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Developing economically viable, scalable, and sustainable technologies for the conversion of lignocellulosic

polysaccharides to liquid fuels is widely seen as a centerpiece of the global bioeconomy, and a key part of a

multi-pronged approach to achieve carbon neutrality. Here we identify technology challenges and opportunities

to achieve this promise. An overview of feedstocks, processes and products indicates that (1) biorefining at a

scale sufficient to meaningfully impact climate change will likely involve fuels as the primary products, chemicals

and biomaterials as co-products, and lignocellulose as the preferred feedstock; (2) microbial processing of

cellulosic biomass will likely occur in the presence of solids, rather than involving solids-free sugar syrups, giving

rise to challenges and constraints distinctive to lignocellulose; (3) anaerobic processing involves much lower

costs than aerobic processing, making it more promising for fuel production; and (4) anaerobic production at

high yields and broth titers has to date been reported only for molecules with r4 carbons. Some anaerobic

bacteria are substantially more effective at polysaccharide deconstruction than aerobic fungi. Processes based

on these microbes have great potential for cost reduction but require substantial research-driven advances. A

mechanistic, functional group approach to product tolerance and inhibition is presented, separation technologies

applicable to different product classes are surveyed, and perspectives are offered on opportunities to decrease

product inhibition and the cost of product recovery. Pathways and research opportunities are considered for

chemo-catalytic conversion of anaerobic fermentation products to larger fuel molecules. Fuel properties are

considered for a broad range of biologically-derived products in relation to their suitability for various transport

applications. Strategic perspectives are presented drawing on these diverse topics and insights. For multiple

compounding reasons, features of small molecules make it less expensive to produce them biologically

compared to large molecules, and this is particularly true for production from lignocellulose. Yet the fuels the

world would most value producing from lignocellulosic biomass to address climate stabilization are large

molecules compatible with heavy-duty, difficult-to-electrify transport applications. Hybrid processes wherein

lignocellulose is converted biologically to small molecule intermediates and then converted chemo-catalytically

to larger fuel molecules are a promising approach to reconciling this discrepancy.
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Broader context
The production of liquid transport fuels from lignocellulose has long been pursued via biochemical conversion, yet production at costs competitive with
conventional alternatives has yet to be achieved. Here, we offer an overview of research advances in the field as well as two key points: (1) there are alternative
processing paradigms that have the potential to produce low molecular weight fuels or fuel precursors at much lower cost than the conventional paradigm
based on thermochemical pretreatment and added cellulase, and (2) catalytic conversion of low molecular weight intermediates, notably ethanol, to
hydrocarbon fuels is a promising approach to bridge the current gap between the fuel molecules that are most readily biologically produced and the fuel
molecules that the world would most value producing from biomass.

I. Introduction

Producing transportation fuels from biomass is a substantial
endeavor in the world today, and has long been a focus of
research and development. Factors motivating the development
and deployment of biofuels include rural economic develop-
ment and employment, greenhouse gas emission reductions,
improved urban air quality, enhanced energy security, and
improved balance of trade. Cellulosic feedstocks have purchase
costs lower than petroleum at prices seen over the last decade,1

are potentially available on larger scales than other biomass
feedstocks,2,3 and have the potential to improve the sustain-
ability of agricultural landscapes.4,5 Such feedstocks are either
derived from activities undertaken for purposes other than fuel
production – e.g. agricultural and forestry residues, municipal
waste – or herbaceous or woody crops grown primarily for solar
energy capture.6

Roughly two thirds of the mass, and typically over half of the
energy of cellulosic feedstocks, is composed of carbohydrate,
with lignin the next most prominent component. Conversion
technologies can be either biological or non-biological, with
many processes containing elements of each type. This Review
addresses processes that include biological conversion of
the carbohydrate fraction of cellulosic biomass and includes
catalytic conversion of small biomolecules into larger fuel mole-
cules. Prior reviews have addressed thermochemical processing
routes for production of fuels and chemicals,7,8 synthesis gas
fermentation,9–12 and lignin valorization.13–16 As reviewed
elsewhere,17,18 biological conversion of lignocellulose involves
lower temperatures and pressures but longer reaction times
compared to thermochemical processing. Biological processing
has the potential to benefit from emergent advances in the life
sciences, but is in many cases less technologically mature than
thermochemical processing. Both approaches have merits, and
the preferred approach will depend on particular features of the
application considered. There is also considerable potential for
the two approaches to be beneficially combined,19 as explored in
the concluding section of this review.

To be converted to fuels by microorganisms, insoluble
lignocellulose carbohydrates must be transformed into a solu-
ble form that can be taken up by cells and then transformed
intracellularly into one or more desired compounds. Research
challenges and opportunities arise with respect to each of these
transformations, referred to here as solubilization and fermenta-
tion. For solubilization, key research foci include understanding
and increasing the effectiveness of biocatalysts that mediate

solubilization, pretreatment or other methods to augment biolo-
gical solubilization, and issues associated with achieving effective
solubilization under industrial conditions including high solids
loading. For fermentation, key research foci involve diagnosis
and alleviation of limitations to achieving high product yields
and titers and again doing so under industrial conditions. The
rate of microbially-mediated product formation can be important
in some process configurations, but in many configurations this
rate is constrained by the rate of solubilization, which is usually
slower than fermentation. Challenges and opportunities asso-
ciated with fermentation can be and often are considered
independently of solubilization; there are cogent arguments
for doing so from both fundamental and applied perspectives,
considered further in Section II. However, if and how solubili-
zation is integrated is an important aspect of process and
biocatalyst development that gives rise to challenges, opportu-
nities, and key constraints.

Six precommercial pioneer cellulosic ethanol facilities have
been brought online over the last decade, all based on thermo-
chemical pretreatment, added cellulase enzymes produced by
aerobic fungi in a dedicated set of unit operations, and – in all
cases but one – yeast fermentation. This important develop-
ment provides opportunities for validation, as well as cost
reductions informed by experience. The technology embodied
in pioneer cellulosic ethanol facilities is, however, still far from
being cost-competitive for stand-alone fuel production on an
unsubsidized cost/energy basis.1 Liquid fuels other than etha-
nol produced via fermentation of the carbohydrate component
of cellulosic biomass have been proposed but remain at earlier
stages of development. The investment in cellulosic biofuels
has decreased markedly since its peak in 2011 and is now far
outpaced by the investment in solar and wind energy, and
cellulosic biofuel deployment over the last decade has fallen far
short of expectations.20,21 Evidence that cellulosic biofuels are
needed to realize a low-carbon future has strengthened over the
same period,22 but the world increasingly looks to biofuels for
carbon-neutral aviation and other heavy duty transport modes
and to batteries and hydrogen to decarbonize light duty
vehicles.23–25 Given these trends, a strategic reset and increased
consideration of alternatives to conventional processing para-
digms appear to be warranted.

The overall objective of this Review is to inform considera-
tion of some promising emergent approaches for producing
cellulosic biofuels. Based on the rationale presented below, we
emphasize production of small molecules that can be produced
biologically under anaerobic conditions at high titers in the

Review Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 3
:4

7:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee02540f


940 |  Energy Environ. Sci., 2022, 15, 938–990 This journal is © The Royal Society of Chemistry 2022

presence of solids, either anticipating that they will be used as
fuels directly or that they will be catalytically converted into
targeted fuel molecules after biological processing. We focus on
molecules and processes with potential to be used for bulk fuel
applications, rather than for low-level fuel additives.

Section II considers distinctive features of cellulosic bio-
mass conversion, with respect to feedstocks, products, and
processing. Section III considers microbial deconstruction of
cellulosic biomass. Cellularly-mediated transformations are
addressed in Section IV with respect to stoichiometry, host
organism choice, and product tolerance and inhibition. Product
recovery is discussed in Section V, post-biological catalytic
processing in Section VI, and fuel utility in Section VII. We
close by offering perspectives on paths to producing cellulosic
biofuels at scale in Section VIII.

II. Feedstocks, products, and
processes
II.a. Feedstocks

Lignocellulosic feedstocks include herbaceous and woody
plants, as well as plant residues arising from agricultural,
industrial, and municipal processes. The carbohydrate compo-
nent of unmodified flowering plants (angiosperms), including
both herbaceous and woody species, is composed primarily of
cellulose (homopolymer of b-D-cellobiose) and arabinoxylan-
rich hemicellulose. Softwood (gymnosperm) hemicellulose is
rich in glucomannan. For most (but not all) cellulosic feed-
stocks, carbohydrate represents about two thirds of the total dry
weight, with lignin comprising about a quarter of the dry
weight followed by smaller quantities of extractives and ash.
The composition and structure of cellulosic feedstocks are
reviewed in detail elsewhere.26–28

Lignocellulose has evolved to be resistant to deconstruction,
or ‘to be recalcitrant’,29,30 with respect to both biological and
physical attack over a period of at least months and often decades
or centuries. The property of lignocellulosic recalcitrance reflects
its biological function as the structural support for leaves, the
solar collector of the plant. Seeds, by contrast, have evolved to be
easily deconstructed, consistent with their biological function of
fostering the emergence of the next generation when growing
conditions are favorable. As might be expected, given these
different functions, technology for solubilization of the main
carbohydrate components is mature and low cost for seeds,
whereas such technology is costly, not yet mature, and a key
economic bottleneck for lignocellulosic polysaccharides. Opera-
tionally, lignocellulose-derived carbohydrates have generally been
regarded as no longer recalcitrant once they are solubilized.
Moreover, among microorganisms considered for industrial
application, the ability to metabolize hexoses is typically more
widespread than the ability to metabolize pentoses and the ability
to metabolize monomers is more widespread than the ability to
metabolize soluble oligomers.

Comprehensive studies have projected that there is potential
to produce over a billion tons of cellulosic biomass annually in

both the United States6 and European Union.31 The ‘‘Billion
Tons’’ study, updated in 2014, estimated that most of this
potential could be accessed for $60 to $80 per delivered dry ton
in the US.6 Prices near the upper end of this cost range have been
projected for corn stover, including dedicated harvest and
transport.32 Feedstocks produced at a processing facility can have
lower costs, for example in the case of sugarcane bagasse, which
is estimated to be available in Brazil at an average of $35 (range
$14 to $55) per dry ton.33 Feedstocks that currently incur a
disposal cost, for example municipal waste or sludge produced
at a paper mill, are likely to have not only the lowest prices but
also the lowest volumes.

Cellulosic biomass purchased at a representative price of
$75 per oven dry metric ton costs approximately $4.4 per GJ on
an energy basis, equivalent to oil at $27 per barrel,1 and about
$0.115 per kg carbohydrate assuming a carbohydrate mass
fraction of 0.65. By comparison, the purchase price of carbo-
hydrate from corn at $3.75 per bushel, typical of recent years in
the U.S.,34 is about $0.23 per kg carbohydrate. Dividing the
carbohydrate purchase cost of corn or lignocellulose (PC, $ per
kg carbohydrate) by the maximum stoichiometric product yield
(YMax

P/S , kg product per kg carbohydrate), the minimum feedstock
purchase cost (MFPC) can be calculated for both lignocellulose
and corn in units of $ per kg product. That is:

MFPC ¼ PC

YMax
P=S

(1)

Realized product yields for biologically-mediated conversion
processes are typically less than the maximum stoichiometric
product yields as a result of substrates incorporated into
microorganisms. Diversion of substrates to cell synthesis is
relatively small (on the order of 10% and in some cases less) for
non-oxidative fermentation processes, but can be much higher
for processes featuring aerobic respiration.35

The MFPC represents the cost of feedstock expressed on a
per unit product basis assuming conversion of the feedstock to the
product at theoretical yields and exclusive of conversion. By assigning
the entire cost of feedstock to carbohydrate, the analysis presented in
Fig. 1 implicitly assumes that non-carbohydrate feedstock fractions
have no value. If net values from such fractions were realized – e.g.,
oil or protein-rich residues from corn, or lignin-derived copro-
ducts from lignocellulose – the purchase cost of feedstock would
be lower than the MFPC calculated using eqn (1).

Fig. 1 compares the selling prices and MFPCs, both in $ per
kg product, as functions of annual global consumption for 25
potential bioproducts, as well as gasoline, diesel, and jet fuel. It
can be observed that many chemicals sell for Z$1.50 per kg
and nearly all sell for 4$1 per kg. For the 28 chemical
products in the figure, the average MFPC values are $0.46 per
kg product from corn and $0.25 per kg product from cellulosic
biomass, with the difference between these values being
$0.21 per kg chemical product. Gasoline, jet fuel, and diesel
all sell for on the order of $0.5 per kg, depending on the price of
oil. Because these products are more reduced than most che-
micals, the calculated MFPC values are higher for production of
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fuels from carbohydrates. In particular, the average MPFC value
for gasoline, jet fuel, and diesel is $0.74 kg�1 for production
from corn and $0.40 kg�1 for production from cellulosic bio-
mass, with a difference of $0.34 per kg fuel product. If the
difference between the purchase cost of corn and that of
lignocellulose carbohydrate is $0.34 kg�1 product for fuels,
which sell at $0.5 kg�1 (D = 68% of the selling price), there is
a strong incentive to overcome processing challenges associated
with cellulosic biomass. On the other hand, if this difference is
$0.21 kg�1 for chemicals which sell at $1.50 kg�1, corres-
ponding to 14% of the selling price, then the incentive for
overcoming the processing challenges is a great deal less.

Scales of production are also shown in Fig. 1 for a single
biorefinery at the scale typical of a modern first-generation
ethanol plant (processing corn or sugarcane, about 100 million
gallons of ethanol per year36), global sugar production, global
corn production, and global petroleum production. For roughly
half of the chemical products listed, the current global produc-
tion is commensurate with the scale of carbohydrate utilization

of r2 modern ethanol plants; for all the chemical products
listed except for ethylene, the current global production is
commensurate with the carbohydrate utilization of r20 ethanol
plants. By contrast, the world’s over 500 ethanol plants produce
o2% of the global consumption of liquid transport fuels.37 The
scale of global production of sugar, most of which is currently
used for purposes other than as a bioprocessing feedstock, is
larger than that of chemicals, but smaller than that of fuels. The
scale of global production of corn kernels is almost equal to that
of fuels on a mass basis (shown in Fig. 1), but about 11% on an
energy basis (not shown). Compared to the current global petro-
leum consumption, the potential cellulosic biomass resource is
of comparable magnitude according to low-end estimates on
which there is good agreement, and much larger according to
high-end estimates on which there is low agreement.38

Comparative features of chemicals and fuels produced from
lignocellulose are presented in Table 1. Because of the higher
profit margins of chemicals compared to fuels, there is less
economic motivation to produce chemicals from cellulosic

Fig. 1 Product selling price ($ per kg, blue dots) and minimum feedstock purchase cost ($ per kg; yellow dots for corn, brown dots for cellulosic
biomass, see text for definitions and assumptions). Selling price and global consumption data for all product points marked in blue come from Biddy et al.
(2016), except for diesel, gasoline, jet fuel, and ethanol – data for these products come from the EIA: (1) wholesale price (https://www.eia.gov/dnav/pet/
pet_pri_refoth_dcu_nus_a.htm) and (2) global consumption (https://www.eia.gov/outlooks/aeo/data/browser/#/?id=49-IEO2017&cases=Reference).
Scales of production are shown (see vertical dashed lines) for a typical first-generation ethanol plant,36 global sugar production (https://apps.fas.usda.
gov/psdonline/circulars/sugar.pdf), global corn production (https://apps.fas.usda.gov/psdonline/circulars/grain-corn-coarsegrains.pdf), and global pet-
roleum production (https://www.eia.gov/beta/international/data/browser).
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biomass than there is to produce fuels, as elaborated above. The
higher margins of chemicals can potentially lower the price of
fuels in an integrated biorefinery,39,40 as occurs today in the case of
established processes for refining petroleum and coal. Chemicals
have higher profit margins than fuels, which means that the cost
of processing is a smaller fraction of the selling price. Thus,
chemicals are more readily economically feasible at smaller scales
than fuels. Chemicals also have smaller markets than fuels, by 1 to
4 orders of magnitude (Fig. 1). Taking these factors together, a
lignocellulose-to-chemical plant will be economically feasible at a
smaller scale than a lignocellulose-to-fuel plant. A small-scale
lignocellulose-to-chemical plant requires a large investment to
achieve the economies of scale required for fuel production. By
contrast, a large-scale fuel plant provides infrastructure and scale
to a bolt-on chemical process at lower cost than the chemical
process could realize on its own. As stated in Table 1, the
incremental investment for chemicals once fuel production is
established is smaller, whereas the incremental investment for

fuels once chemical production is established is larger. A fuel-
producing host plant is enabling for a chemical bolt-on, whereas a
chemical-producing host plant is less enabling for a fuel bolt-on.

In consideration of the factors considered in this section, if
biorefining is to be carried out at a scale sufficiently large to
meaningfully impact fuel production and climate change, it is
reasonable to anticipate that fuels will be the primary products,
chemicals and biomaterials will be coproducts, and lignocellulose
will be the preferred feedstock. Put differently, fuels are the
biorefining product with the highest volume and lowest unit value
and are most compatible with the biorefining feedstock with the
highest volume and the lowest unit value, lignocellulosic biomass.

II.b. Products

Many dozens of biologically-derived molecules have been
suggested in the literature as potential fuels or chemicals.
Fig. 2 and 3 present data for a substantial collection of such
molecules in order of increasing number of carbon atoms,

Table 1 Comparative features of chemicals and fuels as biorefinery products

Feature Chemicals Fuels

Unit price Higher Lower
Market size Lower Higher
Margina Higher Lower
Economic motivation to produce from cellulosic biomass Lower Higher
Incremental investment once the other is established Low High

a Product value – feedstock purchase cost at a theoretical yield.

Fig. 2 Comparison of the current best yields represented as the percentages of the maximum theoretical carbon yields obtained from the publications
we surveyed. The maximum theoretical carbon yield of each molecule is calculated as the ratio of the degrees of reductance per carbon between the
substrate and the product. For example, the degrees of reductance per carbon for glucose and ethanol are 4 and 6, respectively. Thus, the maximum
theoretical carbon yield for ethanol equals 4/6 = 0.67. Blue and magenta bars represent experiments that were conducted in the absence and presence
of aeration (including microaerophilic conditions), respectively.
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and – for each number of carbons – increasing degree of
reductance (available electrons per carbon).41

Fig. 2 presents the maximum yields reported in the literature
expressed as percents of the maximum theoretical yields based
on the conservation of available electrons in the substrate, as
explained in the caption. Maximum theoretical yields based on
this definition are sometimes higher than values based on the
maximum possible by known or envisioned pathways,42

although values for the two definitions are in most cases
similar and for many cases the same. It can be observed that
the highest product yields realized have been obtained in the
absence of aeration, as can be seen for lactic and succinic acids.
The achieved yields decrease substantially for carbon numbers
above five.

Fig. 3 presents the maximum reported titer in the bioreactor
in which microbial transformation occurs for a similar range of
bioproducts. A pronounced trend of decreasing titer with
increasing number of carbon atoms may be observed, with
the notable exception of lipids (mostly triacyl glycerides) and
polyhydroxybutyrate. Of the eleven compounds with maximum
titers Z100 g L�1, ten have r4 carbons. Of the fifteen addi-
tional products with maximum titers between 10 g L�1 and
100 g L�1, two have three carbons, six have four carbons, and
three have five carbons. The reasons for this trend generally
include the higher toxicity of products with higher numbers of
carbons (Section IV.c), the lower solubility of such products,
and the differences in the amount of R&D effort expended.

Maximum titers under both aerobic and anaerobic conditions
are presented for lactic acid, glycerol, and succinic acid. In
all cases, higher titers have been achieved under aerobic
conditions as compared to anaerobic conditions. The high
titers achieved in the case of lipid and PHB production were
also obtained in the presence of aeration. However, aerobic
production entails substantial costs compared to products
from anaerobic metabolism, as considered in the following
section, and in particular Table 2. Fully anaerobic production of
lipids or polyhydroxyalkanoates would be a significant advance.

Fig. 3 Highest experimental titer (g L�1) extracted from our literature survey for each molecule. Blue and magenta colors represent experiments carried
out in the absence and presence of aeration (including microaerophilic conditions), respectively.

Table 2 Capital and operating costs for aerobic and anaerobic processes,
taken from Biddy et al. 201640 (ref. which modeled lipid production for a
biofuel intermediate

Aerobic Anaerobic

Capital
Bioreactor vessel $52 460 771 $5 589 903
Bioreactor air compressor $1 631 302 $0
Bioreactor agitator $0 $347 713
Bioreactor cooler $932 368 $351 837
Seed train equipment $2 663 748 $3 511 609
Recirculation/transfer pump $389 057 $103 570
Total $58 077 246 $9 904 632

Operating
Bioreactor system including agitator $1 916 323 $191 674
Chiller system $2 909 972 $1 220 396
Total $4 826 295 $1 412 070
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II.c. Processes

An overview of process options for conversion of cellulosic
biomass to fuels and chemicals is presented in Fig. 4. We fully
acknowledge that additional configurations may be imagined;
however, those listed in Fig. 4 are representative of the range of
possibilities.

After washing and initial milling, most processes involve
pretreatment using some combination of added chemicals and/
or heat prior to biological processing to increase the accessi-
bility of lignocellulose to saccharolytic enzymes and thus
increase the fractional solubilization of the polysaccharides.
One pretreatment process configuration, Fig. 4(I.a), uses water
or steam at elevated temperature with no added chemicals.
Examples include steam43 and liquid hot water pretreatments.44

A second configuration, Fig. 4(I.b), involves added chemicals
that are not recovered,45,46 with dilute acid hydrolysis being a
prominent example. The pretreatment process configuration in
Fig. 4(I.c) involves added chemicals that are recovered and
reused, with examples being ammonia,47 ionic liquids,48 and
organic solvents.49

Biological processing configurations II.a, II.b and II.c in
Fig. 4 involve added enzymes, but differ with respect to whether
solids are removed prior to fermentation (configuration II.a50–52)
or after fermentation (configuration II.b53), and whether solu-
bilization and fermentation occur sequentially (configurations
II.a and II.b54–56) or simultaneously (configuration II.c57,58).
Configuration II.d does not involve added enzymes and achieves
hydrolysis and fermentation simultaneously.59–61 Configuration
II.e integrates not only fermentation and hydrolysis, but also
milling during fermentation to augment biologically-mediated
solubilization in lieu of thermochemical pretreatment.62,63

The biological processing configurations listed in Fig. 4
are given in approximate order of not only increasing con-
solidation of process steps, but also increasing organism
and process development challenges. Some of these config-
urations have also received a great deal more study than
others.

