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Introduction

T
hat the world is in need of renewable sources of
energy has become a modern-day platitude. In the
case of transportation fuels, drop-in biofuels have

attracted increasing attention, while so-called “first genera-
tion biofuels” have continued to gain market access (here,
first generation biofuels refer to ethanol and biodiesel from
feedstocks that could be otherwise used for human consump-
tion, while drop-in biofuels refer to those that can be
blended with current fuels in any proportion and without
modifying the existing infrastructure).

Drop-in (liquid) biofuels have, in general, various advan-
tages: compatibility with the status quo (piping infrastructure,
internal combustion engine, supply logistics, etc.), high-energy
density, reduction in greenhouse gas emissions, and the possi-
bility of providing energy security. The latter is especially
important for countries that have agricultural resources but not
enough oil resources to power their transport (including many
developing countries that are unlikely to significantly benefit
from electric vehicles in the foreseeable future due to grid
infrastructure limitations). Drop-in biofuels have a distinct
advantage in their high-energy density, since they can address
markets that would be unavailable to other renewable energy

solutions, in particular the market for jet fuel replacements.1

As compelling as all these advantages might be, drop-in bio-
fuels compete with fossil fuels almost exclusively on eco-
nomic grounds, because fuels, like other energy products, are
commodities with few differentiating features.2 Even when
the environmental benefits have been advertised, customers
have shown little desire to pay a “green premium”.3

In an attempt to develop the drop-in biofuel market, the
research community that addresses biological routes for bio-
mass conversion has proposed a variety of new candidate
compounds based on a diverse array of metabolic pathways.
These compounds may have the potential to replace fossil
fuels with renewables.4–8 Nevertheless; little attention has
been given to the economic merits or demerits of these pro-
posed novel fuels. The result is the proliferation of projects
and even companies that aim at producing novel fuels via
various metabolic pathways with little regard to their eco-
nomic potential and ultimately their prospects for competing
with fossil fuels on a large scale. If these factors are not con-
sidered, there is a slim chance that the long list of novel
fuels will help in alleviating modern society’s dependence
on its oil resources. Considering them early on may focus
the attention of the scientific community, save researchers
valuable time, and spare society’s money and resources.

Economic analysis of biofuel production

Even though there is much to gain from doing so, the fac-
tors that contribute to the cost of production are seldom
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analyzed when new compounds are proposed. There are many
reasons for this: (1) the expertise of the researchers who
develop novel biofuel pathways differs from that of the ana-
lysts who determine the cost of production, (2) when a new
project is envisioned there is little information available to
analyze all the costs, (3) the economics of production are
determined by various factors, so that economic viability
depends on the cooperation of many branches of science and
engineering, and (4) many novel efforts are carried out in aca-
demia, where the aim is not to produce commercial products,
and, therefore, economic factors are not considered, etc.

Even though there are clear hurdles for evaluating the eco-
nomics of new compounds, we believe this is essential. Fur-
thermore, even though production costs cannot be
determined with any credible level of precision for most
novel drop-in biofuels proposed due to lack of data, a final
estimate is not needed for the analysis to be useful. Much
can be learned from focusing on trends, cost drivers, and
generalities, as we show in this article. We have used bio-
fuels as an example of metabolic products of interest,
although other compounds produced via industrial biotech-
nology can be similarly studied.

In the most general terms, the elements that contribute to
the cost of production relate to: capital (facility-dependent),
raw materials, utilities (steam, power, cooling water, etc.),
labor, consumables (catalysts, membranes, etc.), transport,
and waste treatment. From these, and for the case of biofuels
produced through biochemical processes, capital and raw
materials are usually the most significant, whereas consum-
ables and labor are usually not substantial. We have ignored
other operating costs that are independent of fuel choice,
such as administrative, taxes, insurance, legal, etc. Utilities
are usually less than10% of the cost of production, with larg-
est contributions in processes that require large power usage,
such as those needing centrifugation of large and dilute
aqueous solutions. In general, it should be noted that heat is
less expensive than power, and unless the process requires
significant power use, utilities costs are manageable. It
should also be mentioned that this discussion is limited to
the economic consequences of a process, and that low
energy costs relative to facilities or raw materials does not
mean to imply low energy use or energetically-efficient proc-
esses. Transport costs can be included in the raw material
cost, as will be discussed later in this article for the case of
feedstock. Finally, waste treatment costs can also be signifi-
cant, but are very process-dependent, and, thus, are hard to
quantify for a generalized process. It must be noted that,
even though not all costs are covered in depth in this discus-
sion, a full analysis should include all of them, since cus-
tomer decisions on fuel purchases can be swayed by cents
per gallon.

