scenarios 3 and 4 compared to Scenarios 1 and

2. Table S.3. presents a sensitivity analysis of the payback

period to various process parameters. High sensitivity is

observed with respect to feedstock and ethanol price,

with more modest sensitivity exhibited for the price of

pellets and electricity, total capital cost, and energy and

capital for cotreatment. The energy requirement for

cotreatment has not been determined, and is judged to

have the largest uncertainty of the parameters evaluated

in Table S.3.

Energy flows are presented for Scenarios 1 through 4 in

Figure 5. Ethanol represents about 40% of the energy

(lower heating value basis) in the entering feedstock in all
www.sciencedirect.com
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Figure 3
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(a) Capital cost summary. Values shown are installed costs for the components listed. Indirect capital costs include prorateable expenses, field

expenses, home office and construction fees, project contingency, start-up, and permits. (b) Operating costs, revenue, and EBITDA. Other

variable costs include chemicals used in pretreatment and neutralization (sulfuric acid, ammonia), nutrients for microbial production of ethanol and

cellulase, purchased energy (for Scenarios 2 and 4), boiler chemicals and ash disposal.
Scenarios. Net electricity exports are 3.4% and 5.5% of

feedstock energy for Scenario 1 and 3. For Scenarios 2 and

4, energy exported as pellets are 35.2% and 39.0% of

feedstock energy respectively. Imported electricity is

7.5% of the feedstock energy for Scenario 2 and 4.6%

for Scenario 4. Imported natural gas is 5.3% of feedstock

energy for Scenario 4. Three quarters of the steam
www.sciencedirect.com 
demand is provided by biogas in Scenario 4. Imported

natural gas might be eliminated in configurations with a

greater degree of heat integration.

Net lifecycle greenhouse gas mitigation according to the

2016 GREET1 model [28] is presented in Figure 6 for

Scenarios 1 and 4, with assumptions as listed in Note S.A.
Current Opinion in Biotechnology 2017, 45:202–211
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Figure 4

140

120

100

80

60

40

20

P
ay

b
ac

k 
Ti

m
e*

 (
Y

ea
rs

)

0
10 20 30 40 50 60 70 80 90 100

Scale (MM Gallons Ethanol/Year)

*= CAPEX / EBITDA

1. Base case

4. Advanced case

2. Base case with
configurational
changes

3. Base case with
projected R&D-driven
improvements

Current Opinion in Biotechnology

Payback time in relation to scale.

Figure 5
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Energy flows.
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Figure 6
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Comparative greenhouse gas mitigation for Scenarios 1 and 4.
As shown in the figure, the emission benefits of fuel pellet

production more than offset the emissions from imported

natural gas and electricity for Scenario 4.

Discussion
Biological production of cellulosic biofuels involves

‘upstream’ technologies that convert lignocellulose to

fermentable carbohydrate and ‘downstream’ technologies

that convert fermentable carbohydrate to fuels [29].

Innovation targeting upstream process steps is needed

to address the recalcitrance barrier common to all mole-

cules derived from cellulosic biomass. Innovation target-

ing downstream process steps is needed to produce a

diversity of molecules and thereby enable various trans-

port applications and coproduct opportunities. In order to

prevent risk from becoming unacceptably high, it is

necessary to avoid commercial deployment of too many

new technologies at once. Consistent with this, new

upstream cellulosic biofuel technologies will likely be

proven and deployed first in conjunction with established

downstream technologies, for example at facilities pro-

ducing ethanol or bioelectricity. New downstream tech-

nologies will likely be proven and deployed first in

conjunction with established upstream technologies, for

example facilities processing corn or sugar cane. For both

types of innovation, deployment in a bolt-on mode at

existing industrial facilities is likely to be initially
www.sciencedirect.com 
advantageous. These trends are evident within the emer-

gent advanced biofuel field.

Innovation within the thermochemical pretreatment/fun-

gal cellulase paradigm – for example targeting solids

delivery, new pretreatment chemistries, and improved

cellulase preparations – is necessary in order to support

and accelerate the replication of costly pioneer facilities.

New paradigm innovation offers potential for transforma-

tive cost reductions which may well be necessary in order

for cellulosic biofuels to be widely cost-competitive in

stand-alone facilities, but requires targeted investment

lest it always be in the distant future. As new paradigm

innovations progress through the innovation cost curve

(Figure 2), their estimated costs can be expected to rise

and then fall. Some will encounter liabilities or limitations

that prevent them from being competitive with estab-

lished processes; others will realize the originally antici-

pated potential and will displace earlier technologies.

Keeping in mind the uncertainties inherent in forecasting

new-paradigm innovation, the results presented herein

for consolidated bioprocessing using thermophilic bacte-

ria combined with cotreatment, referred to as CBP/CT,

are instructive. The radical cost reduction potential of the

Advanced scenario (Figure 4) stems from a combination

of configurational changes and R&D-driven advances,
Current Opinion in Biotechnology 2017, 45:202–211
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with both contributing significantly but the latter having

greater economic impact than the former. The key con-

figurational changes evaluated were the coproduction of

fuel pellets in lieu of electricity and use of natural gas

boiler(s) in lieu of a solids boiler. These alterations

decrease CapEx modestly (Figure 3a); substantially

increase EBITDA (Figure 3b) and thermodynamic effi-

ciency (Figure 5); substantially reduce the payback

period (Figure 4); and appear relatively robust to changes

in the price of pellets and electricity (Table S.3). The key

R&D-driven advances evaluated, CBP/CT in lieu of

thermochemical pretreatment and fungal cellulase addi-

tion, decrease CapEx substantially (Figure 3a), increase

EBITDA (Figure 3b), and substantially reduce the pay-

back period (Figure 4). At a scale of 2756 tons of corn

stover per day and compared to the Base case scenario,

the Advanced case has 43% lower capital costs, 4.6 fold

higher EBITDA, eightfold shorter payback period, and

25% higher displaced greenhouse gas emissions per ton

biomass. The cost estimates presented are for a stand-

alone CBP/CT facility. Deployment in a bolt-on mode is

expected to offer cost advantages compared to a stand-

alone facility, which would foster commercial application

in advance of full realization of the performance param-

eters assumed here (Table S.2).

The sensitivity of payback period with respect to scale is

markedly lower for all scenarios, and particularly Scenar-

ios 3 and 4, compared to the base case. Operation at

smaller scale offers several important advantages, most of

which are not captured in the analysis presented here.

These include lower feedstock cost, easier plant siting

and integration into local land use and material flows,

lower total capital cost, and thus more rapid replication

and faster learning. Smaller, less capital-intensive plants

are consistent with anticipated trends and opportunities

in biomanufacturing [30].

Cellulosic ethanol has an important role to play as a

proving ground for new technologies. Once low-cost

‘front end’ technology is established, product diversifica-

tion to other fuel molecules and coproducts can readily be

anticipated as has been observed for the petroleum [31],

coal [32], and corn processing industries [33]. Consoli-

dated bioprocessing with cotreatment provides a power-

ful, although still speculative, example of the potential

benefits of including new-paradigm as well as in-para-

digm innovation in R&D portfolios.
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