Recovery and purification of bioproducts may be accom-
plished based on differences between the desired product and
the fermentation medium such as volatility, charge, size, and
solubility as considered in Section V. Fig. 4 distinguishes
between product purification following removal of solids (III.a)
and in the presence of solids (III.b).

Most of the twelve combinations of pretreatment and bio-
logical processing configurations presented in Fig. 4 have
been proposed in the literature. Considering that each process
configuration has many variations within it (e.g., with respect to
the chemical(s) added during pretreatment, the biocatalyst(s)
used for biological conversion, batch or continuous processing,
and the product made), the resulting combinatoric space is
very large.

Of the four biological conversion configurations listed in
Fig. 4, only one (II.a) involves fermentation in the absence of
solids. Use of this configuration has the advantage that it allows
fermentation and product recovery to proceed without compli-
cations associated with the presence of solids. However, this
configuration entails intrinsic challenges. These challenges
include feedback inhibition of saccharolytic enzymes at high
sugar concentrations, the difficulty of achieving high recovery
of sugars from solids without excessive dilution, and the need
to either do solids–liquid separation aseptically by sterilizing
an extra time after solids removal or by running the entire
process non-aseptically. Based on these considerations and the

Fig. 4 Processing landscape for conversion of lignocellulose to fuels. See text for explanation.
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availability of alternatives, we would be surprised to see wide-
spread industrial deployment of processes that deliver a con-
centrated, solids-free stream of lignocellulose-derived sugars to
biological conversion – at least for bulk fuel production.

The physical characteristics of lignocellulose give rise to
considerations and constraints that do not arise for processing
of soluble substrates. Unreacted lignocellulose–water mixtures
are highly hygroscopic and typically have free water up to a
solids loading of about 15 wt%,64 corresponding to a carbohy-
drate concentration of about 10 wt%. Pumping, mixing, heat
transfer, and mass transfer become progressively more challen-
ging at solids loadings approaching this threshold.64 Strategies
to ameliorate these challenges have been investigated, including
partial hydrolysis in advance of introducing solids into the vessel
in which fermentation occurs,65 and fed-batch operation.64,66,67

Both of these strategies take advantage of the dramatic lique-
faction that accompanies biologically-mediated solubilization
of lignocellulose (e.g., viscosity reduction by about 30-fold for
pretreated lignocellulose35,36 and as much as 2000-fold for
unpretreated lignocellulose),70 with most of this reduction
occurring during the first 10% of the reaction. Even with such
strategies, solids handling constraints limit product concentra-
tions for lignocellulosic feedstocks to lower values than can be
achieved with starch-rich feedstocks. Cellulosic ethanol titers
r60 g L�1 feature in most technoeconomic analyses as well as
most laboratory or pilot studies reported in the literature, with
the highest titer reported to date being 86 g L�1.71 Titers of
150 g L�1 are achieved in ethanol production from corn,72 and
about half of this for production from sugarcane.73

Mass transfer of any kind is more difficult in the presence of
lignocellulose slurries compared to solids-free fermentation
broth, including aeration, steam or gas stripping, membrane
separation, and liquid–liquid extraction. For laminar flow,
relevant for high-solids lignocellulose slurries, the mass trans-
fer coefficient is proportional to the viscosity to the �0.5 power.
Because the viscosity of biomass slurries at high solids is in
general markedly higher than that of water,70 the mass transfer
coefficients for such slurries are typically much lower than that
for water.

Aeration provides an illustrative example of the impact of
slurries on processing costs. Gunukula et al.74 concluded that
the minimum selling price of commodity chemical production is
increased by 30% for aerobic processing compared to anaerobic
processing due to higher capital costs. Weusthuis et al.75

observed that new microbial conversion processes for bulk
chemical production should be anaerobic, because aerobic
processes have lower product yields and productivity limited
by oxygen transfer. For biotransformation of lignocellulose
slurries, not considered by either Gunukula et al. or Weusthuis
et al., the cost advantage for anaerobic processing relative to
aerobic processing will in general be even larger than that for
transformation of soluble feedstocks. For example, Table 2
compares an aerobic process for lipid production from cellulosic
biomass to an otherwise similar anaerobic process based on
models developed by Biddy et al.40 Relative to the anaerobic
process, aerobic processing entails over 9-fold higher cost for the

bioreactor vessel, over 5-fold higher total capital cost, and an
operating cost over 3-fold higher. Unless subsequent work finds
some factor specific to lipid production that does not apply to
other processes mediated by aerobic microorganisms, which is
possible, but we believe unlikely, the data in Table 2 support the
working hypothesis that the cost of aerobic processing of
cellulosic biomass is impractically high in the context of fuel
production.

The lower product concentrations and longer reaction times
for lignocellulose processing as compared to processing soluble
substrates have a multiplicative impact on volumetric productivity
(g product per L day). As an illustration, consider the case of
cellulosic ethanol, the lignocellulose-derived defined culture
fermentation product with by far the largest technoeconomic
analysis literature and the closest to commercialization.
Publicly-available process designs for cellulosic ethanol produc-
tion feature reaction times on the order of 5 days and ethanol
titers on the order of 50 g L�1.76,77 Thus, the volumetric
productivity is on the order of 10 g ethanol per L day. This
productivity is about 7-fold lower than that achieved for batch
production of ethanol from corn via the dry milling process,72

and 20-fold lower than that achieved in production of ethanol
from sugarcane with cell recycle.73

Although the cost of fermentation vessels at a productivity of
10 g product per L day is not prohibitive, it rapidly becomes so
at values below this value, particularly when compounded by
increased separation costs and low-priced fuel products. As an
illustration, Fig. 5 presents capital and operating costs for
distillation and fermentation of ethanol as functions of ethanol
titer. A reaction time of 5 days is assumed for production from
corn stover, with costs based on the model of Humbird et al.,77

as detailed in the figure caption. Compared to production at
70 g L�1, the cumulative cost of distillation and fermentation at

Fig. 5 Capital (CapEx) and operating (OpEx, exclusive of feedstock) costs
for cellulosic ethanol fermentation and distillation as functions of ethanol
titer and percentages of feedstock cost. The red curve corresponds to a
constant value (18.9 $ per gallon) divided by titer, a relationship that closely
follows the sum of these costs. This illustrative scenario is based on data
from the design of Humbird et al. (2011), and assumes a scale of 50 million
gallons of ethanol per year, a yield of 65 gallons per dry ton feedstock, a
fermentation residence time of 5 days, and a feedstock cost of $84.5 per
dry ton.
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a titer of 40 g L�1 increases by 12 cents per gallon (32%).
However, reducing the titer to 20 g L�1 increases the cost by
60 cents per gallon (2.6-fold) compared to 70 g L�1, and
48 cents per gallon (2.1-fold) compared to 40 g L�1. The two
largest cost components, distillation operating costs and
fermentation capital costs. Both are inversely proportional to
the product concentration, as does the cumulative cost.

In the absence of continuous product removal, achieving a
productivity of 10 g L�1 day at reaction times typically assumed
for lignocellulose processing implies a product concentration
of Z40 g L�1. Yet there are many products for which such titers
have not been achieved (Fig. 3) and are not likely to be achieved
due to either toxicity or solubility constraints. Productivity and
product concentration can in principle be uncoupled by con-
tinuous product removal, accomplished either in situ within the
bioreactor or via a recirculated side stream as illustrated in
Fig. 4 and discussed further in Section VI. Most and likely all
candidate separation processes for continuous product removal
are based on mass transfer and are thus more difficult
to implement in the presence of lignocellulose slurries.
Continuous removal of a biologically derived product from a
concentrated lignocellulose slurry has not been reported to our
knowledge and represents a challenging research frontier as
discussed in Section VI. Without such removal, the range of
products that can feasibly be produced from lignocellulose is
constrained to those that can be produced at moderate to high
concentrations – that is, several tens of grams per liter.

Status. With over 100 000 digesters worldwide, including
over 7000 on large scales, and the global capacity doubling
about every 7 years,78 biogas (methane and CO2) production is
by far the largest application of biological conversion of cellu-
losic biomass practiced in the world today. Of the roughly six
demonstration-scale cellulosic ethanol plants built around the
world during the last decade, most are not in production today
and none have been replicated.79 Processes for biological
conversion of lignocellulose to fuels other than biogas have
yet to become established on an industrial scale.

Challenges and opportunities. The central challenge for
cellulosic biofuel production is to convert lignocellulose feed-
stocks which are widely available at costs competitive with
petroleum into products that are also cost-competitive. Although
low-cost conversion of lignocellulose to fuels is expected to be
enabling for chemical production, the converse is the case to a
lesser extent. Regardless of feedstock, most examples of micro-
bial production of compounds at high yields and titers to date
involve molecules with r4 carbons. Achieving production of
larger molecules at high yields and titers is an important
challenge and opportunity for the future. R&D going forward
should proceed with the awareness of a distinctive and important
set of constraints and challenges specific to cellulosic feedstocks.
Due to the operational difficulty of solids–liquid separation
between lignocellulose hydrolysis and microbially-mediated
transformation, a focus on processing in the presence of solids
would appear to be appropriate. Due to the difficulty of aerating
concentrated lignocellulose slurries, on top of feedstock-
independent advantages to processes that do not require

aeration, anaerobic processes appear to be most promising.
Due to the hygroscopic character of lignocellulosic feedstocks,
batch processing is difficult, and the product titer is limited to
lower values than can be obtained with more easily fermented
feedstocks. These observations support focusing R&D on fed-
batch or continuous processing and separation technologies
that can handle relatively dilute streams at low cost. Because of
the long reaction times necessary to solubilize cellulosic feed-
stocks, processes resulting in low product titers are subject to
additive cost penalties associated with fermentation, as well
as product recovery. Continuous product removal could in
principle reduce the fermentation cost penalty but is made
substantially more challenging in the presence of concentrated
lignocellulose slurries and has not yet been reported. Innovative
strategies to alleviate or avoid the above-listed constraints are
required for cellulosic biofuels to be widely deployed. Some
approaches to doing so are explored in the following sections.

III. Microbial deconstruction of
cellulosic biomass

Extensive research has been devoted over the last half-century
to the enzymatically-mediated solubilization of the carbohydrate
component of cellulosic biomass, including substrate features
that contribute to the recalcitrance of cellulosic biomass,80,81

functional and structural categorization of carbohydrate active
enzymes (www.cazy.org), the mechanisms of enzymatic
hydrolysis,80,82–85 cellulase production,86 kinetic models,87,88

pretreatment,81,89 and genetic modification of plants to be more
easily deconstructed.90,91 Caution is appropriate in making gen-
eralizations in light of the diversity of biocatalysts and their mode
of action;80,92 as well as differences between plants and plant
tissues.93 With this in mind, and realizing that understanding is
most developed for the cellulase systems of aerobic fungi, we
posit that the following observations are robust:
� Catalytically-active carbohydrate-active enzymes (CAZymes)

are known to exist in three primary enzyme architecture categories:
mono-functional enzymes, multi-functional enzymes, and com-
plexed (cellulosomal) enzymes.80 For model substrates, the specific
activity of cellulosomal enzymes operating in vitro appears to be
higher than that of unfractionated mixtures of mono-functional
enzymes by about an order of magnitude,59 and to be further
enhanced by a factor of 3 to 5 in the presence of metabolically-
active cells.94 Comparing the specific activity of unfractionated
secretomes containing CAZymes with different architectures on
lignocellulosic substrates is of interest but is not possible based on
available data.
� Rates of in vitro lignocellulose deconstruction have repeat-

edly been observed to slow markedly as the reaction
progresses.59,82 For example, the rate per cellulase adsorbed
to cellulose was observed by South et al. to decrease as the 5th
power of the fraction of the substrate remaining.95

� Lytic polysaccharide monooxgenases, first described in
2010,96 cleave cellulose and other biomass polysaccharides in
the presence of molecular oxygen or hydrogen peroxide and an

Energy & Environmental Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 3
:4

7:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://www.cazy.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee02540f


This journal is © The Royal Society of Chemistry 2022 Energy Environ. Sci., 2022, 15, 938–990 |  947

electron donor and show potential to reduce enzyme loading,
but require rethinking of industrial processing procedures
considering that they may, in some cases, also degrade the
saccharolytic enzymes.96,97

� Given the recalcitrance of plant cell wall polysaccharides
and the fact that cellulose digestion in aqueous media is an
interfacial process, the performance of saccharolytic enzymes is
approximately 100-fold slower than starch hydrolysis.82

� Due to the solid nature of cellulosic biomass, only a small
fraction (e.g., 1 in 10 000) of the bonds joining sugar moieties
are accessible to saccharolytic enzymes at any given time.59

This partially explains the slow rate of enzymatically-mediated
plant cell solubilization. A further result is that rate saturation
with respect to biocatalyst concentration as well as substrate
concentration is commonly encountered, and thus Michaelis–
Menten kinetics (for which rate is proportional to enzyme) are
generally not valid.
� Solubilization of the carbohydrate component of plant cell

walls generally only progresses to completion on industrially
relevant timescales if some form of non-biological augmentation is
employed. A wide range of thermochemical pretreatment pro-
cesses has been proposed pursuant to this objective, and biological
pretreatment has also received some attention.98,99 Although pre-
treatments differ with respect to their mode of action and impact
on substrate properties, they have in common increasing the
accessibility of feedstocks to attack by enzymes.81,84,89

Compared to the study of enzymatically mediated hydrolysis
of cellulosic biomass, a smaller although still substantial body
of work has been devoted to plant cell wall deconstruction
mediated by microorganisms. Understanding lignocellulose solu-
bilization as a microbial phenomenon requires consideration of
several factors in addition to those associated with the action of
enzymes.59,80 These factors include: (1) the biophysical and
kinetic impacts of microbial cells as part of enzyme–substrate–
microbe complexes, (2) the capture and transformation of solu-
bilization products to support microbial growth, (3) bioenergetics
and metabolic control of cellulase synthesis, (4) the relative
capacity of different microbes to deconstruct plant cell walls
and the mechanistic basis for observed differences, (5) the effec-
tiveness of various approaches to enhance microbially-mediated
solubilization, (6) the impact of high solids concentrations and
other features of industrial processing environments on the
physiology and activity of microorganisms, and (7) the form and
function of plant cell wall-fermenting microbial consortia. These
factors are key determinants of performance for biomass proces-
sing via the concept of consolidated bioprocessing (CBP), which
has outstanding potential for low-cost processing, but is less fully
developed than processes based on added enzymes.1

As reviewed in detail elsewhere,59 the ability to deconstruct
plant cell walls is widely distributed among many genera in the
domain Bacteria and in the fungal groups within the domain
Eukarya. No species of the domain Archaea have been shown to
grow on crystalline cellulose, although aerobic enrichments of
group 8 Bathyarchaeota appear to be capable of utilizing
recalcitrant organic matter.100 Within the eubacteria, there is
considerable concentration of cellulolytic anaerobes in the

anaerobic order Clostridiales (phylum Firmicutes). Fungal cellu-
lose utilization is distributed across the entire kingdom, from the
primitive, protist-like Chytridiomycetes to the advanced Basidio-
mycetes. Described anaerobic fungi are from the phylum Neocalli-
mastigomycota, including representatives of the Orpinomyces and
Neocallimastix genera among others,101 possess a large array of
enzymes involved in biomass deconstruction102 but are not yet
easy to cultivate.103 The discussion below considers anaerobic
microorganisms able to deconstruct cellulosic biomass in light
of their potential utility for CBP and the cost advantages of
anaerobic processing in general (Section II.c). Acknowledging
other cellulolytic anaerobes, including those yet-to-be-discovered,
we focus on Clostridium thermocellum (recently renamed Acetivibio
thermocellus) in light of its distinctively effectiveness at lignocellu-
lose solubilization and because it has received the most study
among cellulolytic anaerobes to date.

Adhesion of microbes to lignocellulose fibers and expres-
sion of saccharolytic enzymes on the cell surface are common
among anaerobic microbes.59 Consistent with these observa-
tions, ternary enzyme–substrate–microbe complexes are
thought to be the primary agents of lignocellulose solubiliza-
tion in anaerobic, lignocellulose-solubilizing environments.59

The microbe appears to play an active role in such complexes.
Metabolically-active C. thermocellum cultures were observed by Lu
et al. to enhance the rate of cellulose solubilization by several fold
compared to controls with the same amount of cellulase
present.104 Bomble et al.80 observed that cellulase enzymes operat-
ing in the space between the surface of the cell and the substrate
are in a distinctive biophysical environment, that the properties of
this space are impacted by the cell surface, and that both the
enzymes and the cell surface have likely been subject to selective
pressure to maximize substrate solubilization and capture.
Cellulolytic anaerobes form a monolayer biofilm on cellulose
particles in studies to date.105,106 Pronounced differences in
gene expression between adhered and planktonic populations
of cellulose-fermenting C. thermocellum cultures have been
observed, indicating that these populations exist in different
metabolic states, and consistent with most of the products of
biomass solubilization being consumed by adhered micro-
organisms without entering the bulk solution.107

Mechanistic kinetic models encompassing all known com-
plexities do not yet exist for enzymatically mediated plant cell
wall solubilization and are even less developed for the yet more
complex case of microbially-mediated solubilization. Phenom-
enological microbial models, however, do exist and offer some
useful insights. In the case of Avicel (microcrystalline cellulose)
fermentation by C. thermocellum in batch culture, the solubili-
zation rates are initially first-order in the concentration of
biocatalyst, inferred based on nitrogen measurements, and
are first-order in substrate thereafter. The overall kinetics are
described well by a model that is first order in biocatalyst, first
order in substrate, and second order overall.108 In continuous
cultures involving both pure and mixed cultures and both
model cellulosic substrates and lignocellulose, kinetics are
described well by a model that is first order in remaining
accessible carbohydrate.59,109,110 This observation is remarkable
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in light of the complexity of the reactions involved, and further
underscores the importance of substrate accessibility as a
determinant of the rate of lignocellulose solubilization.

When fermenting cellulose, available evidence indicates that
C. thermocellum transports cellodextrins containing on average
four glucose moieties (G4) into the cell via an adenosine
binding cassette (ABC) system.111 Cellodextrins of length Gn

are cleaved intracellularly to Gn�1 + glucose-1-phosphate (G1P)
by cellodextrin and cellobiose phosphorylases. As a result of
these events, approximately three quarters of the b-glucosidic
bonds originally present in cellulose are cleaved intracellularly
rather than extracellularly by a reaction that is phosphorolytic
rather than hydrolytic. Glucose and G1P resulting from
phosphorylase enzymes are metabolized via a non-standard
Embden–Meyerhof pathway with distinctive features including
a pyrophosphate-linked rather than ATP-linked phosphofructo-
kinase, GTP- as well as ATP-linked hexokinase and phospho-
glycerate kinase,112 and conversion of phosphoenolpyruvate
(PEP) via a ‘‘malate shunt’’ rather than pyruvate kinase.113

Although most thoroughly described in C. thermocellum, most
and perhaps all of these features appear to be shared by other
cellulolytic anaerobic bacteria, including both mesophiles and
thermophiles.114,115

The net result of these many deviations from canonical
glycolysis is a greater yield of ATP and smaller thermodynamic
driving force for C. thermocellum – and likely other cellulolytic
anaerobes – compared to most anaerobes that ferment soluble
substrates. In particular, fermentation of cellulose to equimolar
ethanol and acetate is thought to yield about five ATP units per
glucose moiety.116 This may be compared to about three ATP
per glucose for Escherichia coli,117 two for Saccharomyces cerevi-
sae,118 and one for Zymomonas mobilis.119 Consistent with this
high ATP yield, glycolysis in C. thermocellum is distinctively
reversible compared to several other microbes and appears to
operate near thermodynamic equilibrium.120 Microbes utilizing
soluble substrates can maximize either the specific substrate
utilization rate (e.g., g substrate g cells�1 h�1) or the cell yield
(g cells g substrate�1), the mathematical product of which is the
specific growth rate, m (h�1). For microbes growing on cellulosic
biomass, however, the specific substrate consumption rate is
highly constrained by low kcat values and limited substrate
accessibility. It may be speculated that this situation leads to
strong selective pressure for C. thermocellum to maximize the
cell yield, enabled by high ATP yields.

Plant cell wall solubilization in Nature is mediated by
communities of microorganisms rather than pure cultures.
Individual microbial species have co-evolved in the presence
of other species, and are widely thought to provide comple-
mentary metabolic functions resulting in interspecies synergy
such that metabolic functions in general,121–125 and plant cell
wall solubilization in particular,80,126–128 are more effective
when mediated by microbial communities than by pure cul-
tures. Taha et al.129 observed that defined cocultures are more
effective at plant cell wall solubilization than their component
microbes evaluated in pure cultures. Considerable effort has
been devoted to characterization of lignocellulose-solubilizing

microbial communities using next-generation sequencing, pro-
teomics, and bioinformatics,130–133 and it has been posited that
by understanding such communities, we can hope to develop
engineered biomass solubilization biocatalysts and systems that
approach the performance of those operative in Nature.134,135

Paye et al. reported controlled comparison of the effective-
ness of various biocatalysts for plant cell wall deconstruction.136

Under the conditions tested, the ranked order of 5 day carbo-
hydrate solubilization yields on mid-season switchgrass was
C. thermocellum 4 a thermophilic horse manure enrichment 4
Clostridium clariflavum 4 Clostridium cellulolyticum 4
Caldicellulosiruptor bescii. Izquierdo et al. found C. clariflavum
to be somewhat more effective than C. thermocellum.137 For
unpretreated plant cell walls from several sources under a broad
range of controlled conditions – including various feedstocks,
fungal cellulase loadings and incubation temperatures, enzyme
and feedstock loadings, particle sizes, and feedstock maturities –
C. thermocellum cultures achieve 2- to 6-fold higher carbohydrate
solubilization than commercial fungal cellulase (Ctec2/
Htec2).63,116,136,137 In the case of unpretreated corn stover,
hydrolysis mediated by commercial cellulase preparations with
supplemental b-glucosidase, in some cases at impractically
high enzyme loadings, results in 14 to 25% carbohydrate
solubilization116,138,139 By contrast, C. thermocellum cultures
achieve 66% solubilization of corn stover with no added
enzymes and no pretreatment other than autoclaving.116 Fac-
tors underlying the effectiveness of C. thermocellum at plant cell
wall deconstruction are thought to include the ability of the
large C. thermocellum cellulosome to unravel the ends of plant
cell wall fibers,140,141 complementary action of cellulosomal
complexes and non-cellulosomal enzymes,142 and the impact of
microbial cells as components of ternary enzyme–substrate–
microbe complexes.59,80 The relative importance of these fac-
tors remains to be elucidated.