From the perspective of microbially-derived biofuels, the
parameters of significance to the cost of production are the
yield, productivity, titer, and purity. The choice of feedstock
has interesting implications on the economics of production
and it is also briefly covered. We discuss each of them in turn.

The effect of yield

In this context, yield is the amount of product produced
per unit of substrate consumed. The metabolic yield

depends on the metabolic pathway used, and therefore it
differs from the pathway-independent chemical yield (i.e.,
the amount of product that could be produced theoretically
based on the elemental composition of the substrate(s) and
product(s)). The yield differs from the conversion (or extent
of reaction), which is the amount of the substrate that reacts
or is consumed as a fraction of the initial amount of sub-
strate present. For the purposes of the type of process eco-
nomics we will discuss here, however, the yield and
conversion can be combined in a quantity that we can call
“overall yield”, the total amount of product that leaves the
process per unit of substrate that enters the process. Given
the aforementioned definitions, the overall yield impacts the
economics of production principally via the raw material
cost. Because the raw material cost is expected to be the
most significant contribution to the production cost of bio-
fuels, the overall yield is very important.9 Indeed, even in
capital-intensive processes, such as production of lignocel-
lulosic ethanol, the overall yield has been shown to be a
main determinant of the minimum ethanol selling price,
MESP.10

Although the overall yield depends on many factors that
are hard to specify at the beginning of a research project
(e.g., the success of the metabolic changes that can be intro-
duced into a producing strain, the potential progress of
media optimization campaigns, the quality of the feedstock
to be used, among others), the maximum theoretical yield
corresponds to the minimum production cost at a particular
feedstock cost. This assumption corresponds to the case in
which the capital required is either vanishingly small (see
below), or can be “amortized” over an infinite number of
product units. Furthermore, it requires one to assume that the
transformation from raw material to product requires no
energy inputs or labor, produces no waste to be treated, etc.
All these assumptions are obviously unrealistic, but assuming
a zero processing cost allows us to calculate the minimum
production cost based only on raw material costs, which are
inescapable.

As Table 1 shows, the minimum production cost derived
from the theoretical yield varies for different biofuels and
for different pathways. Two sugar prices are considered, the
first is for sucrose in A molasses,1 the second assumes 35 ¢/
lb, as an arbitrary maximum for sugar price in the foreseea-
ble future (noting that sugar prices reached �30 ¢/lb in Janu-
ary and July of 201111). The yields shown are pathway
dependent, and were derived from the literature.4–8,12,13 As
can be seen in the table, fermentative or otherwise less
reduced products (e.g., ethanol, isobutyl alcohol) have higher
theoretical yields, and, therefore, lower raw material costs.
On the other hand, highly reduced products with low-
theoretical yields (e.g., squalene) have higher raw material
costs.

It may be argued that chemically reduced fuels might be
more expensive, but they are also more energy dense. There-
fore, it might be concluded, evaluating the cost on a volume
basis is not a fair assessment, so any comparison should be
done on an energy basis. In fact, the most adequate compari-
son would be an analysis on the distance traveled per unit of
biofuel consumed (e.g., miles per gallon - MPG). These
compounds will be used for transportation, and the combus-
tion properties vary across the various biofuels, so that
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energy density is still not the most relevant metric for com-
parison. Because extensive engine and field tests have not
been conducted on the different fuels, the energy density is
used here as a proxy for comparison. As Table 2 suggests,
the increase in energy density of drop-in biofuels does not
entirely compensate for the reduction in metabolic yield, and
it is unlikely that this trend will be reversed when comparing
them on engine test data. For instance, ethanol fuel additives
have proven beneficial, as the compound boosts octane rating
and thus improves engine performance.

The importance of yield suggests that any drop-in biofuel
that will be commercialized must be produced at near theo-
retical maximum values. Optimizing yield requires cam-
paigns of metabolic engineering to ensure that the sugar
substrate is converted to the compound of interest and not
“wasted” in producing biomass, energy, or metabolic
byproducts. The ability to engineer a system to maximize
the yield is therefore limited by the cell’s requirement to
meet its energy and reducing equivalent needs.4 There is,
therefore, an intrinsic advantage in producing biofuels from
pathways that (a) have a high theoretical maximum yield,
(b) are redox balanced, and (c) provide adequate levels of
energy. Anaerobic processes have lower cell mass yields
and do not waste sugars to recycle unbalanced reducing

equivalents as is the case in many aerobic biofuels
production pathways.

The effect of productivity

Productivity can be defined for the purposes of this discus-
sion as the amount of product biosynthesized per unit vol-
ume of fermentation per unit time. Other productivity
metrics that are of interest to the economics of production
could be proposed, but this one is easy to measure and has
been reported for laboratory experiments for various
biofuels. It must be noted that productivity (in g/L•h or a
similar unit) is time-dependent, thus, the quantity we refer to
in this discussion is the average productivity.

Productivity is related to the capital cost of fermentation,
as faster reactions would need lower residence times, and,
thus, smaller fermentors. This implies that the capital cost of
the facility will scale inversely with productivity, and the
cost of production will follow a similar trend (ceteris
paribus).

Table 3 shows productivity data for various bio-
fuels.7,8,12,13 Although the majority of the data was collected
in laboratory conditions, which have not been optimized and
are very different from industrial conditions, we have used
it to provide a rough estimate of the current cost of

Table 2. Raw Material Costs Contributions for the Production of Various Biofuels Based on the Energy Density of the Biofuel

Biofuel Pathway -DHC (MJ/kg)a
RM cost $/GJ

(15.5 c/lb)
RM cost $/GJ

(35 c/lb)

Ethanol Fermentative 29.7 $22.51 $50.84
Butanol Fermentative 36.1 $23.04 $52.02
Isopropanol Fermentative 30.45 $33.94 $76.63
Isobutanol Non-fermentative 35.9 $23.17 $52.31
3-methyl-1-butanol Non-fermentative 37.7 $27.41 $61.89
Farnesene MVA 47 $29.02 $65.53
Farnesene DXP 47 $25.02 $56.49
Ethyl hexadecanoate Fatty acid 39.4 $24.73 $55.84
Pentadecane Fatty acid 47 $25.02 $56.49
Squalene MVA 47 $29.02 $65.53
Squalene DXP 47 $25.02 $56.49
Alpha-pinene DXP 45.5 $23.42 $52.88
Isopentenol DXP 37.3 $24.31 $54.90

aHeat of combustion

Table 1. The Raw Material Cost Contribution to the Production of Various Types of Biofuels Biochemical Pathways to Fuels

is Indicated

Biofuel Pathway
Density
(kg/L)

Mass
Yield (g/g)

Volume
Yield (gal/MT)

RM cost $/gal
(15.5 c/lb)

RM cost $/gal
(35 c/lb)

Ethanol Fermentative 0.79 0.51 171 $2.00 $4.51
Butanol Fermentative 0.81 0.41 134 $2.55 $5.76
Isopropanol Fermentative 0.786 0.33 111 $3.07 $6.94
Isobutanol Non-fermentative 0.81 0.41 134 $2.55 $5.76
3-methyl-1-butanol Non-fermentative 0.81 0.33 108 $3.17 $7.15
Farnesene MVA 0.84 0.25 79 $4.34 $9.79
Farnesene DXP 0.84 0.29 91 $3.74 $8.44
Ethyl hexadecanoate Fatty acid 0.86 0.35 108 $3.17 $7.16
Pentadecane Fatty acid 0.77 0.29 100 $3.43 $7.74
Squalene MVA 0.86 0.25 77 $4.44 $10.03
Squalene DXP 0.86 0.29 89 $3.83 $8.64
Alpha-pinene DXP 0.85 0.32 99 $3.43 $7.74
Isopentenol DXP 0.839 0.376 118 $2.88 $6.50

Abbreviations: MVA mevalonic acid pathway; DXP deoxyxylulose-5-phosphate pathway; RM raw material; MT metric ton
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fermentation for each product. The methodology can be
repeated as new data is gathered. The table assumes a 20
million gallon per year facility for all cases, and a fermentor
size of 900 m3 each. This size is relatively small for anaero-
bic fermentations (and, thus, unnecessarily expensive), but at
the limit of what could be achieved for aerobic fermenta-
tions. A single reactor design for all fermentations is a very
crude assumption, as fermentors are usually custom-designed
and matched to the specific requirements of the process at
hand. However, the assumption allows us to comparatively
evaluate different fuels and benchmark them to ethanol, the
only biofuel on the list that is commercially produced in
large quantities today.