Considering various factors, or ‘‘recalcitrance levers’’, Holwerda
et al. found the relative impact on carbohydrate solubilization to
be as follows: non-biological augmentation (cosolvent enhanced
lignocellulose fractionation or milling during fermentation) 4
biocatalyst choice (C. thermocellum, fungal cellulase, or
C. bescii) 4 feedstock choice (switchgrass or Populus), feedstock
modification (three switchgrass lines chosen from a large
population) 4 natural variants (two Populus lines chosen from
a large population).63 These trends are evident from Fig. 6.

Whereas differences in the deconstruction effectiveness of
various biocatalysts and impact of recalcitrance levers are notable
and potentially important, it should be realized that data for
C. thermocellum and other thermophiles under industrial condi-
tions – and particularly solids loading at the high levels likely
required for industrial processes – have not yet been reported.
Verbeke et al.143 found that switchgrass solubilization by C.
thermocellum cultures decreases with increasing solids loading.
Beyond feedstock solubilization, engineering the conversion of
desired products into thermophilic, lignocellulose-fermenting
anaerobes is a work in progress as reviewed elsewhere.116,144

A notable feature of plant cell wall deconstruction in Nature is
augmentation of biological attack by mechanical comminution,
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employed by, for example, both ruminants and insects. In the
case of termites, ingested lignocellulose particles are reduced to a
particle size of 10 to 20 mm by the cutting action of the mandibles
and mechanical grinding in the foregut gizzard, increasing the
efficiency of biological attack.145 In the case of ruminants,
exemplified by the cow, fiber is alternately exposed to biological
attack in the rumen and mechanical comminution as the cow
‘‘chews its cud’’. This results in an increase in forage particle
surface area by as much as 104, at a cost of 1 to 2% of the
metabolizable energy ingested.146

Inspired by these examples, together with the hypothesis
that anaerobic cellulolytic bacteria such as C. thermocellum are
likely to be mechanically tough because of their small size and
thick cell wall, investigation of milling during fermentation as an
alternative to thermochemical pretreatment has recently been
initiated. Beginning with Paye et al., milling during fermentation
has been referred to as ‘‘cotreatment136’’. Weimer and Hall147

observed that close examination of the rumination process and the
animal behavior that underlies it suggests design configurations
that could be incorporated into a bioreactor to achieve an effective
co-treatment that could obviate the need for more expensive and
environmentally unfriendly chemical pretreatments. Milling as
a stand-alone pretreatment prior to biological conversion is
generally thought to be impractical due to excessively high

energy requirements.148–151 However, the profound physical
changes that accompany biologically-mediated plant cell wall
polysaccharide deconstruction may enable much-reduced
energy requirements for milling at an intensity sufficient to
enhance solubilization.68–70 In experiments involving fermenta-
tion without milling and milling without fermentation followed
by a second fermentation, Paye et al.136 found that ball milling
for five minutes nearly doubled solubilization of senescent
switchgrass by C. thermocellum compared to two fermentations
without milling. Balch et al.62 found a similar enhancement of
senescent switchgrass solubilization for C. thermocellum fer-
mentation with continuous ball milling as compared to an
unmilled control. Microbes capable of vigorous growth under
anaerobic conditions, including E. coli and T. saccharolyticum,
as well as C. thermocellum, were found to readily withstand ball
milling at an intensity sufficient to allow near-complete carbohy-
drate solubilization. This was not the case for bacteria with less
vigorous anaerobic growth, such as Z. mobilis or B. subtilis, or with
yeast.152 It is interesting to note that the carbohydrate solubilization
achieved by C. thermocellum on Populus in the presence of ball
milling is comparable to that achieved by termites.145

The realization of near total carbohydrate solubilization via
microbial fermentation in the presence of aggressive milling/
grinding suggests that physical inaccessibility is a more important

Fig. 6 Comparative solubilization by cultures of Clostridium thermocellum (green bars) and simultaneous saccharification and fermentation (SSF)
featuring commercial cellulase (Ctec2 with supplemental b-glucosidase) in the presence of Saccharomyces cerevisiae (brown bars) for various
lignocellulosic substrates. Dark blue indicates the difference of solubilization as the result of transgenic feedstock engineered for lower recalcitrance.
Light blue indicates the difference in solubilization per application of ball-milling mediated cotreatment. All substrates were evaluated at 5 g L�1 glucose
equivalents as duplicate bioreactor runs. More information on transgenic and natural variants feedstocks, culturing conditions and methodology can be
found in Holwerda et al.63
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factor limiting microbially-mediated lignocellulose deconstruction
than recalcitrant chemical linkages. This observation also
indicates that the presence of lignin does not prevent high
carbohydrate solubilization by microbial fermentation,
although lignin is known to inhibit cellulase enzymes.153 Lignin
is not significantly modified by C. thermocellum fermentation in
the presence of cotreatment, which may enhance its value for
subsequent conversion to value-added products compared to
the modified lignin resulting from processes featuring thermo-
chemical pretreatment.62 We know of no convincing evidence
that the aromatic backbone of lignin undergoes significant
reaction under anaerobic conditions as envisioned for consoli-
dated bioprocessing.

The potential impact of cotreatment combined with con-
solidated bioprocessing was explored for corn stover conversion to
ethanol in a paper based on a process design and equipment cost
database developed at the National Renewable Energy Laboratory
(NREL1). In this analysis, a Base Case scenario featuring dilute acid
pretreatment and added fungal cellulase defined by NREL is
compared to an Advanced Scenario featuring consolidated biopro-
cessing with cotreatment (C-CBP) with projected R&D-driven
advances and coproduction of fuel pellets. Fig. 7 contrasts the
conventional lignocellulosic fuel production process, featuring
thermochemical pretreatment and added enzymes, to C-CBP.
The authors acknowledged, as do we, that the technology in the
Base Case is more mature than C-CBP, which is more speculative
and more uncertain. Substantial further research advances will be
required, proof of concept will have to be demonstrated, and
current performance limitations will have to be overcome before C-
CBP can be implemented industrially.

Compared to the Base Case, the Advanced Scenario with
C-CBP was found to have an 8-fold shorter payback period

(25 versus 3 years) and economic feasibility at a 10-fold smaller
scale. Life cycle analysis indicated that the greenhouse gas
mitigation per ton biomass was 25% greater for the Advanced
Scenario compared to the Base Case scenario. The performance
parameters for the Advanced Scenario include a solids loading
of 20 wt%, an ethanol titer of 59 g L�1, a volumetric productivity
of 10 g ethanol per L per day, and an ethanol yield of 330 L per
dry metric ton corn stover. All these parameter values are
comparable to those of the Base Case, although they exceed
what have been obtained thus far for the conversion process
based on thermophilic CBP and cotreatment assumed in the
Advanced Scenario. Rather than improved titer, productivity
and yield values, the projected cost savings in the Advanced
Scenario arise primarily from configurational changes, and in
particular from eliminating added enzymes and increasing
substrate accessibility via cotreatment in lieu of thermo-
chemical pretreatment.

Status. Cellulase enzymes are produced at an industrial
scale with applications in the pulp and paper, textile, and food
processing industries. Cellulase preparations produced by aero-
bic fungi for use in lignocellulose conversion to fuels have been
an intensive focus of both academic and industrial research for
several decades. Comparative studies over the last few years
indicate that cellulolytic anaerobic bacteria have superior ligno-
cellulose deconstruction capability compared to aerobic fungi
under controlled – but to date not industrial – conditions.
Progress has been made in the development and application of
genetic tools for engineering cellulose- and hemicellulose-
fermenting cellulolytic anaerobes potentially capable of one-
step consolidated bioprocessing of cellulosic biomass without
added enzymes. However, commercial implementation will
require considerable further understanding and development.
Milling during fermentation, cotreatment, is a potential alter-
native to thermochemical pretreatment. Although some key
features have been demonstrated, cotreatment is still a nascent
technology and has yet to be widely studied.

Challenges and opportunities

The realization that Nature offers biocatalysts with biomass
deconstruction capability superior to commercial cellulases
produced from aerobic fungi has profound implications for
the development of biofuel production processes. Anaerobic
production of cellulase enzymes as reagents to be added to
cultures of non-cellulolytic microbes appears unlikely to be
practical because of the high ATP demand for protein synthesis
together with the low ATP supply of non-oxidative anaerobic
metabolism. Transfer of the complex cellulolytic machinery of
thermophilic anaerobes such as C. thermocellum to proven
industrial microorganisms such as S. cerevisiae and E. coli is
interesting for the purpose of gaining fundamental insights.
However, full functional replication of native cellulase and
cellulosome systems via heterologous expression is consider-
ably more complex than any biotechnological achievement thus
far, and in our view is not promising in the context of industrial
process development and deployment for the foreseeable
future. Most promising in our estimation is the development

Fig. 7 Flow sheets comparing the Base Case (A) and Advanced Scenario
(B) from Lynd et al. (2017). ‘‘DSP’’ denotes downstream processing and
separation. Carbohydrate-active enzymes are produced aerobically in a
dedicated unit operation for (A), but are produced during fermentation by
an anaerobic, biofuel-producing culture for (B).
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of industrially-desired traits in non-model cellulolytic microbes
that embody Nature’s best biomass deconstruction capability.
Such development is a grand challenge in the field of cellulosic
biofuels, and is as yet far from realized. Success in this endeavor
will require improving product-related properties such as titers
and yields as well as industrial robustness, drawing from both
biotechnological and process development tools.

IV. Cellularly-mediated
transformations

Stoichiometry, host organism choice, and product tolerance
and inhibition are considered in this section. Biochemical
pathways for cellularly-mediated transformations are compre-
hensively reviewed elsewhere.154–156

IV.a. Stoichiometry

Cost-effective processing will in general be facilitated by maximiz-
ing the product value per unit raw material, and this is particularly
important for commercial production of fuels and commodity
chemicals for which the cost of raw material is generally a
substantial contributor to selling price. For fuels, which are sold
based on their energy content, and in the future potentially on the
basis of displaced greenhouse gas emissions from fossil fuel
combustion, high energy yields (product energy per unit energy
in the feedstock component converted) are the main concern. For
chemicals, which are sold on a mass basis, high mass yields
(product mass per unit mass in the feedstock component con-
verted) are the priority. As presented in Table 3 the maximum
stoichiometrically possible yield on an energy basis is similar and
over 90% for most products derived by non-oxidative pathways,
and thus not a great differentiator for fuel applications. By
contrast, the maximum possible yield on a mass basis varies by
more than 4-fold across the spectrum of products considered,
and is inversely related to the degree of reductance and energy
density. As shown in the right-most column, the enthalpy
per available electron is very nearly constant for most
biologically derived products. Compounds with degrees of
reductance r4 do not concentrate energy relative to carbo-
hydrates and are generally of interest for chemical rather than
fuel applications.

IV.b Host organism choice

The choice of production host is often critical to the success of
bioprocess development efforts. The important host properties
include (1) the ability to utilize the feedstock of interest, (2) the
extent to which a well-characterized product formation pathway
exists, (3) the ability to withstand high product titers (considered
in detail below), (4) knowledge of metabolic features, (5) the
availability of genetic tools, (6) the relative ease of obtaining
regulatory approval, and (7) a collection of features often referred
to as ‘‘robustness’’. Generally defined as the ability to function
well under industrial conditions, the elements of robustness
include good performance on a low-cost fermentation medium,
competing successfully against contaminants, tolerance to inhi-
bitors, and vigorous fermentation performance if a substrate is
available.

Prior to the advent of genetic engineering, microbial hosts
were chosen based on an organism’s native ability to produce a
desired product from a desired feedstock. Prominent examples
include ethanol production by S. cerevisiae, citric acid production
by Aspergillus niger, acetone/butanol/ethanol (ABE) production by
Clostridium acetobutylicum, glutamate production by Corynebac-
terium glutamicum, and lactic acid production by Lactobacillus
strains and other lactic acid bacteria (Table 4). The tools were
lacking to make targeted changes to an organism’s genome, but
random mutagenesis (e.g., UV irradiation, chemical mutagenesis)
combined with screening or selection allowed for identification
of strains with enhanced performance under desired conditions.

Enabled by the molecular biology revolution, rational meta-
bolic engineering became possible in a handful of model
microorganisms, especially S. cerevisiae and E. coli. The most
prominent commercial success story from this era is 1,3-pro-
panediol (PDO) production by DuPont,158 where E. coli was
engineered to produce PDO from sugars at a substantially lower
cost than was possible using petroleum. Other notable examples
include production of 1,4-butanediol,159 isobutanol,160,161

farnesene,162 and succinic acid.163 Indeed, the vast majority
of metabolic engineering and synthetic biology research con-
tinues to be performed in model organisms such as E. coli and
S. cerevisiae due to the availability of well-developed genetic
tools and the deep fundamental understanding of the physiol-
ogy of these model organisms. However, engineering complex

Table 3 Combustion enthalpies and maximum yields as functions of degree of reductance

Compound Formula
Degree of reductance
(available electrons/C)a

Maximum yield Enthalpy of combustion (higher heating value)

(Energy basis) (Mass basis) (MJ kg�1) (MJ per available e�)

Methane CH4 8 0.948 0.266 55.5 0.110
Ethanol C2H6O 6 0.948 0.512 28.9 0.111
Butanol C4H10O 6 0.950 0.411 36.0 0.111
Farnesene C15H24 5.6 0.972 0.325 46.8 0.114
Ethyl butyrate C6H12O2 5.33 0.946 0.484 30.5 0.111
Lactic acid C3H6O3 4 0.973 1.0 15.2 0.114
Succinic acid C4H6O4 3.5 0.911 1.12 12.7 0.107
Cellulose (C6H10O5)n 4 — — 17.0

a Higher heating values (HHVs) for all compounds except for cellulose were calculated using standard enthalpy of formation values obtained from
NIST Standard Reference Database 103b; https://www.nist.gov/mml/acmd/trc/thermodata-engine/srd-nist-tde-103b. The cellulose HHV value was
obtained from ref. 157.
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physiological traits, including the use of lignocellulosic biomass
as a feedstock, remains a challenge for model organisms.

The scope of industrial biotechnology was further expanded
as researchers realized that some industrially important pheno-
types are too complex to engineer into model organisms. There-
fore, non-model microbes offer advantages over traditional
hosts, and accessing these phenotypes is often worth the effort
needed to develop genetic tools and physiological understand-
ing. Several of these organisms were prominent in period one,
including Z. mobilis, C. acetobutylicum and C. glutamicum. This
effort led to a much deeper understanding of non-model host
organisms, and examples of successful engineering include
production of lysine and other amino acids in C. glutamicum164

and isopropanol/butanol/ethanol (IBE) production by C. aceto-
butylicum.165 The development of Clostridium autoethano-
genum,166 an acetogen that is natively capable of growing on
CO and H2 in syngas, has opened new processing paradigms for
bioconversion of various feedstocks. Recently, acid-tolerant
yeasts such as Kluyveromyces marxianus and Issatchenkia orientalis
have been developed for production of organic acids such as
lactic acid.167 For CBP, the most effort has focused on C.
thermocellum because it has one of the fastest known growth
rates on crystalline cellulose, and its cellulosome allows for
efficient deconstruction of lignocellulose.142,168 The development
of genetic tools for this organism has enabled the development of
strains with ethanol yields exceeding 75% of the theoretical
maximum and titers over 25 g L�1 from crystalline cellulose.159

Thermostable heterologous pathways can be now engineered in

this organism to produce a broad range of fuel molecules such as
isobutanol,169 n-butanol170 and a wide range of ester molecules
including isobutyl acetate, n-butyl acetate, n-pentyl acetate, iso-
amyl acetate, geranyl acetate, and isobutyl isobutyrate.171–173

Table 4 lists some representative commodity products, the
host organisms used for commercial production, and deciding
factors underlying the choice of host organism.

Recent advances in genetic tool development for non-model
microbes have simplified and accelerated the development of
transformation for new organisms,175 which is starting to allow
researchers to choose host organisms based on desired traits
rather than initial genetic tractability. In particular, Restriction–
Modification systems are prokaryotic host defense systems that
degrade foreign DNA that is methylated differently than the
host.176–178 Methylome analysis reveals the sites that are tar-
geted for degradation, allowing for rational approaches to
developing genetic transformation systems.175 This, combined
with the development of modular collections of genetic parts
(e.g., selectable markers, origins of replication),179 allows rapid
evaluation of genetic constructs in target hosts. For microbes
that are already genetically tractable, more advanced tools such as
recombineering180–183 and site-specific recombination are being
developed,184 which will further accelerate strain engineering in
these organisms.

The understanding of cellular physiology needed to rationally
engineer non-model organisms can also be rapidly developed via
systems biology. Genomics,185 transcriptomics,186 proteomics,187

and metabolomics188 can all be readily applied to desired hosts,

Table 4 Overview of host organisms selected for substrate conversion or product formation

Product or substrate Host organism Major deciding factors

Prior to genetic engineering Ethanol Saccharomyces cerevisiae Native pathway, robustness, high titer,
rate and yield

Citric acid Aspergillus niger174 Native high yield from cheap feedstocks,
tolerance to low pH

Glutamate Corynebacterium glutamicum Natively high yield
Lactic acid Lactobacillus sp. Native producers, GRAS status
Acetone–butanol–ethanol
(ABE)

Clostridium acetobutylicum,
Clostridium beijerinckii

Native producers, high titer

Genetic engineering applied to
initial model microbes

1,3-Propanediol Escherichia coli Available genetic tools and
understanding of physiology

1,4-Butanoediol Escherichia coli Available genetic tools and
understanding of physiology

Isobutanol Escherichia coli, S. cerevisiae Available genetic tools and
understanding of physiology

Farnesene S. cerevisiae Available genetic tools and
understanding of physiology

Succinate Escherichia coli, S. cerevisiae Available genetic tools and
understanding of physiology

Commercial processes enabled
by engineering a broadened
range of hosts

Lysine Corynebacterium glutamicum Native producer of amino acids
Lactic acid Low pH yeasts such as Kluyveromyces

marxianus and Issachenkia orientalis
Acid tolerance

n-Butanol Clostridium acetobutylicum Native producer of n-butanol
Syngas conversion Clostridium autoethanogenum Native syngas utilizer

Emergent processes involving
yet more host diversity

Lignocellulose conversion
via CBP

C. thermocellum Native ability to rapidly
deconstruct lignocellulose

Methane conversion Methylomicrobium buryatense Native methane utilizer
Formate Cupriavidus necator Native formate utilizer
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revealing details of central and secondary metabolism, gene
regulation, and metabolic flux that are needed for engineering
efforts. Metabolic modeling is also rapidly advancing for non-
model microbes,189 which can serve as a platform for generating
hypotheses to test experimentally.

The ability to deconstruct lignocellulose at high rates and
yields is a phenotype that has proven to be difficult to import
into model microbes.116 Because of this, cellulolytic anaerobes
with the ability to rapidly ferment cellulosic biomass are under
active consideration for processing cellulosic biomass. When
weighing the use of model or non-model host microbes for
industrial fermentation of lignocellulose, one must evaluate the
relative difficulty of adding the desired features that each class
of microbes does not have, including strong lignocellulose
fermentation capability in the case of model hosts, and high
product yields, titers, and robustness in the case of non-model
hosts. Experience and recent opinion appear to favor non-
model hosts for this application, but time will tell.

Status. Genetic tools are being developed for an ever expanding
number of host strains in academic, government, and industry
labs. Plasmid repositories and inexpensive DNA synthesis make
acquisition of synthetic biology ‘‘parts’’ routine. However, the state
of the development of genetic tools in non-model organisms is
currently limited. A handful of cellulolytic microorganisms have
established genetic toolsets that allow rational strain engineering.
Genetic tools are also available to engineer other cellulolytic
organisms such as Trichoderma reesei, Clostridium cellulolyticum,
and Thermobifida fusca. C. thermocellum has an advanced toolset,
including the ability to create rational and unmarked gene dele-
tions and insertions, characterized promoters, and CRISPR-based
genome editing tools. However, the ease of genetic manipulation
of C. thermocellum still does not approach that of E. coli.

Challenges and opportunities. Many desired microbial phe-
notypes for industrial applications are challenging to transfer
to model organisms, and for some such properties this is likely
to remain so. Enabled by recent advances in genetic tool
development in non-model organisms, it is becoming increas-
ingly possible to engineer new hosts that natively possess such
phenotypes.

Early determination of key complex traits for a given process
is essential for choosing the best host. Particular focus on hosts
that enable robust feedstock utilization and integration with
downstream processing will likely be critical to developing an
economical process.

Once a host is selected, substantial early effort on genetic
tool development can pay large dividends by accelerating strain
engineering. Basic tools and information such as genetic
transformation, gene insertion/deletion methods, character-
ized promoters and ribosome binding sites for tuning gene
expression, and -omics datasets need to be rapidly developed
and serve as the foundation for rational metabolic engineering.

As new genetic tools are developed, such as the current
expanding application of CRISPR-Cas genome editing to
diverse microorganisms, they have the potential to dramatically
increase the rate and efficiency of genetic engineering. How-
ever, adapting these tools to new organisms can be challenging

and time consuming, often forcing a choice between proceed-
ing with strain engineering using the tools that exist and
waiting until more advanced tools are available.

Thermophiles and other extremophiles offer potential
complex phenotypes that could open new bioprocessing opportu-
nities, but extra effort is often required for genetic tool development.
As more synthetic biology ‘‘parts’’ are developed for these organ-
isms, the rate of tool development will likely increase, making these
organisms more attractive for bioengineering.

IV.c. Product tolerance and inhibition

Mechanisms by which biologically-produced fuels and fuel
precursors can inhibit cellular function include impaired function
of biological macromolecules (DNA, RNA protein, and lipids), loss
of cell structural integrity (membranes), and disrupted metabolic
circuits (enzyme inhibition, cofactor leakage, uncoupling or
creating redox cofactor imbalance, and futile ATP or reducing
equivalent consumption). The extent and mechanism of inhibition
observed are commonly associated with the functional group(s),
the inherent reactivity, and the molecular weight of the
inhibitor.190–193 Here we review the salient structure–activity
relationships of potentially toxic intermediates and target pro-
ducts using a functional group classification, which has been
widely employed to assess the toxicity of inhibitors found in
biomass-derived intermediate streams.194–196

Several physicochemical parameters have been identified
that influence microbial toxicity. These include the following:

(i) The electrophilicity index (o)197 – many inhibitors inactivate
biological molecules in the cell through direct addition reactions,
and the electrophilicity index provides an indication of the
potential reactivity to undergo an adduct reaction with a biomo-
lecule of importance for cellular function.192,198

(ii) The steric hindrance of the reactive group – when the
reactive group of an inhibitor is sterically hindered, this will
naturally reduce the propensity to target a biomolecule within
the cell.190 Accordingly, steric factors are another critical phy-
sicochemical parameter of toxicity.

(iii) The octanol–water partition coefficient (log P) – membrane
damage is another common component of microbial toxicity, and
log P is a measure of relative hydrophobicity and thus the potential
of an inhibitor for membrane partitioning. Molecules that exhibit
log P values between 1 and 5 are often found to be toxic to
microbes.199,200 Although nuances can lead to deviations from
ideal behavior, the more similar a molecule is to a membrane the
more it impairs the membrane, and hence biological, function.201

Based on these parameters, we can generally rank the
toxicity threshold of identical chain length fermentation-derived
intermediates and products, as shown in Fig. 8: aldehydes 4
ketones 4 alcohols 4 esters 4 organic acids 4 alkanes. Given
the diversity and complexity of microbial micro-environments,
metabolic circuits, and cell physiology, it should be noted that
the chemical structural indicators of toxicity are not always
perfectly correlated with the actual outcome of biological toxicity
measurements, but provide useful guidelines on their potential
toxicity. Moreover, different functional groups pose distinct mole-
cular toxicity mechanisms on host microbes, and as mentioned,
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the ‘‘R-group’’ attached to a functional group also can contribute
substantially to the toxicity of a particular compound. To that end,
below we briefly review toxicity mechanisms for each functional
group separately and provide salient examples from common
anaerobic fermentation intermediates and target products.

Aldehydes. Aldehydes are common intermediates in anaerobic
pathways, and are commonly formed due to end-product feedback
inhibition, the presence of metabolic bottlenecks, and end-
product mediated lipid peroxidation (Fig. 8).202,203

Protein damage is a critical component of aldehyde toxicity,
often through adduct reactions between aldehydes and
proteins.191,192 The extent of damage is closely related to the
electrophilicity (o) and chemical structure of the aldehyde
(sterics).204 ‘‘Hard’’ aldehydes (which are highly charged, small,
and weakly polarizable aldehydes, e.g., acetaldehyde and for-
maldehyde) target hard-neutrophilic lysine residues on proteins
to form carboxymethyl lysine, leading to deleterious crosslinking
events.204 Alternatively, ‘‘soft’’ a,b-unsaturated aldehydes (which
are weakly charged, larger, and more polarizable than hard alde-
hydes, e.g., acrolein) target hard-neutrophilic lysine residues and the
b-carbon of the aldehyde then reacts with soft-neutrophilic

cysteine residues through Michael addition, again leading to
cross-linking events.204 However, the most toxic aldehydes are
oxoaldehydes (e.g., glycolaldehyde), which exhibit a distinct mecha-
nism to crosslink proteins by targeting hard-neutrophilic lysine
residues and/or soft-neutrophilic cysteine residues via the formation
of Schiff-base and concurrent Amadori rearrangement. This reac-
tion in turn leads to regeneration of a hard-aldehyde carbonyl group
after the first attack on a protein, which can then efficiently form a
second covalent bond with a different protein.203,205

Beyond attacking proteins, short aliphatic aldehydes that
exhibit low steric hindrance also damage DNA by inducing DNA
single-strand breaks and DNA–protein crosslinking.206,207 Aldehydes
can also react with lipids in multiple ways, such as via the amino
residues of membrane lipids (e.g., with phosphatidylethanolamine)
to form glycation end products or through glycoxidation of lipids.208

The aldehyde can also generate reactive oxygen species, and
cause cell damage. Taken together, the toxicity of aldehydes is
highly correlated with the reactivity properties of the ‘‘R-group’’.
For small aldehydes likely to be formed in anaerobic fermenta-
tion processes to produce C2–C6 fuels or fuel precursors, the
toxicity trend of sub-groups of aldehydes could be described as

Fig. 8 Illustration of the functional group-dependent toxic potency of the products on microbial hosts. Substrates, intermediates, and products may
damage biological macromolecules and disrupt metabolism through multiple mechanisms. During the conversion of substrates to products, toxic
intermediates such as aldehydes, acids, and ketones are often produced. In addition, some target products may induce feedback regulation and increase
the accumulation of toxic intermediates in the cells. The toxic potency was ranked for the compounds at the same concentration (soluble form), carbon-
chain length, and pH.
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follows: a-oxoaldehydes (e.g., glycolaldehyde) 4 soft a,b-
unsaturated non-hindered aldehydes (e.g., acrolein) 4 hard,
non-hindered aldehydes (e.g., acetaldehyde) 4 hard aldehydes
with short or long-chain alkanals (e.g., pentaldehyde).

Ketones. Acetone is a common ketone product in ABE
fermentation, and a recent study has demonstrated initial
anaerobic production of a C4-methyl ketone.160,209 The toxicity
mechanisms of ketones are closely related to those of aldehydes
discussed directly above, but the extent of protein (and other
biomolecule) damage is relatively low compared to aldehydes
with similar chain lengths.192,195,210

Alcohols. Alcohol toxicity to anaerobic bacteria is a well-
known problem for industrial production of the common target
products ethanol, n-butanol, and isobutanol.211,212 One of the
most well-established toxicity mechanisms of short-chain alco-
hols is bacterial membrane associated-stress.201 Ethanol, as the
canonical example, decreases membrane integrity, leading to
leakage of magnesium ions and nucleotides, and also has a
negative effect on the membrane pH gradient.193,201 Recent
work has shown damage by membrane thinning due to the
amphiphilic nature of the solvent on the bilayer.213 Given the
connection between membrane damage and hydrophobicity, it
has been long known that the degree of toxicity of short-chain
alcohols directly correlates with molecular chain length and parallels
the log P value.201,214 Thus, the log P value is an effective indicator of
alcohol toxicity; for example, the order of toxicity of selected short-
chain alcohols is as follows: n-hexanol 4 n-pentanol Z n-butanol 4
n-propanol 4 ethanol 4 methanol.

Haft and coworkers showed that membrane damage only
explains one component of alcohol-mediated damage.215 In
addition, it was revealed that ethanol toxicity is related to an
uncoupling of transcription and translation in E. coli through
ribosomal stalling, intragenic transcriptional termination, and
inhibition of an RNA polymerase.215 In addition, it has been
reported that short-chain alcohols are able to damage proteins
directly, thus inducing unfolded protein response in
bacteria,200,216,217 and these findings have enabled new meta-
bolic engineering strategies for strain development towards
improved alcohol toxicity.

Esters. Most short-chain esters can be synthesized and
secreted extracellularly.218 Since esters have low solubility in
water, it is advantageous to develop in situ separation and
fermentation processes for ester production to improve product
yields, titers, and productivities while minimizing solvent toxi-
city on microbes, as discussed below.219,220 The longer carbon
chain length of esters decreases ester solubility and increases
energy density. For instance, the solubility and energy density
of ethyl butyrate are 5.4 g L�1 and 30.5 MJ kg�1, respectively,
while those of butyl butyrate are 0.68 g L�1 and 33.6 MJ kg�1,
respectively. The toxicity of esters on microbes depends on the
species, culture conditions, and types and concentrations of
esters. For instance, the minimum inhibitory concentrations
(MICs) of methyl butyrate, ethyl butyrate, and ethyl hexanoate
in anaerobic digesters are up to 10 g L�1, while that of hexyl
acetate is 5 g L�1,150 and 3 g L�1 isobutyl acetate inhibits
growth on E. coli.219 For the same carbon chain length, an ester

with a shorter alcohol moiety is less inhibitory (e.g., toxicity
order: butyl acetate 4 ethyl butyrate).221 The molecular
mechanisms of esters on ester-producing microbes are not well
characterized, but it is expected that their hydrophobic tails
might interfere with the cell membrane integrity as seen with
alcohols.

Organic acids. While short-chain carboxylates are common
fermentation products, they can have a strong toxicity effect on
anaerobic microbes when accumulated at high concentrations.222

Despite this, strain adaptation and engineering have enabled the
development of economically competitive biocatalysts for the
anaerobic, industrial production of acetic, butyric, and lactic acids
for commodity chemicals.223 Organic acids are toxic to microbes
via several mechanisms including: (i) disruption of the proton
gradient of the membrane (DpH), (ii) membrane damage, and
(iii) anion accumulation (which induces reactive oxygen species
generation), and buildup of highly toxic intermediates (e.g.,
aldehydes).223,224 The degree of damage caused by organic acids
varies with molecular parameters such as hydrophobicity (log P),
pKa, and chain length.225 Toxicodynamic studies have demon-
strated that increasing molecular weight generally leads to
decreases in the toxicity of organic acids on bacteria, but this
observation is microbe specific.226 Going forward, a deeper
understanding of the mechanisms of anion-specific toxicity is
vital to further develop anaerobic acid-producing strains. As
with aldehydes and ketones, in many cases, the toxicity of
organic acids is highly associated with the molecular properties
of the ‘‘R-group’’.

Alkanes. The degree of inhibition of alkanes is relatively low
compared to those of the aforementioned molecule classes.
Alkanes partially inhibit cell activity by disturbing the structure
of microbial membranes.201 The toxicity of alkanes is related to
their chain length, which correlates with the log P value and
solubility of the compound.201 Notably, alkenes are more toxic
than alkanes with similar molecular lengths.227 Also, the toxicity
of alkanes or alkenes on microbes is often highly correlated with
intermediate toxic compound accumulation. For instance, in
isobutene production, the intermediates isobutyraldehyde and
isobutanol are hypothesized to cause toxicity response.228,229

The impact of carbon chain length on inhibition. Increasing
the chain length of candidate fuel molecules with a given
R-group is generally correlated with increased hydrophobicity,
equivalent to increasing log P, and decreasing solubility. For the
same carbon numbers and metabolite concentrations,
branched chain metabolites tend to be less toxic than linear
chain ones.221 Up to the point that solubility becomes limiting,
both theoretical considerations and empirical data indicate
that inhibition of microbial metabolism increases with increasing
hydrophobicity and hence chain length. This has been shown for
organic acids, alcohols, solvents, esters, and cyclic hydrocarbons,
and is also consistent with the data shown in Fig. 3.221,230–233 Given
that membrane partitioning is one of the vital mechanisms of
inhibition by alkanes, alcohols, ethers, and esters, the toxic
potency is positively correlated with the chain length of these
functional groups. However, increasing the chain length
enhances steric hindrance and impairs the electrophilicity of

Review Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 3
:4

7:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee02540f


956 |  Energy Environ. Sci., 2022, 15, 938–990 This journal is © The Royal Society of Chemistry 2022

aldehydes and ketones, and reduces the toxic potency to attack
neutrophilic macromolecules.192 Hence, the toxicity trends with
respect to chain length depend on the functional group of the
product. With long chain lengths and high hydrophobicity, the
solubility becomes very low and can indeed be lower than the
toxic threshold.

Product insolubility can provide spontaneous separation
from an aqueous milieu, e.g., into an organic phase in extractive
fermentation, and thus may be regarded as an advantageous
property. Indeed, this detoxification strategy has been success-
fully exploited for microbial biosynthesis of shorter chain esters
at high levels exceeding their solubility limit and inhibition
threshold.171 On the other hand, continuous product removal
appears to be challenging to implement in the presence of solid
cellulosic feedstocks (see Section II.c).

Inhibition due to metabolic bottlenecks (titer gap). In the
course of biocatalyst development, microbes often reach a titer
limit well below that which they can tolerate when the product
is added exogenously, which is referred to as the ‘‘titer gap’’.
Metabolic bottlenecks or imbalances and metabolic regulation
are common causes. In particular, the presence of end-products
can lead to redox imbalance, futile ATP and cofactor consumption,
accumulation of intermediates outside their normal range leading
to unproductive regulation, and uncoupled metabolism. For exam-
ple, high titers of ethanol are known to reduce the intracellular
concentrations of cofactors and coenzymes essential for glycolysis
in Z. mobilis, leading to the cessation of ethanol production well
below the maximum tolerable level.231 It has also been observed
that available strains of C. thermocellum are only able to produce
25 g L�1 ethanol in actual fermentation conditions, despite being
able to tolerate up to 50 g L�1.60,234 Given that many anaerobic
fermentation products are derived via aldehyde intermediates, the
accumulation of highly toxic aldehydes due to metabolic bottle-
necks and/or end-product feedback regulation has also been
widely implicated. For instance, acetaldehyde and isobutyralde-
hyde are able to accumulate during ethanol and isobutene
production, respectively.229,234 Accumulation of aldehyde inter-
mediates can lead to an observable titer gap as a consequence of
inhibiting key metabolic enzyme activity, uncoupling redox-
cofactors, and decreasing the ATP pool.235–237 Experience sug-
gests that it is usually possible to close the titer gap, although
extensive effort is required. In the development of E. coli for
production of 1,3-propanediol, for example, it was verified early
on that the organism could tolerate titers 4100 g L�1; produc-
tion of such high titers was eventually achieved after alleviating
the succession of limiting factors.158

Status. Chemical stress imposed by end-products of fermenta-
tion on the microbial host is a key technical barrier to producing
cellulosic biofuels at economically practical titers. Toxic potency
due to biophysical effects on host strain macromolecules can be
estimated in silico. Effects on metabolic processes can be eluci-
dated using systems biology tools including but not limited to
fluxomics and metabolomics. Informed by these two approaches,
hypotheses can be formulated, diagnostic experiments performed,
and remedial strategies devised and implemented. Efforts along
these lines have enabled the development of industrial hosts able

to produce ethanol, lactic acid, 1,3-propanediol, succinic acid, and
2,3-butanediol at high titers under anaerobic conditions (Fig. 3).
Titers of these products have been increased substantially, in some
cases by several-fold, either by tuning endogenous chemical
tolerance machineries (e.g. adaptive laboratory evolution,
transcription machine engineering, protein quality control
engineering, and membrane engineering) or by heterologous
importation of such machineries into the host.238–240 An exam-
ple of the latter is increasing the tolerance of E. coli to alcohols,
organic acids, and aromatics using the cis–trans isomerase (cti)
gene from P. aeruginosa to fine-tune the membrane cis–trans
fatty acid composition.239

Challenges and opportunities. By adopting a mechanistic,
functional-group approach to inhibition, the basis of which is
summarized in Fig. 8, researchers can develop rational strain
engineering strategies to enable higher titers, rates, and yields
of fuels or fuel precursors. It is highly desirable to analyze the
specific inhibitory effect of each product or intermediate that
accumulates during microbial production including combinational
effects with other potent co-inhibitors and intermediate metabolites
under process-relevant conditions.80,82–85,200,241 Advanced systems
biology and computational biology approaches are powerful tools
for analyzing the precise effect of an inhibitor on host microbes, and
will ultimately enable the rational engineering of desirable genetic
traits for robust anaerobic biocatalyst development.242–244 For
example, engineering the chaperone machinery in bacteria to
rescue cells from alcohol-mediated protein damage has been shown
to be highly effective at improving toxicity tolerance.202,245,246

Selective expression of efflux pumps specific to toxic com-
pounds has also been shown to achieve remarkable titer
improvements.247 Changing the membrane properties according
to the type of alcohol or organic acid is also a promising means to
alleviate specific product-related inhibition, and achieve remark-
able final product titers.248–251 It has been successfully demon-
strated that deploying systematic evolution and metabolic strain
engineering approaches to increase enzyme activity, redox bal-
ance, energy balance, and alternative metabolic pathways also is
an effective means to close the titer gap. Finally, it is widely
accepted that microbial inhibitor tolerance is a complex and
multigenic trait, such that judicious host selection for the
intended pathway and product is warranted.252 Understanding
specific and synergistic toxic effects of particular inhibitor classes
and deploying appropriate metabolic and evolution engineering
approaches to overcome toxicity is a promising strategy for
developing robust, inhibition-resistant industrial microbes.

V. Product recovery

In this section, we review product recovery for prominent classes of
organic compounds, provide strategic perspectives on product
recovery for bulk fuel applications, and conclude with consideration
of in situ product recovery. It may be noted that much of the
literature and experience associated with purifying commodity
bioproducts is for chemicals rather than fuels, and that nearly
all such literature and experience is for feedstocks other than
lignocellulose.
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Separation of ethanol

In the corn ethanol industry, fermentation broth containing
about 16 wt% ethanol,72 residual solids, and yeast is typically
fed to a beer column with internals designed to function in the
presence of solids. Rectification to the 95 wt% azeotrope is
achieved in a second column, and the azeotrope is then broken
with molecular sieves, which are a regenerable desiccant, or
through the use of additional pressure swing columns.253,254

Process designs for cellulosic ethanol also feature distillation in
the presence of solid fermentation residues.76,77 However, solids
handling constraints limit ethanol titers from lignocellulose to
about half of those realized industrially from starch (Section II.c).
In the absence of heat integration, estimates for the heat required
to produce pure ethanol from fermentation broth at 6 wt% ethanol
via distillation and molecular sieve dehydration are in the range of
6.5 to 9.4 MJ kg�1, corresponding to 20 to 30% of the ethanol low
heating value.254,255 However, since the economics of ethanol
recovery are dominated by the cost of energy (steam) rather than
the cost of capital (Fig. 5), there is an economic incentive to
include heat integration. For example, NREL cellulosic ethanol
designs reuse heat available from high temperature pretreatment
for distillation at lower temperatures.77 Reducing the energy
requirements of distillation can also be approached by multi-
effect (multiple pressure) and vapor compression strategies.
For example, Diaz and Tost256 estimated a fuel requirement of
2.5 MJ kg�1 for a recovery of 10 wt% ethanol via double-effect
distillation and dehydration (about 9% of the low heating
value). At a titer of 6 wt% ethanol, more realistic for lignocellu-
losic feedstocks, a likely conservative extrapolation based on an
inverse relationship between distillation energy requirements
and titers (Fig. 5) yields a heat requirement of about 4.2 MJ kg�1

(about 15% of the low heating value). Yet lower distillation
energy requirements are possible by combining strategies if
there were economic incentives to do so. Combustion of solid,
lignin-rich process residues is sufficient to provide all heat and
electricity requirements for cellulosic ethanol production from
both corn stover77 and sugarcane bagasse.76 Considering a
scenario where lignin is not burned and electricity is not
cogenerated, Pourhashem et al.257 found that biogas produced
from organics present in liquid effluents is sufficient to meet
the process heat demand.

Separation of mixed alcohols and ketones

Like ethanol, acetone–butanol–ethanol (ABE) fermentation is a
well-established fermentation process, with the recovery of ABE
also centering on distillation. In the ABE process, the classical
design is batch fermentation with ABE titers reaching approxi-
mately 2 to 3 wt% of the broth. The unfiltered broth is fed to a
beer column where ABE is separated through steam stripping.
The overhead of the column contains the quaternary azeotrope
of water–acetone–butanol–ethanol, which is B30 wt% ABE and
70 wt% water. Acetone, butanol, and ethanol are then separated
as individual components through a series of four distillation
columns operated at below atmospheric pressures. A process
flow diagram of the operation can be found in Fig. 1 of

Roffler et al. (1987).258 Minimum energy requirements for
industrial production of ABE were reported by Diaz and
Tost259 to be about 30 MJ kg�1 solvents, which is close to the
low heating value of the solvents. However, these authors
projected heat requirements of about 6 MJ kg�1 for ABE
recovery via distillation with heat integration.

Separation of higher boiling alcohols

Examples of higher boiling alcohols produced biologically at an
industrial scale include butanol260/isobutanol,261 and the short
chain diols propanediol and butanediol.262 In general, the
standard industrial practice for the post-fermentation recovery
of these higher boiling alcohols involves distillation.

Both n-butanol (B.P. 117 1C) and isobutanol (B.P. 108 1C) are
separated from fermentation broth using two distillation
columns.254 In this process, cells and debris are first removed
and the cell free broth is sent to the first column that concen-
trates butanol up to its azeotropic composition (55.5 wt% for
n-butanol and 70 wt% for isobutanol)1 in the vapor. The vapor
is condensed and the butanol–water mixture phase separates
into upper and lower layers in a decanter. The upper layer is
enriched in butanol at a composition above the azeotrope
concentration, which is decanted off and sent to the second
distillation column, where it is distilled to a dry butanol
product.