The table shows that the amortized cost of the fermentors
is almost insignificant for ethanol and would be prohibitively
expensive for the most novel biofuels. Even for butanol and
isobutyl alcohol, which have been proposed as substitutes for
ethanol in the relatively short term, the estimated fermentor
cost (based on laboratory-scale data) is several times higher
than for ethanol. One advantage of ethanol has been that it
is naturally produced by yeast with high yield (close to theo-
retical values) and high tolerance to the biofuel. The high
productivity is achieved by a high-cell density fermentation
allowed by biocatalyst recycle. A similar tactic could and
should be used when producing other compounds in indus-
trial scales, although biocatalyst reuse requires that cells
remain active, and, thus, toxicity might become an issue for
some compounds (e.g., butanol). Increasing the concentration
of the pathway enzymes can also boost production rates, but
there is a practical limit on this strategy before the health of
the cell is compromised. Lastly, engineering enzymes with
faster reaction rates could be used to improve productivity,
but this effort is, in general, infinitely harder compared to
the preceding two.

At the most fundamental level, productivity is limited by
the rate at which pathways operate. Deconstructive path-
ways, in which complex molecules are broken down to sim-
pler molecules, have an advantage in this regard compared
to constructive pathways, in which simpler substrates or
pathway intermediates are used to build larger and more
complex molecules. Ethanol belongs to the former, whereas
hydrocarbon molecules to the latter. Biofuel-producing

pathways should thus aim to have few constructive steps,
especially if those involve complex transition states with
slow kinetics.

The effect of titer, purity, and feedstock

Titer is the concentration of the desired product achieved
in fermentation, whereas purity is the concentration of the
desired product as a percentage of the various fermentation
products. Purity is usually not a focus when discussing bio-
fuels, first, because its effect is included in the effect of yield
(higher yield results in purer products), and second, because
combustion does not require a particularly pure product, as
long as the product (or product mixture) conforms to certain
specifications. Purity, in other words, is not a parameter that
can make or break the economics of production in the case
of biofuels. Indeed, the fossil fuels we use (gasoline, jet fuel,
diesel) are mixtures of hydrocarbons, rather than pure com-
pounds. Therefore, we will not discuss purity any further.

Titer is important, on the other hand, because a relatively
concentrated product makes downstream processing easier
and minimizes the loss of product (which ultimately lowers
overall yield). Titer may be limited by the achievable or
practical substrate concentration and/or byproduct toxicity. A
process with low titer, i.e., a dilute process, must employ
more unit operations and more energy to separate the prod-
uct of interest from the rest of the process.8 Additionally, a
dilute process requires larger equipment per unit of product
produced.

More expensive facilities can also result from complexities
arising from feedstock choices. For example, lignocellulosic
ethanol plants have more complex upstream processes than
corn ethanol plants. The former requires several elaborate
steps to convert the polysaccharide fibers in the feedstock to
fermentable sugars, whereas the latter requires simpler steps.
In addition, lignocellulosic processes result in a mixture of
sugars and inhibitors that are harder to ferment compared to
the comparatively pure stream of sugars that result from the
starch- or sucrose-based processes. Lignocellulosic biomass
is generally less expensive, on a weight basis, than other
substrates for fermentation (starch, sucrose, glucose, etc.),
but by and large the lower raw material cost has hitherto
failed to compensate for other shortcomings of the

Table 3. The Influence of Productivity on the Required Fermentation Volume and Cost for Production of 20 Million Gallons

Per Year of Various Biofuels

Biofuel Titer (g/L) RTa (hr)
Productivityb

(g/L/hr)
Number of 900 m3

reactors (approx.)c Cost (approx.)d
Amortized over

10 yr ($/gal)

Ethanole 94.8 10 9.48 3 $2,250,000 $0.01
Isopropanol 143 240 0.60 53 $39,750,000 $0.20
Butanol 30 168 0.18 182 $136,500,000 $0.68
Isobutanol 22 110 0.2 163 $122,250,000 $0.61
Farnesol 0.135 48 2.81E-03 12,677 $9,507,750,000 $47.54
FAEE 0.43 72 5.97E-03 5,923 $4,442,250,000 $22.21
Fatty Alcohols 0.06 72 8.33E-04 40,036 $30,027,000,000 $150.14
Alkanes 0.3 40 7.50E-03 4,127 $3,095,250,000 $15.48
Farnesene 100 144 0.69 49 $36,750,000 $0.18
Butanol 113.3 326 0.35 94 $70,500,000 $0.35

aResidence time.
baverage productivity.
cfor a 20 million gal/y facility.
dequipment purchase cost only.
eindustrial conditions, sugarcane process with cell recycle.12
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biochemical processes that use this type of feedstock (e.g.,
lower yields, higher process complexity, lower productivity,
etc.). Therefore, that inexpensive feedstocks in the form of
lignocellulosic biomass will overturn many of these eco-
nomic challenges of biofuels is a claim that should be con-
sidered on a case-by-case basis.