The lower layer is recycled back into the first column as
reflux (Fig. 9). This process is commonly referred to as con-
tinuous heteroazeotropic distillation. Estimates for the heat
required to recover n-butanol by distillation without heat
integration range from 17 MJ kg�1 to 24.2 MJ kg�1,255,263,264

corresponding to 51 to 73% of the low heating value, and about
19 MJ kg�1 for isobutanol (57% of the low heating value).255

Diaz and Tost256 estimated that the heat requirement
for isobutanol separation can be reduced to 5.7 MJ kg�1

(17% of the low heating value) via heat integrated distillation,
with yet lower values available if vapor compression is
employed. Although distillation is used commercially to recover

Fig. 9 Illustration of heteroazeotropic distillation for the separation of
butnanols from fermentation broth. A detailed set of operation parameters
for these columns can be found in Luyben, 2008.210
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butanol-containing fermentation broths, alternatives to distil-
lation are an active area of research. These alternatives include
supercritical extraction, membrane extraction, solvent extrac-
tion, and salting out.265

Diols are a more recent entry into the fermentation
derived chemicals market, with industrial scale processes
operated by DuPont for 1,3-propanediol (PDO) and a newer
facility operated by Novamont and Genomatica for 1,4-
butanediol (BDO) production.266 While these diols could
conceivably be used as fuel precursors using the dehydration
and oligomerization chemistry described below, their pri-
mary target use today is for bioplastic and biofiber precur-
sors. Polymer precursors have stringent purity requirements
that are generally 499%.267 As a result, additional unit
operations are needed in combination with distillation to
achieve these high purities. In the case of PDO and BDO, the
high boiling point of these compounds, 211 1C and 235 1C,
respectively, requires a clarification step before distillation
operations are performed. After cell and protein removal, the
broth is subjected to nanofiltration and then ‘‘polishing’’ by
passing the broth through a series of cation and anion
exchange resins to remove trace impurities that yield off-
color specifications in the final product before distillation. These
yellowing compounds are common to fermentation processes but
are undesirable in precursor products due to their interference in
the dyeability of the final polymer product. Thus, the removal of
yellowing compounds is the focus of many patents.268 After the
cation and anion exchange step PDO, or BDO, is separated with a
series of four distillation columns operated at reduced pressure. In
the first column, water is removed in the distillate, while the
higher boiling bottom components including the diol are sent to
the second column. In the second column, the diol is removed in
the distillate and sent to a hydrogenation reactor where it is mixed
with hydrogen and passed over a solid acid catalyst to convert
impurities to ‘more reduced products such as alcohols. The third
column removes these hydrogenated light impurities in the dis-
tillate, and the fourth column recovers the diol in the distillate at
polymer grade purity.269 This industrial DSP process for diols is
designed to meet the purity requirements for polymer applica-
tions. If diols are used as fuel precursors the purity requirements
would be much less stringent and an alternative DSP approach
driven by minimizing energy consumption would need to be
developed.

Separation of carboxylic acids

Carboxylates are emerging fuel intermediates and have garnered
much interest as platforms for renewable chemicals and fuels
(including diesel and aviation fuels)270,271 because they can be
produced at industrially relevant titers, rates and yields by
anaerobic fermentation.272,273 Currently, several industrial opera-
tions exist for the production of carboxylic acids including
succinic acid,274 citric acid, lactic acid, acetic acid, itaconic acid,
and pyruvic acid.275

Carboxylates have boiling points higher than those of water
and unfavorable azeotropes, and as such, their separation
cannot be achieved through distillation. Instead, separation

of these products first begins with a cell and debris removal
step. After clarification, salt breaking via addition of an acid
(e.g. sulfuric acid) is often performed.276 Salt breaking is
necessary in the common case where the pKa of the produced
acid(s) is lower than the pH tolerated by the fermenting
organism(s), and when employed is the most costly operation
in the separation of carboxylates.40 In the literature, calcium
precipitation is commonly referred to as the industrially standard
method for salt breaking.277 In this approach, calcium hydroxide
is added to the fermenter as a neutralizing agent to produce the
calcium salt of the acid. The calcium salt is insoluble and
precipitates out of solution. The solid calcium-carboxylate salt
is recovered via filtration, and then aqueous sulfuric acid is
added to break the salt forming the free acid in solution and a
precipitate of calcium sulfate (gypsum).277 This method is chal-
lenging from an economic and waste management perspective
due to the large amount of gypsum formed. Currently, the
preferred industrial approach is to use cation exchange (IX) as
a means to break the salt in a continuous ion exchange system.269

Another approach used is neutralization of the fermentation with
ammonia and salt breaking with the addition of aqueous sulfuric
acid to produce the free acid and ammonium sulfate. Ammonia
is recovered through thermal cracking of the ammonium sulfate
and recycled back to the fermenter to be used again as a
neutralizing agent.278 These approaches have proven to be more
economical than the calcium precipitation method; however,
they still add substantial production costs to the final acid
product. In one case an additional 1$ was added to the minimum
fuel selling price due to the salt breaking step.279 As a result, it is
not uncommon for separation costs to approach 60 to 70% of the
production costs if a salt breaking step is employed, which is far
above the typical 20 to 40% range of DSP.280 Ideally, fermentation
would occur at low pH, below the pKa of the produced carboxylic
acid, yielding the free acid directly in the broth, and the salt-
breaking step would not be needed. However, host selection is
critical in this case, as maintaining metabolic activity at low pH
requires specialized adaptations to survive, and it is not likely to
be practical to replicate these adaptations in model microbial
hosts. To date, citric acid,281 succinic,282 and lactic acid283 are
produced at pHs of B2 to 4. Cargill engineered yeast capable of
producing lactic acid at low pH74 and this advance has been key
to the large scale deployment of renewable lactic and polylactic
acid products, because of the economic benefits of avoiding the
salt breaking operation.

After salt breaking, an optional decolorization step is employed
using either non-functional resins or activated carbon.284 The
spent carbon is regenerated through heating in air, resulting
in some attrition74 of the carbon, and makeup carbon must be
added over time. This step is usually employed only for polymer
applications.

Finally, the free acid is recovered from the dilute solution
with a method suitable for the physiochemical properties of
acid. For moderately soluble acids like succinic278 and itaconic
acids,285 evaporative crystallization allows recovery of products
at very high purities that are suitable for fuel and polymer
applications.286,287 For more soluble acids like lactic, citric, and
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pyruvic acids, product recovery and concentration are usually
achieved chromatographically using weak anion exchange
resins in a simulated moving bed (SMB) system.286 Here the
broth is first thermally dewatered using mechanical vapor
recompression to produce a liquor that is then fed to an SMB
to chromatographically separate the target acid.

Ester derivatives of acids can also be separated if required.
Ester recovery entails dewatering the dilute acid through an
SMB system using weakly basic solid adsorbents like polyvinyl-
pyridine (PVP) and eluting the acid from the adsorbent with an
alcohol.288 The acid/alcohol solution is then reactively distilled,
catalyzed with a mineral acid in a continuous stirred tank
reactor (CSTR). The CSTR effluent feeds the middle of a
distillation column to recover the alcohol in the overhead of
the first column. The ester and mineral acid from the bottoms
of the first column are sent to the second column where the
ester is recovered in the overhead and the mineral acid in the
bottoms is recycled back to the CSTR.289

If esters are produced in the bioreactor218 that have boiling
points lower than that of water (e.g., ethyl acetate) separation
can occur via gas stripping.290 Here gas is bubbled through the
fermentation broth and carries the ester into the overhead
where the ester is condensed to recover an equilibrium mixture
of the ester and water which can be subsequently purified. This
approach could in principle be operated in the presence of
slurries. However, this approach requires a significant amount
of energy both for evaporation and to cool the large volumetric
flowrate of gas utilized, and, instead, Hybrid Extraction Dis-
tillation–In Situ Product Recovery (HED-ISPR) systems are often
more energetically favorable (discussed below), but are difficult
to operate in slurry environments.291 If the produced ester has a
boiling point greater than that of water, direct phase separation
approaches are the most attractive option.291 However, this
requires production at levels such that phase separation occurs,
which to our knowledge has not yet been achieved.

Strategic perspective on product recovery for bulk fuel
applications

Distillation is in general the least-cost separation method for
products and concentrations thereof for which the volatility of
the biomolecule is less than that of water.292 Distillation is
particularly advantageous for lignocellulose processing because
it can readily be applied in the presence of solids. The boiling
points of pure compounds at 1 atm provide an initial indication
of the feasibility of distillation, although the situation is
complicated by the formation of azeotropes as discussed below.

Evaporating water from a less volatile biomolecule present
at low titers is generally not practical for bulk fuel applications.
For example, consider a hypothetical product with volatility
much less than water for all mole fractions produced in an
aqueous broth at a titer of 20 g L�1 – higher than those that
have been achieved for all but a few bioproducts to date (Fig. 3).
Evaporation of over 980 grams of water per liter would be
required to perform separation by distillation with a non-zero
reflux ratio. Multiplying 40.98 kg L�1 broth by the latent heat
of water (2.45 MJ kg�1) and dividing by 0.02 kg product per L

broth, we obtain a heat requirement of 4120 MJ kg�1 product,
which is about three times the heating value of jet fuel. Heat
requirements on this order are very likely prohibitive for bulk
fuel production even with heat integration. They may, however,
be acceptable for chemicals, which typically have processing
cost margins (product price minus feedstock cost) many-fold
higher than fuels (Fig. 1). The situation changes significantly
for low-volatility components produced at higher broth titers.
As an illustration, for C4 diols produced at 140 g L�1, the same
calculation above gives a lower limit at zero reflux of 0.86 kg
water � 2.45 MJ kg�1 water/(0.14 kg product) = 15 MJ kg�1,
which is not prohibitive for bulk fuel applications. Regardless
of titer, a challenge associated with the recovery of low-volatility
products via distillation is that growth medium components
tend to be concentrated with the product in the distillation
column bottoms.

As discussed in Section II.c, fermentation capital costs rapidly
become prohibitive at volumetric productivities o10 g L�1 per
day, corresponding to titers of about 40 to 50 g L�1 for the four to
five-day reaction times typical of reported designs for biological
conversion of lignocellulose. Thus, for the many contemplated
bioproducts with broth titers less than about 40 g L�1, In Situ
Product Removal (ISPR) is likely to be required for low-cost
production of bulk transport fuels.

In Fig. 10, boiling points are plotted vs. their maximum
reported broth titers for bioproducts presented in Fig. 3 that are
produced anaerobically with degrees of reductance greater than
that of carbohydrate, recalling that compounds with lower
degrees of reductance are generally not considered for use as
fuels. See Section IV.a. Of the eight compounds meeting these
criteria, the number of carbon atoms ranges from two (ethanol)

Fig. 10 Boiling points and maximum reported broth titers for the eight
anaerobically derived bioproducts from Fig. 3 with degrees of reductance
44. The reason that the boundary between quadrants II and IV is 125 1C is
that some azeotrope-forming compounds have greater volatility than
water at dilution concentrations and thus can be removed from fermenta-
tion broth via evaporation.
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to four (1-butanol, 2,3-butanediol, butanoic acid), and the
degree of reductance ranges from 4.7 (glycerol, propanoic acid)
to 6.0 (ethanol, butanol).

Four classes of products may be defined based on whether
separation by distillation is possible and whether ISPR is likely
required (Fig. 10). Separation is least complex for Class I
products that are recoverable by distillation and are produced
at titers sufficiently high that ISPR is not required, with ethanol
being a prime example. The next level of complexity, at least in
the presence of solids, is products produced at sufficiently low
broth titers that ISPR is likely required but can be recovered
with distillation, for example butanol. Class III products are
less volatile than water but are produced at sufficiently high
titers (generally 440 g L�1) to warrant post fermentation
recovery schemes that are non-thermal in nature. Some DSP
approaches for Class III are crystallization, adsorption, LLE,
etc., and some exemplary products are succinic acid, lactic acid,
etc. Class IV products are the most complex to separate. These
products are less volatile than water and are produced at low
titers (generally o30 g L�1). Here ISPR is required. Some
examples include volatile fatty acids (VFAs) from arrested
anaerobic digestion and glycerol. In general, an increasing
complexity of separation processes is expected to be accompa-
nied by increasing cost and reduced operational robustness,
although verification of these trends for a particular compound
requires product-specific analysis. For products other than
those shown in Fig. 10, the most immediate challenge for fuel
applications would appear to be increasing broth titer.

The product recovery landscapes presented in Fig. 10 have a
bearing on where in the process flow sheet solids–liquid (S/L)
separation occurs. For Classes I and II, solids removal can likely
be accomplished after both fermentation and product recovery.
For Class III, S/L separation can occur after fermentation, but
solids will need to be removed prior to product recovery for
most separation technologies. Washing of the solid cake will
also likely be required to avoid significant yield losses due to
entrainment. For Class IV, it will likely be necessary to either
remove solids prior to fermentation or separate solids multiple
times within an ISPR side stream loop. Both are challenging for
bulk fuel production from cellulosic feedstocks and are likely
impractical in the absence of innovative approaches.

For S/L separation after product recovery, a filter press can
be used to produce a filter cake with a solids concentration of
ca. 50 wt% – depending on the characteristics of the solids –
without concern over the unrecovered product. For S/L separation
after fermentation but before product recovery, a filter press can
also be employed. However, the product must be removed from
the solids to prevent yield loss. The extent of the yield loss
depends on the solids loading in the fermenter and the solids
content of the pressed cake. For example, given a fermenter
operating with 15 wt% solids and the resulting cake after S/L
separation with a solids content of 55 wt%, approximately 16% of
the product will remain in the cake. Thus, washing is required to
recover the product and that wash water will enter the DSP train,
increasing energy consumption and cost. Studies are needed to
minimize excess wash water carried through the DSP operations.

If S/L separation occurs before fermentation to produce clarified
hydrolysate as the fermentation feed, solids removal would
likely involve a screw press or filter press. However, in this
configuration the solids must be washed to avoid loss of
entrained sugars.

In situ product recovery (ISPR)

ISPR is an important process intensification strategy that has
the potential to dramatically lower DSP costs, reduce DSP energy
footprints, decrease process water footprints, and increase
volumetric productivity.293 This is especially true for bio-
molecules with lower volatilities that cannot be separated
directly from slurries in a beer column. Briefly, ISPR systems
operate by continuously separating the target product from the
broth while the fermentation is ongoing. In the absence of
solids, ISPR can involve the target product being recovered by
adsorption to a resin, adsorption into a liquid organic overlayer,
or selective chemical precipitation, or stripped from the broth
with a gas.294 Two main process approaches exist, with the first
being an internal separation configuration wherein the product
is recovered from the broth in the bioreactor and the second
being an external loop design where the broth is pumped out of
the fermenter to recover the product and water is recycled back
to the process. External loop ISPR systems are more common,
but often require the use of a cell and debris retention device to
confine the cells to the fermenter and avoid their direct contact
with the DSP operations. By continuously removing the product,
ISPR alleviates end product toxicity, allowing greater volumetric
productivity and longer fermentation uptimes than batch opera-
tions. However, we note that for ISPR to be advantageous, it
must be practical to provide fermentable substrates at concen-
trations higher than the maximum product concentration tol-
erated divided by the stoichiometric product yield on the
substrate. This condition would not appear to be met for
ethanol production from cellulosic biomass (discussed above),
but likely is met for many other products.

Distillation can be used for ISPR, not only for compounds
such as ethanol with lower boiling points than water,295 but
also for compounds that have higher boiling points than water
but form azeotropes such that the bioproduct is more volatile at
low concentrations. For example, the relative volatility of
n-butanol and i-butanol – which boil at 118 1C and 108 1C,
respectively – is higher than that of water by about 20- and
30-fold, respectively, at the concentrations produced by
fermentation. GEVO uses this property to advantage in their
commercial process for isobutanol production from corn mash,
which features ISPR using distillation in the presence of
solids.296 Amyris exploits phase separation to produce
4130 g farnesene per liter broth processed from sugar syrup
containing glucose at 800 g L�1.297 The enhancement in bio-
reactor volumetric productivity (e.g., g product per L broth per h)
achieved via ISPR can be quite substantial. For example, Ezeji
et al.298 achieved a 4-fold increase in n-butanol production by gas
stripping, and Daugulis et al. achieved more than doubled ethanol
productivity by liquid–liquid extraction299 – both using concen-
trated sugar syrups.
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It is important to realize that there have been very
few reports of ISPR for lignocellulose-derived bioproducts. In
particular, we know of no reports of liquid–liquid extraction,
distillation, gas stripping, membrane separation, and adsorp-
tion which implement ISPR in the presence of lignin-rich
slurries that arise from lignocellulose processing.

ISPR for the production of organic acids appears to be
especially beneficial, because it not only increases the micro-
organism productivity and yield, but also autoregulates the
fermenter pH85,86 and can eliminate the need for the expensive
salt breaking step described above. In situ separation of carboxylic
acids has typically been studied with LLE using organic phase
extractants like trioctylamine (TOA) and trioctylphosphine oxide
(TOPO) or Cyanex (a commercially available liquid mixture of
various chain length hydrocarbons attached to a phosphine oxide
group). These extractants are often dissolved in a hydrophobic
diluent (e.g., mineral oil).300,301 These extractants selectively
remove carboxylic acids through either an acid–base interaction
as with TOA or hydrogen bonding to the carboxylic acid as with
TOPO.300,301 However, due to the toxicity of these extractants,
fermentation systems are designed to mitigate leakage of the
organic phase into the aqueous medium of the fermentation
vessel. These fermentation systems can be either free cell cultures
or immobilized cultures where the broth is circulated in an
external loop and contacts the organic phase through a
membrane contacting unit and extraction of the carboxylic
acids is achieved through perstraction.302 The broth side of
the membrane is often held at a slightly higher pressure
(BD10 psi) than the organic side, mitigating crossover of the
extractant into the fermentation vessel. The free acid is then
separated from the organic phase through a stripping opera-
tion. For lower boiling acids (e.g., acetic acid, propionic acid,
and butyric acid) distillation is used to directly recover the free
acid and regenerate the organic extractant303 in the so called
Hybrid Extractive Distillation–In Situ Product Recovery
(HED-ISPR) system (Fig. 11). The energy footprint of HED-
ISRP systems has been shown to be o20% of the higher heating
value for volatile fatty acids, provided more than B4 wt% of the
target product is present in the organic phase.301,304

Biologically produced esters can be separated in a similar
way but using extractants, such as oleyl alcohol and mineral oil.
Work has shown that HED-ISPR is especially effective for direct
ester separation requiring B30 fold less energy than conven-
tional gas stripping ISPR and 3.6� less energy than the
HED-ISPR of the carboxylic acid counterparts. Implementation
of the HED-ISPR concept would very likely require S/L separation
in advance of fermentation.

For non-volatile acids (e.g., succinic acid, itaconic acid, fumaric
acid) the free acids are extracted into a TOA organic phase that
contains B20 wt% water. The acids are then recovered through
evaporative dehydration of the organic phase, resulting in preci-
pitation of the crystalized acid.305,306 Water is then recombined
with TOA to regenerate the organic extractant.

As described above, ISPR allows decoupling of aqueous
product concentration from DSP, allowing greater volumetric
productivity and alleviating end product toxicity limitations.
However, ISPR involves a tradeoff between lowered fermenter
costs on the one hand and increased process complexity on the
other hand. This approach has promise and will likely be
necessary for some conversions to be practical. However, there
are few examples from industry, and constraints imposed by
process considerations will be important in determining what
gets deployed.

Status

Currently, ethanol is the only commodity scale fuel produced by
fermentation. This is largely enabled by its ease of separation
from fermentation broth. Specifically, ethanol’s high volatility
and titers enable energy efficient recovery by distillation without
solids removal. Emerging biomolecules such as butanediol and
carboxylic acids that could be used as diesel and aviation fuel
precursors are being produced at high titers, near that of
ethanol. However, these intermediates are used today in higher
value applications such as renewable polymers and fibers.
Industrial separation processes employed for these applications
are focused on meeting high purity requirements.

Challenges and opportunities

For C2 to C4 alcohols and other compounds with similar
relative volatility differences compared to water, distillation is
a satisfactory separation method with generally practical costs
and energy requirements. However, opportunities for alterna-
tive separation processes exist that outperform or complement
distillation. At titers realized thus far, bioproducts other than
ethanol, diols, and carboxylic acids likely require ISPR to avoid
bioreactor costs that are prohibitively high for bulk fuel appli-
cations. ISPR is applied commercially in the presence of solids
for volatile compounds produced from corn. ISPR for processes
based on lignocellulose represents an important frontier with
few studies reported thus far. Technologies and process con-
figurations that enable ISPR for compounds that are not
practical to recover by distillation or volatility are particularly
challenging, especially in the presence of solids, but could
substantially expand the range of biomolecules useful for fuel
applications if advances were made. Using ISPR to realize

Fig. 11 HED-ISPR system diagram with an external loop for recovery of
light carboxylic acids. Broth is continuously pumped from the bioreactor
into a cell and debris retention device. Cell-free permeate is then passed
through a hollow fiber membrane contactor that provides high surface area
contact between the aqueous phase and the phosphine oxide extractant
(Cyanex). Acids are removed from the Cyanex phase by flashing and the
overhead vapor is sent to a 4-stage polishing column to recover neat acids.
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benefits beyond enhancement of volumetric productivity, for
example in the case of pH regulation and avoiding of salt
breaking in organic acid recovery, is also an emergent area.

VI. Post-biological catalytic processing

Substitutes and blend stocks for gasoline, diesel, jet, and
marine fuels will be required for renewable biofuels to make a
meaningful impact across the entire transportation sector.
Current fuels exhibit a wide range of physical, chemical, and
thermal properties (vide supra), and replacement biofuels for
existing infrastructure must exhibit characteristics concomitant
with current fuel and engine property requirements, although
they need not necessarily be exact molecular replicates of
today’s petroleum-derived transportation fuels.307 Given that
anaerobic fermentation products that can be obtained at high
titers, rates, and yields via atom-efficient metabolic pathways
typically range from C2 to C6 in carbon number, many of these
compounds do not directly exhibit the necessary fuel properties,
especially for jet, diesel, and maritime fuels or blend stocks.
Accordingly, chemo-catalytic transformation of fermentation-
derived products or product mixtures often merits considera-
tion to expand the range of fuel molecules that can be produced
from fermentation-derived intermediates. In nearly all cases,
the primary reactions that must be catalyzed involve some form
of deoxygenation (e.g., dehydration, decarboxylation) and car-
bon–carbon bond coupling (e.g., oligomerization, condensation,
alkylation, ketonization) to form higher molecular weight com-
pounds or fuel additives and to enhance energy density.308

Fig. 12 provides a summary of these transformations, each of
which is discussed in turn in this section.

Alcohol upgrading

Perhaps the most prevalent chemo-catalytic approach that has
been studied for decades is alcohol dehydration and oligomer-
ization to hydrocarbons, most often with ethanol, n-butanol,

and isobutanol, all of which can be derived from anaerobic
fermentation. Several examples of catalytic upgrading of etha-
nol and butanol to hydrocarbon fuels, especially to jet fuel and
gasoline, are being scaled now.309–311 Dehydration of ethanol to
ethylene is an industrial process that utilizes g-Al2O3 at tem-
peratures 4300 1C and atmospheric pressure. Other classes of
solid acids are also highly active for alcohol dehydration,
including zeolites, metal oxides, and heteropolyacids. Near
quantitative yields of ethylene have been demonstrated over
modified HZSM-5 at 260 1C,312 and alcohol dehydration can
occur in the presence of water at high yields, albeit at elevated
temperatures to avoid inhibition.313,314

Following dehydration, olefins can undergo oligomerization
to increase their chain length to be suitable for blending into
gasoline, diesel, or jet fuel. Oligomerization of C2–C3 olefins is
an industrial process that employs both homogenous and
heterogeneous catalysts to steer product distributions.315,316

A large body of work has also been conducted to examine the
oligomerization of C4–C6 olefins derived from biomass conver-
sion processes.317–319 For fuels, conversion conditions and
catalyst formulations must be tailored to achieve the target
chain length, branching, and degree of aromaticity. Highly
linear oligomers are desirable for diesel fuels due to their high
cetane numbers, while branched oligomers are desirable for
gasoline and aviation fuels due to their low-temperature per-
formance. Following oligomerization, a final hydrogenation
step is often necessary to remove olefins in the finished fuel
(Scheme 1).

To intensify the conversion of alcohols to hydrocarbon fuels,
efforts have focused on integrating dehydration and oligomer-
ization reactions over a common catalyst (Scheme 2).320 Direct
alcohol-to-hydrocarbon conversions can be challenging to con-
trol due to the greater range of potential products, undesirable
formation of light hydrocarbons, and catalyst coke formation.
Additionally, reduction power may be needed to maximize
aliphatic hydrocarbon yields (over aromatic compounds and
coke), and catalysts must be active and durable in the presence
of water and impurities. The cost of catalytic conversion of wet
ethanol vapor to hydrocarbon blendstocks has been estimated to
be comparable to that for purification to anhydrous ethanol.321

Fig. 12 Chemo-catalytic pathways to upgrade anaerobic fermentation
products into oxygenated and hydrocarbon fuels.

Scheme 1 Olefin oligomerization of ethene and butene with subsequent
hydrogenation.

Scheme 2 Direct catalytic conversion of ethanol to hydrocarbons.

Energy & Environmental Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 3
:4

7:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee02540f


This journal is © The Royal Society of Chemistry 2022 Energy Environ. Sci., 2022, 15, 938–990 |  963

With regard to oxygenated fuel products, short chain alcohols
can be catalytically converted to long chain alcohols to improve
their blendability and energy density. The Guerbet reaction
has received increased interest for converting ethanol into
n-butanol via one-pot dehydrogenation, aldol condensation,
and re-hydrogenation (Scheme 3).322–324 The Guerbet reaction
is facilitated by acid–base redox catalysts at moderate temperatures
(200 to 300 1C), but control is required to minimize further
coupling reactions of reactive intermediates that form long chain
branched alcohols. Although ethanol has been the primary alcohol
of interest, the Guerbet reaction also works well for coupling
longer chain primary alcohols.325

Esters and ethers are another class of alcohol-derived products
that can be added to gasoline and diesel fuel to improve combus-
tion performance. Ethyl acetate is an exemplary ester that can be
produced industrially from ethanol dehydrogenation over copper
chromite catalysts (Scheme 4). The reaction takes place at 220–
240 1C and 20 bar with high selectivity (99% at 65% conversion)
and produces hydrogen that be reclaimed.245 Ethyl acetate is
hydrophobic, which improves its blending properties, and it has
a higher RON than ethanol.

Ethers are advantageous oxygenated additives for diesel fuel
that have high cetane numbers (DEE 85–96, DBE B100) and
enhance low temperature ignition and emission profiles.106

Etherification of alcohols can occur in the gas or liquid phase
at moderate temperatures (180 to 220 1C) and result in high
yields by tuning the acidity and reaction conditions of alcohol
dehydration catalysts (Scheme 5).326–329

Mixed alcohol and ketone upgrading

In addition to mono-alcohols, mixed acetone, butanol, and
ethanol (ABE) streams can afford additional chemocatalytic path-
ways for producing fuel precursors. As shown in Scheme 3, mixed
alcohols can undergo the Guebert reaction to extend their carbon
chain lengths as well as produce branched alcohols through
aldehyde condensation side reactions.330 When acetone is added
to alcohols, alkylation can occur to form longer chain methyl

ketones with no carbon loss or external hydrogen addition
(Scheme 6). Alkylations are promoted by heterogeneous basic
oxide catalysts at moderate temperature (250 1C) in near quanti-
tative yield.330–332 This reaction is sensitive to water over basic
oxide catalysts,331 although tailored homogenous catalysts have
been successfully applied.333 Alkylation can also be performed
with mixtures of isopropanol and acetone, which are produced by
strains during the biological production of isopropanol.334

Methyl ketones, in the form of either acetone or longer chain
ketones derived from alkylation, are powerful coupling agents that
readily undergo aldol condensation over basic oxide catalysts.
Condensation couples molecules with no loss of carbon and
removes oxygen as water. Furthermore, sequential dimer and
trimer reactions can produce ring-closed products that are well
suited for hydrodeoxygenation to saturated cyclic hydrocarbons
for aviation fuels (Scheme 7).332 Similar to alkylation, condensa-
tion is sensitive to water over heterogeneous oxides.335 In
addition, care must be taken to ensure that coupling retains
the terminal ketone position, as central ketones are far less
reactive for condensation coupling.

Carboxylic acid upgrading

Carboxylates are another class of anaerobic fermentation products
that often range in chain length from C2 to C6. Although challenging
to separate by conventional distillation, carboxylates can enable
multiple chemo-catalytic transformations to produce either partially
oxygenated fuel or fully deoxygenated fuel blendstocks. Direct
reduction of aliphatic acids to alcohols can be performed in the
gas or condensed phase, which typically requires high hydrogen
pressures (4500 psi) and moderate temperatures (o200 1C) over
precious metal catalysts;313,336,337 however, non-precious metals have
proven to be effective as well. Of note, the reduction of longer
chain acids in water, such as hexanoic acid (Scheme 8), can
potentially enable the formation of phase-separating alcohols to
integrate catalytic conversion and separation.

Scheme 3 Guerbet reaction to convert ethanol to n-butanol.

Scheme 4 Ethanol dehydrogenation to ethyl acetate.

Scheme 5 Alcohol partial dehydration to ethers.

Scheme 6 Butanol and acetone alkylation to form 2-heptanone.

Scheme 7 Acetone condensation to form dimers and trimers, followed
by HDO to produce naphthene suitable for jet fuel blending.

Scheme 8 Hexanoic acid reduction to hexanol.
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The resulting alcohols are amenable to the same catalytic
conversion pathways shown above (Schemes 1–5), but they may
also react with unconverted carboxylic acids to form esters
(Scheme 9). As noted with ethyl acetate (Scheme 4), short chain
esters can display high RONs and serve as oxygenated gasoline
fuel additives. Multiple studies have examined carboxylate
esterification with butanol due to the biphasic reaction system
that results with water. Ester reactions can occur at mild
temperatures (o120 1C) in near quantitative yields over acid
resin catalysts. Reactions with butanol have been studied with
acetic acid, propionic acid,338 and butyric acid.339

To extend the chain length of carboxylic acids, catalytic
ketonization can couple two carboxylic acids to produce a
ketone with one carbon less than the acid pair, while forming
one mole of CO2 as a byproduct (Scheme 10). Although not
atom efficient for coupling shorter chain acids, medium chain
acids can be converted to longer chain hydrophobic ketones
with high selectivity and yields greater than 95%.340–342 Keto-
nization commonly takes place over amphoteric oxides at high
temperatures (350–425 1C) and atmospheric pressure in the
vapor phase. Alternatively, recent studies have investigated
ketonization in the condensed aqueous phase, although water
significantly inhibits the reaction yield.343,344

Following ketonization, multiple routes are accessible for
converting ketones to hydrocarbon and oxygenated fuels.
Ketones can be selectively reduced to alcohols in near quanti-
tative yields at moderate temperatures and high hydrogen
pressures over Ru/C catalysts (4500 psig).345 Ketones can also
react with alcohols to form branched ethers that display
similarly advantageous oxygenated fuel properties to linear
ethers.270 Alternatively, full deoxygenation of ketones can occur
over precious metal and non-precious metal catalysts to produce
linear hydrocarbons suitable as heavy duty ground transportation
and aviation fuel blendstocks, depending on the ketone chain
length.341,346,347 Lastly, methyl ketones can readily undergo
condensation dimer and trimer reactions to further extend their
chain length,332 similar to the exemplary acetone pathway
shown in Scheme 7.

Status

Both ethanol dehydration to ethylene and ethylene oligomer-
ization to long chain hydrocarbons are processes that have

been implemented at the industrial scale separately. Several
green ethylene facilities using ethanol from first generation
biorefineries are currently under operation at the hundreds of
ktons per year scale. For example, Braskem in Brazil is set to
expand its current ethylene production capacity from 200 to
260 ktons per year by the end of 2022. Although no large-scale
facilities currently produce mid-distillate fuels directly from
ethanol, several demonstration projects are underway, includ-
ing LanzaJet’s efforts to convert ethanol into sustainable avia-
tion fuel in an alcohol-to-jet facility at the Freedom Pines Fuels
biorefinery at a capacity of 10 million gallons per year.

Challenges and opportunities

To facilitate industrial-scale catalytic transformations, robust
and tailored catalyst materials are needed to withstand the unique
process challenges of anaerobically derived intermediates. For gas
phase conversions, bifunctional dehydration and oligomerization
catalysts are needed that can selectively produce target fuel classes,
while withstanding volatile impurities, water, and coking.310,348

For condensed phase reactions, the water tolerance of heteroge-
neous metal oxides remains a challenge,335,349 as well as transi-
tioning from model to complex fermentation substrates that
contain residual organics and salts that can foul and deactivate
catalysts.273,350,351 Supported catalysts used in condensed phase
media are particularly susceptible to active site leaching, which
represents an irreversible and costly mode of deactivation further
exacerbated by the chelating abilities of oxygenates.352,353 Ulti-
mately, hybrid biological and chemo-catalytic process scenarios
will rely fundamentally on cost-effective separations and robust
catalysts for subsequent upgrading, typically in the condensed
phase – which represents a substantial departure from most
petroleum-based chemical catalyses.363 However, many oppor-
tunities for creative catalyst and process development in this
area remain. These opportunities include, and indeed necessi-
tate, the design and testing of realistic catalyst systems that
must be able to operate for extended time on-stream (thousands
of hours of operation).

With regard to active site design, the molecular tunability of
homogenous catalysts offers promising directions for further
development to improve activity and selectivity, although cost
effective recovery strategies must be integrated into design.354,355

Likewise, the increased tunability of heterogeneous catalyst
materials to facilitate tailored pore geometries, specified metal–
support interactions, cascade chemistries, and robust active site
anchoring strategies holds promise for advancing the conversion
of anaerobic intermediates.356–358 Finally, unresolved questions
remain regarding the mechanism of key transformations359–361

that require insight to improve rational catalyst design to use
novel materials beyond the laboratory.362 New strategies for
catalyst design must be hand in hand with process intensification
approaches, including the use of membrane reactors, reactive
distillation, and continuous manufacturing, to maximize
efficiency.

As the cost of renewable electricity continues to decrease
with the sustained growth of the solar and wind sectors, there
will be opportunities for ‘‘green’’ electrons to play increasingly

Scheme 9 Acetic acid esterification with butanol.

Scheme 10 Hexanoic acid ketonization to form 6-undecanone.
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central roles in the manufacture of chemicals and fuels at the
biorefinery. The past two decades have seen an explosion
of research activity that has generated several important funda-
mental advances in photoelectrochemical water splitting for
the production of CO2-free H2. While renewable hydrogen is
still 3–4 times more expensive than that obtained from tradi-
tional methane steam reforming, competitive prices could
materialize in the short- to mid-term horizons. This opens
promising future opportunities for the development of hybrid
bioelectrocatalytic reactors to couple processes that generally
would require separate vessels. A standout example is the use of
bioelectrochemical reactors as an alternative to sparging
H2 and O2 gases for growing chemolithoautotrophic micro-
organisms that produce oxygenates from CO2 metabolism. By
coupling electrochemical water splitting (for H2 production)
with CO2 fixation, hybrid inorganic-biological systems can
feature growth rates, carbon yields, and energy efficiencies with
potential to drastically exceed those of the state-of-the-art.364,365

Unlike most thermochemical upgrading schemes, electro-
chemistry and photocatalysis offer unique opportunities to
carry out these reactions under low temperature and pressure
conditions. However, while our understanding of how to use
solar photons to generate energetic electron/hole carriers to
drive redox-based catalysis is advanced, the science of efficient
direct activation of oxygenated intermediates for chemoselective
C–C bond formation remains nascent. This challenge is inter-
twined with the related challenges of selective electron–proton
and oxide transfer toward C–O and C–H bond activation with
control over key kinetic branchpoints across complex reaction
cascade networks. The formation of liquid fuels from bioderived
intermediates requires the coupling of large numbers of protons
and electrons with bond forming and bond breaking reactions.
This myriad of conditions presents the imperative for develop-
ing reaction cascades wherein each individual step is performed
under ideal operating environments and presents the basic
science challenge of how to integrate photo-state excited states,
redox carriers, hydrogen activation, phase transfer catalysts,
hydrides, and carbanions, between disparate reaction micro-
environments in ways that provide for flux balance, kinetic
coupling, rapid equilibration, and selective transport. Once
direct photo-electrochemical activation is better understood,
one can envision an expanded role of solar photons in their
coupling to lower the activation barriers for forming reactive
intermediates along liquid fuel reaction cascades.

VII. Fuel utility

On-vehicle energy storage, vehicles, and infrastructure have
had a dynamic relationship in the past, with each changing
in response to developments in the other two. This can con-
fidently be expected to continue in the future, for example to
accommodate the expanded use of batteries and hydrogen in
transport applications. Changes in vehicles and infrastructure
in response to emergent biofuels are conceivable, and in
general far smaller than the changes required for batteries

or hydrogen. The extent to which such changes are considered
will, however, depend on the extent to which biofuels are able
to offer scalable benefits compared to the status quo in terms of
price, performance, and social and environmental externalities.
Other things being equal, fuels that require less change in
vehicles and infrastructure will gain market acceptance more
rapidly.

To make an impact on transport energy supply, biofuels
must be suitable for use in one or more transport modes and
the engines that power them. These include light duty transport
powered by spark-ignited (SI) or compression-ignited (CI)
engines, heavy-duty transport and equipment, freight rail,
and ocean shipping – all of which are powered by CI engines,
and aviation, powered primarily by jet fuel burned in gas
turbines. Responsive to the different requirements of these
applications, current fuels exhibit a wide range of physical,
chemical, and thermal properties. Biofuels must exhibit prop-
erties suitable for use in these applications, although they need
not necessarily be exact molecular replicates of today’s petroleum-
derived transportation fuels.307,366–368 Fuel standards, for example
ASTM and CEN standards, provide a basis to determine such
suitability. Today, biofuels are most used as low-level blends in
petroleum refinery fuels. Gasoline containing from zero to 15
volume percent (vol%) ethanol is described in terms of fuel
properties by ASTM standard D4814 and diesel containing up to
5 vol% biodiesel is described by the properties in ASTM standard
D975. Oxygenates are not allowed in jet fuel and alternative jet fuel
blendstocks – which in some cases are biofuels – are referred to as
synthesized hydrocarbons. The properties of currently allowed
materials that can be blended at up to 50 vol% in some cases
are described in ASTM standard D7566; however, the final blend
with petroleum-derived jet fuel must meet the jet fuel standard,
ASTM D1655.

A new fuel would be most easily introduced into the market
if it meets the same property requirements applied to these
conventional fuels – whether used as a blend or in its pure form.
Blends containing higher levels of the new fuel or oxygenate
such as ethanol contents of 51 vol% or higher, or biodiesel over
5 vol% to 20 vol%, exhibit different properties than their
petroleum-derived counterparts and therefore have their own
ASTM standards (D5798 and D7467, respectively). Fuel proper-
ties arise from the molecular structure of the molecule or
molecules that make up the fuel. However, many of the most
important fuel properties are measured using performance tests
developed many years ago and for which detailed structure–
property relationships are only qualitatively understood.

Property requirements

Table 5 lists some of the most important properties from the
ASTM standards for gasoline, diesel, and jet fuels. These properties
were chosen because they are embodied in the molecular structure
of the fuel. Properties not included in Table 5 include those that
limit impurities, such as sulfur and chloride, as these are
primarily functions of the production process. Certain other
property requirements are commonly addressed using fuel
additives – compounds added at typically 10 to 100 ppm levels.
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Examples include lubricity and electrical conductivity, which
are also not included in Table 5.

Boiling point

A proposed fuel’s boiling point must be in the designated range for
proper engine operation. For wide boiling point mixtures such as
petroleum-derived fuels, the boiling point distribution (known as
the distillation curve) is described in terms of the temperature for a
certain volume percent of the fuel to evaporate (for example, T50 is
the temperature where 50 volume percent of a fuel has evaporated).
Boiling points defining the low end of the acceptable range in
Table 5 are approximate as the most highly volatile components in
fuels are limited by vapor pressure (for gasoline) or the flashpoint
(for diesel or jet fuel) rather than the boiling point. The upper
boiling point limits are hard limits, and the most desirable biofuels
would likely boil well below these upper limits to allow blending at
high levels, or must meet these limits for neat biofuels.

For SI engines fueled with gasoline, the T90 and final boiling
point are limited to prevent introduction of fuel components that
do not evaporate, mix with air, and burn, and instead are swept
into the engine lubricant causing degraded lubricant perfor-
mance or emitted into the air. T90 is limited to 185 1C and the
final boiling point to 225 1C for this purpose, and a single
component blendstock should boil well below the T90 limit if
it is to be blended at significant percentages. A recent study367

that screened many biofuel candidates for suitability as gasoline
components applied a maximum boiling point of 165 1C in an
effort to accommodate blends up to 30 vol%. Many bio-derived
components meeting this T90 limit were identified, including C1
to C5 alcohols, a broad range of esters and ketones, diisobuty-
lene, and a mixture of 2-methyl and 2,5-dimethyl furans. There
are several examples of materials proposed for use in gasoline
that were ultimately found unworkable because of their high
boiling point. For example, 2-phenylethanol has been discussed
as a biofuel,243,369,370 and appears to have a high octane number,
suggesting that it be used in gasoline.368 However, it boils at
218 1C – well above the T90 limit for gasoline – and was found to
not completely evaporate and burn, accumulating in the engine
lubricant in a recent study.371 A similar example372 is ethyl
levulinate, also predicted to have a very high octane number,
but boiling at 206 1C. High boiling gasoline components can also
contribute to particulate matter emissions.288

Diesel fuel is limited to a T90 of 338 1C to prevent introduction
of difficult to vaporize components that could lead to engine
operational issues such as lubricant dilution or in-cylinder
carbon deposits. As for gasoline, single component blendstocks
should boil well below these T90 and end point limits. An
interesting example is fatty acid methyl ester biodiesel, a mixture
of several esters produced from fats and oils that boil between
330 1C and 357 1C. When blended into diesel fuel, the high
boiling range of biodiesel can cause fuels to fail the 338 1C T90
limit, which is one of the reasons that conventional diesel fuels
are limited to containing no more than 5 vol% biodiesel. Blends
of 6 vol% to 20 vol% biodiesel are considered alternative fuels
and have a separate ASTM standard (D7467) that limits T90 to
343 1C. Experience has shown that for biodiesel blends – but not
necessarily for any other fuels – this higher allowable T90 does
not cause operational problems. While 100% biodiesel is some-
times used, it is not approved by any diesel engine manufacturers
today and one potential issue is its high boiling point. Changes to
engine designs to accommodate higher boiling point fuels are
possible and could be considered in the future if fuel benefits
were seen to outweigh costs.

Jet fuel has a T10 limit of 205 1C, which ensures the fuel is
volatile enough for ease of starting, and a final boiling point
upper limit of 300 1C to exclude difficult to vaporize materials.
The distillation curve is also correlated with fuel performance at
critical jet engine operating points (lean blowout, cold start, and
altitude relight373). Therefore, for synthesized hydrocarbons
there are typically additional requirements to ensure that the
fuel is not a narrow boiling point range material that would
cause a dramatic shift in the distillation curve if blended at high
levels. For example, synthetic blending components made from
the Fischer–Tropsch process or via hydroprocessing of fats and
oils have the additional requirement that the difference between
T90 and T10 be 22 1C or higher. These components are allowed
at up to 50 vol%. In contrast, farnesane (referred to as Synthe-
sized Iso-Paraffins from Hydroprocessed Fermented Sugars) is
only allowed at 10 vol% because it is a pure compound or a
mixture of isomers that boil over a very narrow range.