The type of feedstock also imposes a limit on the scale of
the facility. The feedstock must be transported to the facility,
and low-density feedstocks, like lignocellulosic biomass,
must be sourced from farther afield than higher-density feed-
stocks for a particular scale. On the other hand, economies
of scale in the plant commonly exist such that larger plants
cost less per unit product than smaller plants. The optimal
scale can therefore be chosen such that the diseconomies of
scale in feedstock costs balance out the economies of scale
in facility costs.2,14

The effect of scale and the choice of feedstock can be seen
from Table 4. The table focuses on biochemical processes for
production of biofuels, with conventional and thermochemical
processes included for comparison. It must be noted that, with
the exception of established technologies, the numbers in
Table 4 are projections, and therefore the values for novel bio-
fuels are unlikely to account for lower than expected yields,
productivities, and titers. However, it is clear from the data
that technologies based on lignocellulosic biomass are signifi-
cantly costlier per annual gallon than those based on denser
and easily processed feedstocks, and that larger facilities are
less expensive per annual gallon than smaller facilities.
Remarkably, out of the technologies covered, conventional
refineries are the least expensive on an annual gallon basis,
with impressive economies of scale achieved due to the readily
transportable and very dense feedstock (crude oil).

Combining chemical and biological synthesis in the
production of novel biofuels

The arguments and trends presented in the preceding dis-
cussion offer us a new perspective in evaluating the pros-
pects of novel biofuel routes, and allow generalizing these
trends to assess more complex production routes. Let us look

at one example of this analysis. We learned that fermentation
is well suited in the production of certain biofuels, but not
others. In particular, it seems adept at synthesizing relatively
simple and somewhat oxidized products through deconstruc-
tive pathways and less so at synthesizing complex and
reduced compounds through constructive pathways. Biologi-
cal synthesis is particularly impressive at utilizing a complex
mixture of substrates (the most obvious example is lignocel-
lulosic hydrolysate, but even sugarcane juice is replete of
impurities) and selectively converting compounds in this
mixture into one or more products of interest at relatively
high yield. The high selectivity and yield are generally offset
by relatively low productivity and titer. Chemical synthesis,
on the other hand, is usually not as selective, but allows the
use of high temperatures and pressures that speed up reac-
tions and increase volumetric productivity. Furthermore,
unlike biocatalysts, chemical catalysts usually do not become
deactivated by high substrate or product concentrations, as
long as these are reasonably pure. The production of novel
biofuels might thus occur in two steps: (1) a clean intermedi-
ate stream can be synthesized through biological deconstruc-
tive pathways, and (2) the intermediate stream can be used
as a substrate for chemical synthesis in a constructive fash-
ion. For example, the products of the Clostridial ABE fer-
mentation can be readily extracted and recombined to
produce fuel precursor molecules.26 Here acetone and n-
butanol can be produced at near theoretical yields (but at
low concentrations), selectively extracted from the aqueous
fermentation broth and reacted at high yields to form gaso-
line, jet and diesel blendstocks. Companies like LanzaTech,
Gevo, and Byogy Renewables are developing routes to pro-
duce kerosene-type jet fuels from fermentation-derived alco-
hols (the so-called alcohol-to-jet route, ATJ).27

A current limitation of the ATJ route is that, after
accounting for the reaction yield in the chemical transforma-
tion, the end product may sell for less than the intermediate,
so it might be more profitable to sell the intermediate and
not the end product. For example, if 3.5 molecules of etha-
nol are needed per molecule of jet fuel, then �1.65 volumes
of ethanol are needed to produce a volume of jet fuel. This

Table 4. The Effect of Scale and Type of Feedstock on the Capital Cost (Expressed as $ Per Annual Gallon) for Various

Processes

Feedstock / Process Product(s)
Capital
(US$M)

Annual Capacity
(1000gal)a $/annual gal Company/ Location

Corn/milo, fermentation Ethanol, DGS $132 60,000 $2.20 Aemetis, Modesto15

Corn stover/cobs, fermentation Ethanol $250 25,000 $10.00 POET-DSM, Emmetsburg16

Sugarcane, fermentation Ethanol, power $240 70,000 $3.43 Typical value, Brazilb17

Agri-residues, waste,
gasification-fermentation

Ethanol, power $130 8,000 $16.25 Ineos Bio, Vero Beach18

Agri-residues, fermentation Ethanol $77 1,400 $55.00 Verenium, Jennings19

Agri-residues, fermentation Ethanol $25 1,980 $12.63 Praj, Maharashtra (India)c20

Renewable diesel, fermentation Farnesane $60 13,210 $4.54 Amyris, Brotas (Brazil)d21

Corn, fermentation Isobutanol $38 18,000 $2.09 Gevo, Luvernee

Conventional refinery Petrol, diesel, etc. $5,000 3,024,000 $1.65 Typical value, Survey
Forest residues, catalytic

cracking
Biocrude (for diesel,

petrol, etc.)
$213 13,000 $16.38 KiOR, Columbus22–24

Gas-to-liquids (GTL) Petrol, diesel, etc. $16,000 1,451,520 $11.02 Sasol, Westlake25

aIn most cases, capacity is projected, not actual.
bassumes no sugar production, 80 L/MT sugarcane and 2 BRL/USD.
cassumes a yield of 60 gal/MT (dry).
dCapex estimate adapted based on the model published in Ref. 1 and from SEC filings.
eCapex includes brownfield plant purchase and retrofit.
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is the theoretical minimum volume of ethanol needed assum-
ing an average jet fuel composition of C7H17, and ignores
the extra hydrogen needed to eliminate the oxygen in the
alcohol. The ethanol price at the end of August 2013,
according to the CME Group, was $2.50/gal28, placing the
minimum jet fuel production cost via ATJ at $4.12/gal, or
$1.09/L. This is comparable with the minimum cost of pro-
duction of other drop-in biofuels in Table 1, with the advant-
age that it can be produced at high productivity: using the
same calculation as in Table 3, an alcohol-to-hydrocarbon
reactor29 amortized over 10 years would have an estimated
cost of $0.06/gal, placing the total of ethanol fermentation
plus hydrocarbon synthesis equipment at $0.07/gal. However,
according to the EIA, the jet fuel price in August 2013 was
� $3/gal, or $0.8/L.30 In other words, the jet fuel revenue
would not be, currently, enough to cover the opportunity
cost of the ethanol intermediate, even operating at maximum
theoretical yields and ignoring all other costs (including
hydrogen).

An important consideration is that the forces that influence
the renewable alcohol and fossil fuel markets are different.
As fossil fuels become expensive and new technologies com-
petitive, the ATJ and similar chemical-biological “hybrid”
processes could become profitable. Short-chain alcohols will
likely be adopted on a wide scale fastest: the ethanol market
is relatively small but quickly growing at a projected annual
rate of �14.2% for the next 4–5 years31. These, however,
cannot serve as drop-in biofuels in most of the world, and
will not be adopted in aviation and for other long-haul
needs. Combining comparatively high yields and productiv-
ities, hybrid processes may be promising routes for providing
renewable, fungible biofuels at acceptable cost. One should
not be forced to choose between biological and chemical
synthesis, but instead consider combining them to exploit the
best qualities of each route.

Conclusion

The main argument presented in this discussion is that the
economics of production for new biofuels should and can be
considered early in the R&D process. We offer a framework
that can be applied to other biofuel production processes, spe-
cifically, that parameters such as the yield, productivity, titer,
and the choice of feedstock, can quickly inform on the merits
and potential challenges of a production process. It requires
little data about the process and provides valuable information
with minimal effort. It is similar in nature to other methods
that have been proposed,32,33 centering on fermentation routes
and those where cost of production plays a fundamental role
in the viability of the process, such as for bulk chemicals and
commodities. The framework can also highlight areas in most
need of improvement and suggest probable bottlenecks before
much time is wasted. We used this set of principles to assess
the potential of hybrid chemical-biological routes for produc-
tion of drop-in biofuels, and expect it to be useful in inform-
ing the R&D community on the economic prospects of other
novel biofuel production technologies.

Acknowledgments
This work was performed as part of the DoE Joint BioEnergy Insti-

tute (http://www.jbei.org) supported by the U.S. Dept. of Energy, Office
of Science, Office of Biological and Environmental Research, through

contract DE-AC02- 05CH11231 between Lawrence Berkeley National
Laboratory and the U.S. Department of Energy. Support to DKM from
the Australian Institute of Bioengineering and Nanotechnology, at the
University of Queensland, is also acknowledged.

Literature Cited

1. Klein-Marcuschamer D, Turner C, Allen M, Gray P,
Dietzgen RG, Gresshoff PM, et al. Technoeconomic
analysis of renewable aviation fuel from microalgae,
Pongamia pinnata, and sugarcane. Biofuel Bioprod Bior.
2013;7(4):416–28.

2. Klein-Marcuschamer D, Holmes B, Simmons BA,
Blanch HW. Biofuel Economics. In: Hood EE, Nelson P,
Powell R, ed. Plant Biomass Conversion. Hoboken, NJ:
Wiley. 2011:329-54. Published online Aug 28, 2011.