Vapor pressure and flashpoint

Gasoline must have adequate vapor pressure for starting the
engine.374 An adequately high vapor pressure is also necessary

Table 5 Critical fuel properties for gasoline, diesel, and jet applications

Gasoline Diesel Jet

ASTM standard D4814a (D02 Committee, n.d.) D975b (D02 Committee, n.d.) D1655c and D4054 (D02 Committee, n.d.)
Boiling point 60–185 1C 150–338 1C 150–300 1C
Vapor pressure
or flashpoint

Approximately 40–100 kPa at 37.8 1C 438 1C winter 438 1C
452 1C summer

Freezing point/fluidity o�10 1C or soluble in hydrocarbons o�10 1C or soluble in
hydrocarbons

Freezing point o�40 1C/viscosity
at �20 1C r 8 mm2 s�1

Combustion Research octane number Z91 Cetane number Z40 Smoke point Z25 mm
35 r cetane number r 60

Stability 240 min D525 — D3241
Composition Benzene o0.62 vol% — Aromatics o25 vol%
Density/heat of
combustion

— — 775–840 kg m�3

442.8 MJ kg�1
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from a safety perspective to ensure that the vapor space in a
tank of fuel is too fuel rich to be ignited. However, if the vapor
pressure is too high, vapor lock issues can occur in warm
weather,374 and fuel evaporative emissions can exceed regula-
tory limits.375 ASTM and CEN standards vary the allowable
maximum vapor pressure seasonally and geographically to
allow higher vapor pressures in colder weather, but limit vapor
pressures in warmer weather to meet vapor lock and environ-
mental requirements. The example of ethanol blending into
gasoline is instructive. Ethanol forms highly non-ideal solu-
tions with gasoline (does not follow Raoult’s law).375 The vapor
pressure of pure ethanol is approximately 10 kPa at 38 1C (the
temperature used by the ASTM for gasoline vapor pressure
measurements), while gasoline for use in the summer months
is limited to a maximum vapor pressure of 62 kPa in the United
States. If ethanol blended ideally, blending would lower the
final blend vapor pressure, but in fact the opposite happens
and blending of 5 vol% to 30 vol% ethanol will typically
increase the finished gasoline vapor pressure by 10 kPa. Only
at higher blend levels, above 50 vol%, does ethanol cause the
vapor pressure to be reduced. In contrast, use of 100% ethanol
in place of gasoline is not workable because of its very low vapor
pressure in its pure form, making it difficult to start the engine.
This is the reason that the fuel known as E85 was developed.
Originally, this fuel consisted of 85 vol% fuel grade ethanol
(containing 5 vol% hydrocarbon denaturant) to which was
added 15 vol% of a high vapor pressure gasoline. Today, so-
called E85 can contain 51 vol% to 83 vol% chemical ethanol,
with gasoline added at the volume needed to meet the mini-
mum vapor pressure requirements of the ASTM D5798 stan-
dard. Note that E85 requires that vehicles be specifically
designed to tolerate the higher ethanol content. These are
known as flex-fuel vehicles and can run on any blend of ethanol
from zero to 83 vol%. Other potential fuels have been shown to
blend non-ideally to a greater or lesser extent than ethanol,
including methanol, 1-propanol, 2-propanol, and methyl
acetate.367 Isobutanol has been widely discussed as a more
suitable gasoline blend component than ethanol because it
blends much more ideally, causing a reduction in the finished
fuel vapor pressure. Other C4 and C5 alcohols, various esters
and ketones, alkyl furans, and diisobutylene are also shown to
blend relatively ideally with gasoline. A list of potentially bio-
derived molecules and mixtures that could function as gasoline
blendstocks is shown in Table 6.

For safe handling of diesel and jet fuel the flashpoint must
be above the limits in Table 5, which limits the amount of
highly volatile components and ensures that the vapor space in
a tank of fuel is too fuel lean to be ignited. Ethanol–diesel
blends are an example of a poor match between a biofuel’s
vapor pressure or flashpoint and the required fuel properties.
In its pure form, the flashpoint of ethanol is 13 1C. Because
ethanol is not very soluble in diesel fuel, surfactants are used to
form an emulsion (other additives are required to increase
the cetane number and improve lubricity). An ethanol–diesel
emulsion has a flashpoint in the 13 to 20 1C range for
nominally 10% blends.376 At this level of flashpoint, the vapor

space above the fuel in a vehicle tank is an ignitable mixture under
normal ambient conditions, creating an extreme safety hazard.

Fluidity

It is important for liquid fuels and fuel components to remain
liquid under ambient conditions where they are handled and
blended, as well as under conditions of use whether in high
altitude aviation applications or cold wintertime temperatures.
This places a maximum value on the freezing point and the
temperature where a fuel component can crystallize out of a
blend (cloud point). For gasoline and diesel there are no
specific standard requirements for low temperature fluidity
other than that the finished fuel be fit for use in the local
environment – and for gasoline boiling range hydrocarbons’
freezing points are so low that this is not an issue. However,
certain oxygenates may come out of the gasoline solution at low
temperatures and form a separate liquid phase,368 and this
phase separation temperature should be below the temperature
anticipated for fuel use. Cold temperature fluidity and phase
stability are more important for diesel fuels where the cloud
point of market fuels can vary seasonally from 5 1C to �40 1C.
Oxygenate components can also exhibit the formation of a
separate liquid phase at cold temperatures, as has been
reported for diesel blends with ethyl levulinate.372 The value
of �10 1C maximum listed in Table 5 is meant to ensure that a
bioblendstock is liquid in a terminal handling environment
and would have a reasonably large wintertime market; however,
much lower freezing point levels may be needed for blending of
diesel fuels to be used in the coldest wintertime areas.

For hydrocarbon fuels, n-alkanes crystallize at the highest
temperatures. For example, the enthalpy of fusion for n-alkanes is
36 kJ mol�1 for dodecane and increases with chain length. In
comparison, the enthalpy of fusion for C10 isoalkanes, cycloalkanes,
and aromatics is below 20 kJ mol�1.377 However, crystallization also
depends on the composition of the non-crystallizing components of
the solution in complex ways.378 The presence of polar oxygen
functional groups on an alkyl chain increases the freezing point
and reduces solubility (note the following melting points, dodecane:
�9.6 1C, 2-dodecanone: 20 1C, dodecanol: 24 1C, dodecanoic acid:
43.2 1C), while the less polar ester group can have little effect
(methyl undecanoate: �10 1C). In some cases impurities rather
than the primary biofuel component can cause cold weather
operational issues.379 This has been the case for biodiesel – of
which over 6 billion liters are consumed annually in the United
States. Saturated monoglycerides are a common impurity in
biodiesel, and have been implicated as the cause of widely
reported cold weather issues that occurred early in biodiesel’s
introduction.380,381 These issues have largely been eliminated
today by changes to biodiesel ASTM standard requirements and
production processes.

Fluidity at cold temperatures is also critical for jet fuel,
which is required to meet a maximum freezing point limit of
�40 1C (Jet A grade). The cloud point is measured by cooling
the sample from room temperature and measuring the tem-
perature where crystals first appear. The freezing point is
measured with the opposite approach; the sample is frozen
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and then heated until all crystals disappear. Freezing points are
typically a few degrees higher than cloud points for hydrocar-
bon fuels, and so more conservative from the standpoint of low-
temperature operability of the fuel. The Federal Aviation

Administration and ASTM have approved seven synthesized
hydrocarbon blendstocks for use in jet fuel. All must meet the
�40 1C freezing point requirement, except for farnesane, which
has a �60 1C freezing point requirement. Additionally, for jet

Table 6 Examples of potential biologically produced gasoline, diesel, and jet components

Fuel application Candidate biologically-derived molecules

Spark-ignition engine
fuels (gasoline)

Alcohols
Methanol
Ethanol
n-Propanol
2-Propanol
1-Butanol
2-Butanol
2-Methylpropan-1-ol (isobutanol)
2-Methyl-1-butanol
2-Pentanol
Prenol (3-methyl-2-buten-1-ol)
Fusel alcohol mixture (15 vol% ethanol, 55 vol% isobutanol, 5 vol% 2-methylbutan-1-ol,
10 vol% 3-methylbutan-1-ol, 15 vol% 2-phenylethanol)a

Esters
Methylacetate
Methylbutanoate
Methylisobutanoate (2-methylpropanate)
Methylpentanoate
Methyl-2-methylbutanoate
Ethylacetate
Ethylbutanoate
Ethylisobutyrate (2-methylpropanoate)
1-Methylethylacetate (isopropylacetate)
Butylacetate
Isobutylacetate (2-methylpropylacetate)
Isoamylacetate (3-methylbutylacetate)
Ethers
Methoxybenzene (anisole)
Ketones
2-Butanone (methyl ethyl ketone)
2-Pentanone
3-Pentanone
3-Methyl-2-butanone
Cyclopentanone
3-Hexanone
4-Methyl-2-pentanone (methylisobutyl ketone)
2,4-Dimethyl-3-pentanone
Ketone mixture (42.5 wt% 2-pentanone, 11.4 wt% methyl–isobutyl ketone, 30.3 wt% 4-heptanone,
15.8 wt% 2-heptanone)a

Compression ignition
engine fuels (diesel)

2-Nonanol
Butylcyclohexane
Farnesane (2,6,10-trimethyl dodecane)
n-Undecane
5-Ethyl-4-propylnonane (80%)
Hexyl hexanoate
Methyl decanoate
Dibutoxymethane (DBM)
4-Butoxy heptane (95%)
Dipentyl ether
Di-isoamyl ether

Aviation turbine fuels (Jet) Fischer–Tropsch hydroprocessed synthesized paraffinic kerosineb

Synthesized paraffinic kerosine from hydroprocessed esters and fatty acidsb

Farnesane (2,6,10-trimethyl-dodecane)c

Synthesized kerosine with aromatics derived by alkylation of light aromatics from nonpetroleum sourcesb

Alcohol-to-jet synthetic paraffinic keroseneb

Synthesized kerosine from hydrothermal conversion of fatty acid esters and fatty acidsb

Synthesized paraffinic kerosine from hydroprocessed hydrocarbons, esters and fatty acidsc

Menthane (1-methyl-4-propan-2-ylcyclohexane)
Butylcyclohexane

a The example composition can vary with biomass feedstock. b Approved for use in jet fuel at up to 10 vol%. c Approved for use in jet fuel at up to
50 vol%. Fischer–Tropsch derived kerosine does not involve biological process steps but can be produced from biomass.
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fuels it is critical that the viscosity over the operational tem-
perature range not exceed a critical value to ensure pumpability
and a consistent fuel spray pattern. The maximum limit of
8 mm2 s�1 at �20 1C is used to ensure adequate performance.
Approved alternative jet fuel blend components as well as
potential future bio-derived jet components are listed in Table 6.

Combustion

For gasoline and diesel fuel the combustion requirements are
about resistance to autoignition, while for jet fuel both resis-
tance to autoignition and the soot formation tendency are
important. Avoidance of autoignition is critical for SI engines.
In these engines, the fuel–air mixture is ignited by a spark. If
the fuel has inadequate resistance to autoignition, the
unburned mixture (referred to as the end-gas) will autoignite
at some time after the spark but before being consumed in the
spark-initiated flame. This uncontrolled ignition is commonly
referred to as knock and can damage the engine. A minimum
resistance to autoignition is ensured by requiring a minimum
octane number,382 although other fuel properties can also
influence knock resistance.383 In the United States, knock
resistance is ensured by using the average of the research
octane number (RON) and motor octane number (MON) – both
derived from engine tests conducted under slightly different
conditions. Recent studies have shown that the MON is much
less relevant for modern engines298 and a minimum RON of
91 may be considered to be the effective octane number lower
limit. In Europe standard EN 228 requires a minimum RON of
95 and a minimum MON of 85. Future engines may have a
significantly higher RON requirement because of regulations
demanding higher efficiency, which will be achieved by increas-
ing the compression ratio, turbocharging, engine downsizing,
and operation at lower engine speeds.384 These technologies
produce higher end-gas temperatures and pressures or allow
more time for the end-gas to autoignite. Additionally, a RON of
91 for a bioblendstock may not be adequate for blending with
petroleum refinery gasoline blendstock which typically has a
RON of 85 to 87 in the United States because the refinery
blendstock is currently optimized for blending with 10 vol%
ethanol (RON of 109). Many proposed bioblendstock molecules
with RONs above 91 do not adequately increase the RON when
blended into a conventional sub-octane gasoline blendstock.367

Gasoline bioblendstocks with the highest potential to enable
more efficient engine designs exhibit non-linear octane number
blending when combined with petroleum refinery blendstocks.385

This non-linear blending is synergistic in that the final blend RON
is significantly higher than that would be predicted based on the
volume or molar weighted average of the RON values for the
components being blended. A molar blending RON can be defined
for a bioblendstock as shown in eqn (2). This becomes a
normalized molar blending RON if divided by the bioblen-
dstock’s pure component RON – eqn (3). A normalized molar
blending RON is equal to one for linear blending, is greater than
one for synergistic blending, and is less than one for antagonistic
blending. These behaviors are illustrated in Fig. 13 for several
potential bioblendstocks. Synergistic blending is observed for

alcohols, alkyl furans, and olefins, and weakly for ketones. Esters
can show antagonistic blending (methyl and ethyl acetate) or
near linear blending. Synergistic blending is, hypothetically,
caused by the bioblendstock functioning as a radical scavenger
at relatively low temperatures, shutting down the early autoigni-
tion chemistry of the most reactive refinery gasoline components
through chain terminating reactions.386 Given that products of
biomass conversion are frequently oxygenates, it is notable that
several classes of oxygenates are shown to blend synergistically
with refinery hydrocarbons for RONs. The details of non-linear
blending are currently a very active area of research in combus-
tion kinetics.

Molar blending RON ¼ ðRON blend�RON baseÞ
Mole fract blendstock

(2)

Normalized molar blending RON ¼ Molar blending RON

Pure component RON

(3)

For diesel, a high reactivity or low resistance to autoignition is
required. In these engines, the fuel is injected into hot com-
pressed air and must autoignite almost immediately. This is
ensured by requiring a minimum cetane number (CN) of 40 (in
the United States) or 51 (in Europe). The CN and octane number
are in some sense opposites, with high CN materials exhibiting
high reactivity and high-octane number materials exhibiting low
reactivity for autoignition. Molecules with high autoignition
reactivity or high CNs are exemplified by n-hexadecane (cetane)
which defines CN = 100. n-Alkanes with more than five carbon
atoms are highly reactive (n-hexane has a CN of 45) because the
interior methylene C–H bonds are relatively weak and can undergo
hydrogen abstraction by small quantities of OH-radicals that form
in the 550 K to 850 K temperature range, reaction R1 in Scheme 11.
The alkyl radical formed then reacts with oxygen to form an
alkylperoxy radical, reaction R2. The alkylperoxy radical abstracts
a second hydrogen atom from within the same molecule (an
isomerization) via the formation of a 5 to 8 membered ring
transition state (depending on the structure of the molecule) to

Fig. 13 Normalized molar blending RONs for a range of potential bio-
blendstocks blended into a 4-component gasoline surrogate (McCormick
et al. (2017); Monroe et al. (2019)).
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form a hydroperoxy radical, reaction R3. The hydroperoxy radical
then reacts with a second oxygen molecule, reaction R4.

The larger radical species formed in Scheme 11 reaction 4
abstracts a second hydrogen internally, leading to the for-
mation of a ketohydroperoxide and an OH radical, as shown
in Scheme 12 for n-heptane. As the temperatures increases, the
O–O bond in the ketohydroperoxide breaks, producing two
radical species. The overall reaction therefore produces three
radical species (two OH radicals and an oxidized hydrocarbon
radical) and is the primary chain branching process in low-
temperature autoignition – which dominates autoignition in
high CN materials.387

Isoalkanes have less opportunity to undergo this low-temperature
reaction sequence, especially if highly branched, because there
are fewer methylene groups. For example, 2,2,4-trimethylpentane
(isooctane) has very low reactivity and defines RON = 100 on the
octane number scale. Small alkanes such as methane and ethane
are also unable to undergo this reaction sequence. Ethane which
is estimated to have a RON of 115 yet is a gas under ambient
conditions, making it impossible to use in gasoline. Addition of
an OH group to form ethanol slightly reduces the RON to 109 but
creates a liquid that can be blended with conventional gasoline or
used in its neat form. However, other small molecules can be
highly reactive, such as dimethyl ether with a CN of over 55. In
this molecule weak C–H388 bonds lead to peroxyradical formation
and a similar reaction sequence to that shown in reactions
R1–R4.389 Aromatics cannot undergo this low-temperature reac-
tion sequence and so have low reactivity (high RON, low CN).

Note that reactions R2 and R4 in Scheme 11 are reversible
with the forward reaction favored by higher pressure and the
reverse reaction favored at higher temperature. As the tempera-
ture increases further (above 850 K), the reversibility of these
reactions shuts down low-temperature autoignition. At higher
temperatures fuel molecules are consumed by sequential
hydrogen abstractions from OH and HO2 radicals. Above
1000 K, hydrogen peroxide decomposes to produce a large
number of hydroxyl radicals which rapidly begin to consume
the fuel, regardless of molecular structure.387

A wide range of molecular structures can exhibit high CNs,
and in many cases these molecules will have a significant chain
of uninterrupted methylene groups. In a recent study examining
a wide range of potentially biomass-derived structures for their
properties as diesel blendstocks, Fioroni and coworkers390

found examples of ethers, esters, alcohols, cycloalkanes, isoalk-
anes and branched alkanes with adequately high CNs while also
meeting other property requirements. The very high CNs avail-
able from certain ethers are notable. For example, we can
compare undecane with a CN of 71 with dipentyl ether (essen-
tially replacing the central methylene in undecane with oxygen)
and the CN increases to over 100. The presence of oxygen
weakens the adjacent C–H bonds and, combined with the
favorable geometry of ethers for forming a 6-membered ring
transition state, leads to increased reactivity. The case of long
chain alcohols is interesting, as longer chains provide not only
higher CNs (the CNs for 1-octanol, 1-nonanol, and 1-decanol are
39, 46, and 50, respectively) but also higher freezing points
(�16 1C, �6 1C, and 6 1C, respectively) such that none of these
alcohols could simultaneously meet the Table 5 requirements
for the freezing point and CN. Moving of the alcohol group to
the number 2 carbon slightly reduces the CN but dramatically
reduces the melting point, perhaps providing a better pathway
to long-chain alcohol utilization in diesel (a 2-nonanol CN of 40
and a melting point of �36 1C).

A primary negative environmental impact of diesel combus-
tion is the formation of fine particles or soot.391,392 On-road
engines in the United States and many other markets are
required to employ a ceramic particle filter to prevent soot
emissions,393 and the use of particle filters for many off-road
and stationary diesel engine applications is increasing. While
not a property requirement for use as a diesel fuel, oxygenates
in general have been shown to reduce soot formation in diesel
combustion.394 Given that oxygenates are in many respects
more easily produced from biomass than are hydrocarbons, this
benefit of biomass-derived fuels should not be overlooked. Soot
reduction of over 50% has been shown for 100% biodiesel.395

Highly oxygenated polyoxymethylene ethers can be burned in
diesel engines with almost no soot formation.396 For engines
equipped with a particle filter, reduced soot formation in the
engine improves filter performance and reduces pressure drop
and the frequency of filter regeneration, consequently reducing
the fuel economy penalty for filter operation.

Avoidance of soot formation is critical for jet engine operation
because soot increases engine maintenance costs, has negative
effects on engine efficiency by increasing radiant heat transfer397

and has significant environmental and health impacts.398 Soot is
limited by requiring a minimum smoke point (a higher smoke
point indicates a lower sooting fuel). Olefins and aromatics are
higher soot formers than n-alkanes, isoalkanes, and cyclo-
alkanes,399 and the aromatic content also is limited in jet fuels
to control soot formation. With one exception, the forms of
synthesized hydrocarbons currently allowed to be blended into
jet fuels are all isoalkanes, or mixtures of normal and isoalkanes.
Note that alkyl substituted cycloalkanes are considered to be
desirable jet fuel components because of their high specific

Scheme 11 Key reactions in low-temperature autoignition.

Scheme 12 The second isomerization step in the low-temperature auto-
ignition mechanism.387
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energy (MJ kg�1) relative to the minimum requirement shown in
Table 5, and their high energy density (MJ L�1) which provides
economic benefit to the user. As noted, oxygenates typically
reduce the sooting tendency;399 however, oxygenates are not
currently allowed in aviation fuels. The cetane number of alter-
native jet fuel blendstocks must be in the 35 to 60 range. This
ensures adequate reactivity for cold start and high altitude
relight, while also preventing premature ignition under high
temperature, high pressure conditions.

Stability

Fuels should not polymerize or undergo oxidation or thermal
degradation in storage or during handling. Generally, this
eliminates aldehydes because of their tendency to undergo
condensation reactions. Molecules with conjugated double
bonds can undergo Diels–Alder type reactions characteristic
of thermal instability, and molecules with bis-allylic double
bonds have a low energy barrier pathway for hydrogen abstrac-
tion from the central carbon and the formation of a radical that
can react with oxygen, leading to poor oxidation stability.400

Gasoline401 and jet fuel402 have well-established thermal oxidation
stability tests. There are examples of proposed bioblendstocks that
exhibit poor stability in the gasoline stability test, including
2-methyl furan and dimethyl furan, as well as cyclo-
pentanone.367,403 All of the currently approved alternative jet
fuels meet a higher stability requirement than conventional jet
fuel. While stability is also important for diesel fuels, no
accepted standard test for petroleum diesel has been devel-
oped, primarily because petroleum refinery diesel is widely
regarded as stable. Because biodiesel can contain significant
amounts of linoleic and linolenic fatty acid chains, both of
which exhibit bis-allylic double bonds, a stability test was
developed for the biodiesel blendstock and blends.404 Biodiesel
is amenable to the use of antioxidant additives to ensure
adequate stability,405,406 and this may also be true of other
proposed biofuels with potential stability issues.

Other requirements

Jet fuel has additional requirements for density and heat of
combustion to achieve the desired aircraft range. Because
cycloalkanes are denser than normal or branched alkanes, they
are highly desirable components in jet fuel. Recently, a new pre-
screening procedure for potential sustainable aviation fuels has
been published, and identifies surface tension, viscosity, den-
sity, heat of combustion, the flashpoint, the cetane number,
and the freezing point as important for predicting the behavior
of jet fuels under critical jet engine operating conditions.373

Benzene is limited in gasoline because it is a known human
carcinogen. In general, new fuels must have health effects no
greater than conventional fuels and there have been occasional
examples of proposed biofuels with toxicity or other health
issues. For example, g-valerolactone can be made by cellulose
hydrolysis and hydrogenation of the resulting levulinic acid.407

This compound has been proposed as a biofuel and is esti-
mated to have a RON of about 100.408 However, it is listed by
the US Department of Justice as an addictive drug subject to

abuse by ingestion.409 It is a central nervous system depressant
similar to gamma-hydroxybutyrate (gHB). Given these properties,
it may be difficult to commercialize g-valerolactone as a biofuel.