3. Winston A. Consumers never liked to pay more for
green to begin with harvard business review. Available
from: http://blogs.hbr.org/winston/2011/04/consumers-
never-liked-to-pay-m.html. Accessed Aug 28, 2013.

4. Dugar D, Stephanopoulos G. Relative potential of bio-
synthetic pathways for biofuels and bio-based products.
Nat Biotechnol. 2011;29(12):1074–8.

5. Hanai T, Atsumi S, Liao JC. Engineered synthetic path-
way for isopropanol production in escherichia coli. Appl
Environ Microb. 2007;15;73(24):7814–8.

6. Rude MA, Schirmer A. New microbial fuels: a bio-
tech perspective. Curr Opin Microbiol. 2009;12(3):
274–81.

7. Zhang F, Rodriguez S, Keasling JD. Metabolic engineer-
ing of microbial pathways for advanced biofuels produc-
tion. Curr Opin Biotech. 2011;22(6):775–83.

8. Fischer CR, Klein-Marcuschamer D, Stephanopoulos G.
Selection and optimization of microbial hosts for bio-
fuels production. Metabol Eng. 2008;10(6):295–304.

9. Vickers CE, Klein-Marcuschamer D, Kr€omer JO. Exam-
ining the feasibility of bulk commodity production in
Escherichia coli. Biotechnol Lett. 2012;34(4):585–96.

10. Klein-Marcuschamer D, Oleskowicz-Popiel P, Simmons
BA, Blanch HW. Technoeconomic analysis of biofuels:
A wiki-based platform for lignocellulosic biorefineries.
Biomass Bioenergy. 2010;34(12):1914–21.

11. Sugar - monthly price - commodity prices - price charts,
data, and news – indexmundi. Available from: http://
www.indexmundi.com/commodities/
?commodity5sugar&months560. Published online Aug
29, 2013.

12. Basso CL, Olitta T, Nitsche S. Ethanol production in
Brazil: the industrial process and its impact on yeast fer-
mentation. In: Dos Santos Bernardes MA, ed. Biofuel
Production-Recent Developments and Prospects. New
York: InTech; 2011. Published online Aug 28, 2013.

13. Xue C, Zhao J, Lu C, Yang S-T, Bai F, Tang I-C. High-
titer n-butanol production by clostridium acetobutylicum
JB200 in fed-batch fermentation with intermittent gas
stripping. Biotechnol Bioeng. 2012;109(11):2746–56.

14. Aden A, Ruth M, Ibsen K, Jechura J, Neeves K, Sheehan
J, et al. Lignocellulosic Biomass to Ethanol Process
Design and Economics Utilizing Co-Current Dilute Acid
Prehydrolysis and Enzymatic Hydrolysis for Corn Stover.
NREL; 2002; June :54. Report No.: TP-510–32438.

AIChE Journal December 2013 Vol. 59, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 4459

http://www.jbei.org


15. Lane J. Aemetis transitions from corn ethanol to
advanced biofuels at Keyes plant. Biofuels Digest. Avail-
able from: http://www.biofuelsdigest.com/bdigest/2013/
04/22/aemetis-transitions-from-corn-ethanol-to-advanced-
biofuels-at-keyes-plant/. Published online Aug 28, 2013.

16. Bevill K. Ethanol Producer Magazine. The latest news
and data about ethanol production. Available from:
http://ethanolproducer.com/articles/8646/poet-dsm-begins-
building-project-liberty. Published online Aug 28, 2013.

17. [Conversation] A. Bastos, Arbas Engenharia de Proces-
sos, Ltda (personal communication).

18. IHS Chem Week, August 5–12, 2013.
19. Verenium Project Fact Sheet. Available from: http://demoplants.

bioenergy2020.eu/img/files/related_publications/382/382_
2009-07-16–183828_related_publications.pdf. Published
online Aug 28, 2013.

20. Ethanol Producer Magazine. The latest news and
data about ethanol production. Available from: http://
ethanolproducer.com/articles/10119/praj-breaks-ground-on-
cellulosic-demonstration-plant-in-india. Published online
Aug 28, 2013.

21. Sims B. Gevo acquires ethanol plant, files IPO |
Biomassmagazine.com. Available from: http://
biomassmagazine.com/articles/4025/gevo-acquires-ethanol-
plant-files-ipo/ Published online Aug 28, 2013.

22. Bomgardner MM. Building A New Biofuels Industry,
January 28, 2013 Issue - Vol. 91 Issue 4, Chem & Eng
News. Available from: http://cen.acs.org/articles/91/i4/
Building-New-Biofuels-Industry.html. Published online
Aug. 28, 2013.

23. Fowler S. KiOR in critical phase as it readies for produc-
tion - The Dispatch. Available from: http://www.cdispatch.
com/news/article.asp?aid519634&TRID51&TID5 Published
online Aug 28, 2013.

24. KiOR, Inc. - Production Facilities. Available from: http://
kior. com/content/?s56&s2556&p556&t5production-
facilities Published online Aug. 28, 2013.

25. Sasol announces GTL project in USA, Fuels & Lubes
Weekly. Available from: http://fuelsandlubes.com/flw/
sasol-announces-gtl-project-in-u-s-a/. Published online
Aug 28, 2013.

26. Anbarasan P, Baer ZC, Sreekumar S, Gross E, Binder
JB, Blanch HW, et al. Integration of chemical catalysis
with extractive fermentation to produce fuels. Nature.
2012;8:491(7423):235–9.

27. Reals K. IN FOCUS: Airlines turn to alcohol as potential jet
fuel replacement. Available from: http://www.flightglobal.
com/news/articles/in-focus-airlines-turn-to-alcohol-as-potential-
jet-fuel-replacement-368555/. Published online Aug 28,
2013.

28. CBOT Denatured Fuel Ethanol. Available from: http://
www.cmegroup.com/ Published online Aug. 29, 2013.

29. Jones SB, Zhu Y. Techno-economic analysis for the
conversion of lignocellulosic biomass to gasoline via the
methanol-to-gasoline (MTG) process. Report No PNNL-
18481 Pacific Northwest National Laboratory, Richland,
WA; 2009. Available from: http://www.pnl.gov/main/
publications/external/technical_reports/PNNL-18481.pdf
Published online Aug. 30, 2013.

30. U.S. Gulf Coast Kerosene-Type Jet Fuel Spot Price FOB
(Dollars per Gallon) Available from: http://www.eia.gov/
dnav/pet/hist/LeafHandler.ashx?n5pet&s5eer_epjk_pf4_
rgc_dpg&f5d Published online Aug. 29, 2013.

31. Wood L. Research and markets: growth opportunities in
the global fuel ethanol market 2012–2017. Business
Wire. Available from: http://www.businesswire.com/
news/home/20121122005390/en/Research-Markets-Growth-
Opportunities-Global-Fuel-Ethanol Published online Aug.
29, 2013.

32. Zaidman B, Cevidalli G. TEQ–A methodology for com-
parative evaluation of technologies. Eng Costs Product
Econom. 1989;18(2):131–8.

33. Douglas JM. Conceptual Design of Chemical Processes.
New York: McGraw-Hill; 1988.

4460 DOI 10.1002/aic Published on behalf of the AIChE December 2013 Vol. 59, No. 12 AIChE Journal

http://biomassmagazine.com/articles/4025/gevo-acquires-ethanol-plant-files-ipo/
http://biomassmagazine.com/articles/4025/gevo-acquires-ethanol-plant-files-ipo/
http://biomassmagazine.com/articles/4025/gevo-acquires-ethanol-plant-files-ipo/
http://www.cdispatch.com/news/article.asp?aid=19634&amp;TRID=1&amp;TID=
http://www.cdispatch.com/news/article.asp?aid=19634&amp;TRID=1&amp;TID=
http://www.cdispatch.com/news/article.asp?aid=19634&amp;TRID=1&amp;TID=
http://www.cdispatch.com/news/article.asp?aid=19634&amp;TRID=1&amp;TID=
http://www.cdispatch.com/news/article.asp?aid=19634&amp;TRID=1&amp;TID=
http://www.cdispatch.com/news/article.asp?aid=19634&amp;TRID=1&amp;TID=
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://kior.com/content/?s=6&amp;s2=56&amp;p=56&amp;t=production-facilities
http://www.cmegroup.com/
http://www.cmegroup.com/
http://www.pnl.gov/main/publications/external/technical_reports/PNNL-18481.pdf
http://www.pnl.gov/main/publications/external/technical_reports/PNNL-18481.pdf
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epjk_pf4_rgc_dpg&amp;f=d
http://www.businesswire.com/news/home/20121122005390/en/Research-Markets-Growth-Opportunities-Global-Fuel-Ethanol
http://www.businesswire.com/news/home/20121122005390/en/Research-Markets-Growth-Opportunities-Global-Fuel-Ethanol
http://www.businesswire.com/news/home/20121122005390/en/Research-Markets-Growth-Opportunities-Global-Fuel-Ethanol