Neat fuels

Most of the discussion of fuel use provided above has described
fuels for the scenario of blending into a petroleum refinery
blendstock. However, to achieve large carbon emission reduc-
tions from the transportation sector – that is, near zero or even
negative net carbon emissions – the blending strategy will likely
have to give way to a strategy of using 100% biofuel or other
low-net carbon fuels. In the market today, there are only a few
examples of the commercial use of 100% (or near 100%)
biofuel. The use of E85 was described above. The vehicles that
can use E85 are referred to as ethanol-tolerant – they are not
optimized to take advantage of the high RON and other properties
of the E85 fuel. Volumes of E85 have remained small in the United
States; however, in Brazil flex-fuel or ethanol tolerant vehicles
dominate the car market and run on fuel containing 20% ethanol,
hydrous (95%) ethanol, or any blend of the two, with ethanol
capturing roughly 50% of the gasoline market. One can imagine a
future where low-net carbon ethanol produced from cellulosic
feedstocks is blended with a high vapor pressure bio-derived
material to meet minimum vapor pressure requirements and used
in vehicles with SI engines optimized for performance and effi-
ciency on the high ethanol blend fuel. Another approach is cars
powered with direct ethanol fuel cells that could run on neat
ethanol or hydrous (95%) ethanol.410 In Brazil, where hydrous
ethanol is already widely distributed, this may be a lower cost path
to decarbonization than electrification – and could potentially also
be applied to heavy-duty vehicles.

Ethanol has also been used in its neat or near-neat form in
compression ignition (diesel) engines. The use of ethanol as a
diesel engine fuel is not an obvious choice because of ethanol’s
very low cetane number (and consequently very high RON).
This is overcome using organo-nitrate fuel additives that
increase fuel reactivity and specially designed engines with very
high compression ratios. Since 1985 the Swedish engine maker
Scania has produced heavy-duty engines designed to run on a
fuel it refers to as ED95.411 This fuel is 95 vol% ethanol with
5 wt% ignition improver additive plus other additives for
lubricity and to increase the flashpoint. In 2015 Scania launched
the fourth generation of their ED95 engine, optimized with
ethanol tolerant materials, fuel injection and combustion cham-
ber geometry specifically designed for the fuel, and a compres-
sion ratio of 28 : 1 (compared to a typical diesel compression
ratio of 17 : 1). Hundreds of vehicles employing this technology
are currently in use, generally by centrally refueled fleets such as
transit buses and industry delivery fleets. A second approach to
use of ethanol in diesel engines is dual fuel combustion.412 This
also requires an optimized engine design that uses port-fuel
injection for ethanol that is pre-mixed with air during the intake
stroke, and direct injection for a small quantity of diesel fuel
that serves as a pilot to ignite the ethanol–air mixture. Results
show high thermal efficiency similar to diesel combustion with
large reductions in soot and NOx emissions. Additional research
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is required to fully optimize engine design for this approach and
to maximize the ethanol energy fraction.

Neat biodiesel (B100) has been used in some applications;
however, because of the relatively high cloud point and boiling
point of B100, this is not common. Engine manufacturers
typically approve the use of blends up to B20, and ongoing
research is examining the properties and performance of
higher blends. A hydrocarbon form of biomass-based diesel,
commonly referred to as renewable diesel (RD), is produced by
hydroprocessing of esters and fatty acids, the same feedstocks
used to make biodiesel. This fuel consists entirely of normal
and iso-paraffins413 and can meet all requirements of the ASTM
D975 standard for diesel fuels. Many engine makers approve the
use of this fuel at 100% (RD100) if it meets this ASTM standard.

None of the synthetic hydrocarbon fuels approved for use in
jet fuel is allowed at more than 50 vol%. However, turbine
engine and air frame makers are committed to moving to 100%
sustainable fuels in the coming decades.414

Experience using neat biofuels (or other forms of low-carbon
fuels) suggests that if these fuels can meet existing ASTM
standards then they could be used in existing engines without
modification – as is the case for RD. Fuels that cannot meet
existing fuel standards may require the development of opti-
mized engines to be used in neat form. This argues for target-
ing products from biomass, in the near-term, that meet current
ASTM standard requirements and will not require a new engine
technology. In the longer term, engines can be developed to
tolerate or even exploit unique properties of biofuels that are
significantly different from the fuels of today. The development
of engine technology specific for a neat (or nearly neat) biofuel
has only been pursued for the case of ethanol, where commercial
production is highly developed, and projections of future produc-
tion volumes are large. If a new biofuel with advantageous
properties in neat form could achieve a similar technology
readiness level to ethanol, the development of dedicated engines
to take advantage of it might become a possibility.

Survey of potential biologically-derived fuel molecules

Careful evaluation of possible production routes of hydrocar-
bon and oxygenated products led to a list of candidate fuel
molecules (those listed in Table 6).

Status

Ethanol is the only widely available commercial biofuel for use
in SI engines and is widely used globally at low to moderate
blend levels in petroleum gasoline. A dramatic expansion in
ethanol production is possible using lignocellulosic biomass,
and vehicles that are at least tolerant of much higher levels of
ethanol have been produced in the United States and currently
dominate the market in Brazil. Two biofuels produced from fats
and oils (RD and biodiesel) are also widely used at low blend
levels in petroleum diesel. But feedstock resources for
expanded production are relatively limited, and fuels produced
from more widely available lignocellulosic biomass will have
different properties, benefits, and limitations. Seven alternative
jet fuel blendstocks have been approved, many of which could

be produced via sustainable pathways. Yet the production
volumes remain relatively small.

Challenges and opportunities

Decarbonization goals require the replacement of high carbon
emitting fuels with low carbon alternatives – even if engines are
not fully optimized for their use. For light duty automobiles a
switch to fully electric powertrains is likely over the next few
decades and can address decarbonization as the electric grid
also expands and decarbonizes. In the interim, expanded use of
low-net carbon ethanol from lignocellulosic biomass could
reduce carbon emissions from existing vehicles and near future
vehicles designed to tolerate high level ethanol blends. As the
fleet electrifies ethanol production facilities could refit to
produce other fuels from their feedstocks, or convert ethanol
to jet and diesel hydrocarbons, for example.415,416

A critical challenge is the development of viable technologies
for decarbonization of larger vehicles such as long-haul trucks,
freight rail, large marine vessels, and aircraft. New biomass derived
diesel fuels will likely exhibit significantly different properties from
the RD and biodiesel that supply these markets today. The
development of new or modified fuel quality standards is likely
to be required. Similarly for aviation fuels, new production path-
ways need to be developed and moved through the relatively
arduous alternative jet fuel blendstock qualification process, and
the yet to be defined neat alternative jet fuel qualification process.

A wide variety of molecular structures is available from
microbial metabolism and subsequent catalytic upgrading.
This opens the opportunity to produce both hydrocarbons and
oxygenated compounds with unique and advantageous properties
not accessible by conventional routes. Advantageous properties
include synergistic octane blending, soot reduction, and higher
volumetric energy content (for cycloalkanes versus branched alkanes
in jet fuel): for example, the extremely high blending octane
numbers of alkyl furans, and polyoxymethylene ethers that elim-
inate soot formation in diesel combustion.367,396 Some researchers
have begun to carefully target molecular structures exhibiting
desirable properties for specific fuel applications. Vardon and
colleagues270,346,347 have described a ‘fuel property first’ design
approach to production of diesel blendstocks with advantageous
properties from short chain carboxylic acids. It is also possible to
imagine engine modifications being made in response to the fuel
molecules that offer economic or other benefits. However, this
would likely require a clearer indication of what these molecules
and benefits are than we have today, together with strong motiva-
tion to adopt new fuel molecules. The main candidate motivation
we see is climate stabilization. Aggressive expansion of biofuels in a
climate-constrained scenario would benefit from and likely require
that GHG emission reductions be reflected in their prices.

VIII. Paths to large scale cellulosic
biofuels

Based on the product surveys presented in Section II (Fig. 2 and 3),
there are seven molecules that are more reduced than
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carbohydrate, produced anaerobically, and have at least one of
the following desirable features: a maximum reported yield of
Z75% stoichiometric, a maximum reported broth titer of
Z40 g L�1, and a boiling point lower than that of water. As
shown in Fig. 14, three of these molecules are monohydroxy
alcohols, three are dihydroxy alcohols, one is an organic acid,
and all seven of these molecules have 4 carbons or less. As the
only product that has all three features, ethanol occupies a
singular space in the bioproduct landscape, is the lowest cost
liquid fuel or fuel intermediate produced biologically today,
and is in our view likely to remain so. Isobutanol is actively
being investigated for fuel applications,296 but is not included
in Fig. 14 because there are no reports in the literature to date
of it being produced in the absence of aeration with yields
above 75%.

Other things being equal, aeration increases the cost of
biological conversion (Section II), and in situ product recovery
increases the cost and complexity of separation (Section V).
Although biological processing in the presence of residual
lignocellulose solids is expected to be less expensive than
removing solids in advance of biological processing (Section
II), both aeration and ISPR are more challenging to implement
in the presence of solids as discussed in Sections II and V
respectively. Nearly all biologically produced molecules with
Z4 carbons produced at more than very low yields and titers
are produced aerobically (Fig. 2 and 3). Increasing the chain
length of candidate fuel molecules with a given R-group is
generally correlated with decreased titers due to either toxicity
or solubility constraints (Section IV).

For multiple compounding reasons, features of small mole-
cules make it less expensive to produce them biologically than
large molecules, and this is particularly true for production
from lignocellulose.

Approaching cellulosic biofuel production from the point of
view of fuel utility rather than biology, the need for biofuels to
achieve climate stabilization can be ranked roughly as follows
based on the unavailability of alternatives: aviation 4 ocean

shipping 4 long-haul trucking 4 light duty vehicles. This
ranking is, however, inversely related to the number of candidate
biologically-produced fuel molecules (Table 6). Moreover, large
fuel molecules are used today, and generally preferred over small
fuel molecules, for the fuel applications for which biofuels are
most likely needed to mitigate climate change.

In consideration of these observations together with the
emergence of battery-powered light duty vehicles over the past
decade, there is a mismatch between the fuel molecules biolo-
gical conversion most readily provides, at least today, and the
fuels humanity would most value obtaining from cellulosic
biomass. Reconciling this gap will be a key determinant of
whether and how biofuels play a large role in enabling a
carbon-neutral transport sector.22

Fig. 15 maps research and development strategies for cellu-
losic biofuel production featuring biological transformations
onto a two-dimensional landscape defined in terms of feed-
stock (from easily fermented feedstocks to lignocellulose) and
product (small fuel molecules to large fuel molecules) proper-
ties. Starting with the lower left corner, commercial production
of small fuel molecules from easily fermented feedstocks (e.g.
corn kernels and juice from sugarcane or sugar beets) with
costs that are competitive with fossil fuels on an energy basis in
some markets has been realized in the case of ethanol. These
objectives have in general not yet been achieved for other small
fuel molecules but are being actively pursued.

From this departure point, there are multiple research and
commercialization paths by which to approach the goal of
producing large fuel molecules from cellulosic biomass. Three
such paths rely entirely on biological conversion. Path 1 involves
activities aimed at producing large molecules from lignocellulose
as an immediate objective rather than proceeding in a stepwise
fashion. Path 2 features first resolving the technical and eco-
nomic challenges to enable industrially feasible production of
small molecules from lignocellulose, and then addressing the
distinctive set of technical and economic challenges associated
with production of large molecules from lignocellulose. Path 3
approaches these two objectives in the opposite order – that is,

Fig. 14 Potential fuel molecules/precursors with desirable properties (see
text for explanation).

Fig. 15 Alternative research and commercialization paths. Green denotes
biological conversion; magenta denotes non-biological (catalytic or
thermochemical) conversion.
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first large molecules from easily-fermented feedstocks and then
large molecules from lignocellulose. Two paths are also shown
that include non-biological processing. In path 4, production of
small fuel molecules from lignocellulose is approached via
improved biological conversion, and conversion of lignocellulose-
derived small molecules to large fuel molecules is approached by
non-biological catalysis. Path 5 features conversion of easily
fermented feedstocks to large fuel molecules via improved
catalytic or thermochemical processes.

Stepwise-approaches – that is, paths other than path 1 in
Fig. 15 – avoid trying to do too many new things at once, and
are more practical and more promising in our view.20 In
particular, it makes sense for research and commercialization
efforts aimed at advancing biological conversion of lignocellu-
lose to small fuel molecules to be approached without the
substantial added complexities, challenges and risks associated
with production of high molecular weight fuels. Conversely, it
makes sense for efforts aimed at advancing biological conver-
sion of easily fermented feedstocks to large molecules to be
approached without the substantial complexities, challenges,
and risks associated with small fuel molecule production from
lignocellulose. Consistent with these observations, we know of
few efforts in either the research or commercialization domain
involving biologically-mediated production of large fuel mole-
cules based on path 1.

While biological production of large molecules has revolu-
tionized the pharmaceutical industry, industrially feasible pro-
duction of large molecules for fuel applications is challenging
and has yet to be demonstrated. Such production is, however,
required in order for paths 2 and 3 to be commercially feasible.

Path 4 becomes attractive to the extent that (a) biological
production of large fuel molecules from lignocellulose remains
more costly than biological production of small molecules and
(b) catalytic conversion of small biologically derived intermedi-
ates can be accomplished at low cost. The former outcome
seems likely to us based on fundamental considerations that
would appear unlikely to change, as considered above. Catalytic
conversion of small biologically derived intermediates can be
accomplished by a variety of mechanisms (see Section VI) and
involves chemical catalysis in reactors that are relatively small,
do not incur large costs in other applications, and can likely
operate under progressively more mild conditions as they
receive more attention. Ethanol conversion to hydrocarbons
without adding substantially increasing cost per GJ appears to
be within sight today, although further advances will be necessary to
better align the distribution of hydrocarbon products with require-
ments for aviation and (especially) diesel engines.311,321,417

Conversion of ethanol to hydrocarbons has the added advantage
that it can build on the large existing production capacity and
thus conceivably expand quite rapidly once technological obsta-
cles have been overcome.

Path 5 is equivalent to path 4 except for starting with small
fuel molecules from easily-fermented feedstocks rather than
lignocellulose. This path represents an important step and
could be implemented commercially based on existing ethanol
production capacity independent of advances in biological

conversion of lignocellulose or biological production of large
fuel molecules.

Cost-competitive biological production of liquid fuels or
liquid fuel precursors from lignocellulose has proved to be
challenging thus far, even for small molecules. These challenges
have been encountered in the context of a processing paradigm
featuring thermochemical pretreatment and added fungal cellulase,
which has been the focus of intensive research and development for
over the past three decades. As noted herein (Sections II and III),
alternative process concepts have been proposed that avoid both
thermochemical pretreatment and added enzymes. Moreover, it has
recently become clear that Nature offers cellulase enzyme systems
that are more effective than fungal cellulase at lignocellulose
deconstruction, albeit thus far under laboratory conditions. The
possibility of utilizing superior biocatalysts, the existence of alter-
native biological processing paradigms, and combining biological
production of small molecules with catalytic production of larger
molecules together provide important optionality for continuing
efforts to realize the widely anticipated, but thus-far elusive potential
of cellulosic biofuels.
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103 I. A. Podolsky, S. Seppälä, T. S. Lankiewicz, J. L. Brown,
C. L. Swift and M. A. O’Malley, Harnessing Nature’s Anae-
robes for Biotechnology and Bioprocessing, 2019.

104 Y. Lu, Y.-H. P. Zhang and L. R. Lynd, Enzyme–microbe
synergy during cellulose hydrolysis by Clostridium thermo-
cellum, Proc. Natl. Acad. Sci. U. S. A., 2006, 103(44),
16165–16169.

105 A. Dumitrache, G. Wolfaardt, G. Allen, S. N. Liss and
L. R. Lynd, Form and function of Clostridium thermocellum
biofilms, Appl. Environ. Microbiol., 2013, 79(1), 231–239.

106 Z.-W. Wang, S.-H. Lee, J. G. Elkins and J. L. Morrell-Falvey,
Spatial and temporal dynamics of cellulose degradation
and biofilm formation by Caldicellulosiruptor obsidiansis
and Clostridium thermocellum, AMB Express, 2011, 1(1), 30.

107 A. Dumitrache, D. M. Klingeman, J. Natzke, M. Rodriguez
Jr, R. J. Giannone, R. L. Hettich, B. H. Davison and
S. D. Brown, Specialized activities and expression differ-
ences for Clostridium thermocellum biofilm and planktonic
cells, Sci. Rep., 2017, 7, 43583.

108 E. K. Holwerda and L. R. Lynd, Testing alternative kinetic
models for utilization of crystalline cellulose (Avicel) by
batch cultures of Clostridium thermocellum, Biotechnol.
Bioeng., 2013, 110(9), 2389–2394.

109 X. Liang, J. M. Whitham, E. K. Holwerda, X. Shao, L. Tian,
Y.-W. Wu, V. Lombard, B. Henrissat, D. M. Klingeman and
Z. K. Yang, et al., Development and characterization of
stable anaerobic thermophilic methanogenic microbiomes
fermenting switchgrass at decreasing residence times,
Biotechnol. Biofuels, 2018, 11(1), 243, DOI: 10.1186/
s13068-018-1238-1, [accessed 2019 Oct 8].

110 P. S. Van, The uniformity and nutritive availability of
cellulose, in Federation proceedings, vol. 32, 1973,
pp. 1804–1808.

111 Y.-H. P. Zhang and L. R. Lynd, Cellulose utilization by
Clostridium thermocellum: bioenergetics and hydrolysis
product assimilation, Proc. Natl. Acad. Sci. U. S. A., 2005,
102(20), 7321–7325.

112 J. Zhou, D. Olson, D. A. Argyros, Y. Deng, W. M. van Gulik,
J. P. van Dijken and L. R. Lynd, Atypical glycolysis in
Clostridium thermocellum, Appl. Environ. Microbiol., 2013,
3000–3008, https://aem.asm.org/content/79/9/3000.short,
[accessed 2020 Dec 1].

113 R. Lamed and J. G. Zeikus, Ethanol production by thermo-
philic bacteria: Relationship between fermentation pro-
duct yields of and catabolic enzyme activities in
Clostridium thermocellum and Thermoanaerobium brockii,
J. Bacteriol., 1980, 144(2), 569–578, https://jb.asm.org/con
tent/144/2/569, [accessed 2020 Dec 1].

114 C. R. Carere, T. Rydzak, T. J. Verbeke, N. Cicek, D. B. Levin
and R. Sparling, Linking genome content to biofuel pro-
duction yields: A meta-analysis of major catabolic path-
ways among select H2 and ethanol-producing bacteria,
BMC Microbiol., 2012, 12(1), 295, DOI: 10.1186/1471-2180-
12-295, [accessed 2020 Dec 1].

115 J. O. Park, L. B. Tanner, M. H. Wei, D. B. Khana,
T. B. Jacobson, Z. Zhang, S. A. Rubin, S. H.-J. Li,

M. B. Higgins and D. M. Stevenson, Near-equilibrium
glycolysis supports metabolic homeostasis and energy
yield, Nat. Chem. Biol., 2019, 15(10), 1001–1008.

116 L. R. Lynd, A. M. Guss, M. E. Himmel, D. Beri, C. Herring,
E. K. Holwerda, S. J. Murphy, D. G. Olson, J. Paye and
T. Rydzak, Advances in consolidated bioprocessing using
Clostridium thermocellum and Thermoanaerobacter sacchar-
olyticum, Ind. Biotechnol. Microorg., 2016, 10, 365–394.

117 A. Hasona, Y. Kim, F. G. Healy, L. O. Ingram and K. T.
Shanmugam, Pyruvate formate lyase and acetate kinase
are essential for anaerobic growth of Escherichia coli on
xylose, J. Bacteriol., 2004, 186(22), 7593–7600, DOI:
10.1128/JB.186.22.7593-7600.2004, [accessed 2021 Jun 30].

118 S. Kok, B. U. Kozak, J. T. Pronk and A. J. A. Maris, Energy
coupling in Saccharomyces cerevisiae: Selected opportu-
nities for metabolic engineering, FEMS Yeast Res., 2012,
12(4), 387–397, DOI: 10.1111/j.1567-1364.2012.00799.x,
[accessed 2021 Jun 30].

119 T. Conway, The Entner–Doudoroff pathway: History, phy-
siology and molecular biology, FEMS Microbiol. Lett., 1992,
103(1), 1–28, DOI: 10.1111/j.1574-6968.1992.tb05822.x,
[accessed 2021 Jun 30].

120 T. B. Jacobson, T. K. Korosh, D. M. Stevenson, C. Foster,
C. Maranas, D. G. Olson, L. R. Lynd and D. Amador-Noguez,
In vivo thermodynamic analysis of glycolysis in Clostridium
thermocellum and Thermoanaerobacterium saccharolyticum
using 13C and 2H tracers, Msystems, 2020, 5(2), E00736-19.

121 J. K. Fredrickson, Ecological communities by design,
Science, 2015, 348(6242), 1425–1427.

122 N. I. Johns, T. Blazejewski, A. L. Gomes and H. H. Wang,
Principles for designing synthetic microbial communities,
Curr. Opin. Microbiol., 2016, 31, 146–153.

123 M. T. Mee, J. J. Collins, G. M. Church and H. H. Wang,
Syntrophic exchange in synthetic microbial communities,
Proc. Natl. Acad. Sci. U. S. A., 2014, 111(20), E2149–E2156.

124 R. Tsoi, F. Wu, C. Zhang, S. Bewick, D. Karig and L. You,
Metabolic division of labor in microbial systems, Proc.
Natl. Acad. Sci. U. S. A., 2018, 115(10), 2526–2531.

125 K. Zhou, K. Qiao, S. Edgar and G. Stephanopoulos, Dis-
tributing a metabolic pathway among a microbial consor-
tium enhances production of natural products, Nat.
Biotechnol., 2015, 33(4), 377.

126 L. Cortes-Tolalpa, D. J. Jiménez, M. J. de Lima Brossi,
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