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We compare the production of four biofuels — ethanol, butanol, fatty acid ethyl ester (palmitate ethyl ester,
PEE), and hydrogen from renewable carbohydrate (glucose) based on the energy-retaining efficiency thatis
greatly influenced by thermodyanimcs, bioenergetics, and product separation. Ethanol and butanol

are produced in anaerobic fermentations; PEE is produced in semi-aerobic fermentation; hydrogen is
produced by cell-free synthetic enzymatic pathway biotransformation (SyPaB), where enzymes are
produced from carbohydrate by microbial fermentations. A decreasing order in theoretical energy
efficiency determined by thermodynamics is hydrogen, ethanol, butanol, and PEE. Bioenergetics analysis
suggests that a small fraction of carbohydrate (e.g., 5-15%) is allocated to the synthesis of cell mass in
anaerobic fermentations (e.g., ethanol and butanol), a significant fraction (e.g., 20-30% or higher) has to be
allocated to the synthesis of cell mass for semi-aerobic fermentations (e.g., PEE production), and a very
small fraction (e.g., less than 1%) is used to produce the enzyme mixtures. A decreasing order in product
separation energy is hydrogen, secreted PEE, ethanol, butanol, and intracellular PEE. Hydrogen
production by SyPaB would be most appealing because its energy-retaining efficiency is ~49% higher than
ethanol, ~55% higher than butanol, and ~87% higher than PEE, even without considering higher
hydrogen-fuel cell efficiency than those of biofuel-internal combustion engines. Our analysis suggests that
it may be difficult to produce some advanced biofuels economically through aerobic fermentations due to
low energy efficiency, as compared to ethanol, butanol, and hydrogen.

“Biological Systems Engineering Department, Virginia Polytechnic 1. Introduction
Institute and State University (Virginia Tech), 210-A Seitz Hall,
Blacksburg, Virginia, 24061, USA. E-mail: ypzhang@yt.edu; Fax:
(+540) 231-3199; Tel: (+540) 231-7414

b Environmental Division, College of Earth and Space Science, University of

The production of transportation fuels from renewable energy
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able development of humankind. For the transportation sector,
several special requirements have been met, for example, high
energy storage capacity in a small container (e.g., ~50 liters),
high power output (e.g., ~20-100 kW per vehicle), affordable
fuel costs (e.g., § ~ 20/GJ), affordable vehicles, low costs for
rebuilding the relevant infrastructure, fast charging or refilling of

Broader context

Biotransformation mediated by microorganisms or enzymes have comparative advantages over chemical catalysis, such as low
energy consumption, modest reaction condition, high selectivity, and low costs of bioreactor. But microbial fermentation or enzyme
production must consume a significant fraction of carbohydrate for the production of biocatalysts so to decrease potential yield of
the desired product. Numerous biofuels can be produced from sugar, such as ethanol, butanol, long-chain alcohols, fatty acid esters,
wax, alkanes, hydrogen, electricity, and so on. Some can be easily separated from broth or cells but some is not; some has higher
energy densities than others. Which is (and is not) vital to developing advanced biofuels is a key question for future biofuels R&D.
When more than 50% of the combustion energy in sugar (e.g., 0.18/kg or $10.8/GJ) is lost during its bioconversion and separation,
the production of such biofuel may be economically prohibited. Since aerobic fermentation consumes a significant fraction of
carbohydrate to the synthesis of cell mass, there are great challenges in the economical production of biofuels through aerobic
fermentations.

This journal is © The Royal Society of Chemistry 2011 Energy Environ. Sci.
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the fuel (e.g. several minutes per time), safety, and so on.
Therefore, it is believed that future transportation fuels will
mainly consist of biofuels (e.g., ethanol, butanol, hydrogen) for
most light-duty vehicles, electricity for a small fraction of light-
duty vehicles for short-distance commuters, and high energy
density liquid biofuels (e.g., butanol, fatty acid esters and
hydrocarbons) for jet planes.> Most future transportation fuels
will be produced from renewable non-food biomass because
lignocellulose is the most abundant and low-cost renewable
bioresource.’> Such transition from the fossil fuel-based
economy to the carbohydrate economy would bring benefits to
the economy, environment, and national energy security.®® An
increased biomass energy conversion efficiency means decreasing
the impacts of both the carbon footprint and the water footprint
on the environment.”

Different scenarios of biofuels production have been proposed
starting from plant biomass or eventually from solar energy
(Fig. 1). Through biomass sugar platform, potential biofuels
include cellulosic ethanol, butanol, fatty acid esters (ester-diesel),
hydrogen, methane, alkane, and more. Through syngas made by
a thermochemical pathway, potential biofuels are ethanol,
hydrogen, methanol, dimethylether, FT-diesel, electricity, and so
on. The scope of this analysis is restricted to biotransformation
from sugars to biofuels (Fig. 1) because the production of bio-
fuels through biotransformation mediated by microorganisms or
enzymes has numerous advantages over catalysis, such as high
energy efficiency, high chemical selectivity (i.e., high yield of
desired product), modest reaction condition, low-cost of biore-
actor, and so on. Also, sugar platform has great flexibility for
producing other value-added biochemicals, such as isoprene,
lactic acid, acetic acid, in the future.

Although ethanol is produced on a large scale, numerous advanced
biofuels are being investigated, such as hydrogen,®*° butanol and
long chain alcohols,™ 3 electricity,'*"® fatty acid esters,'”
waxes,7?*?! and so on. Numerous perspective papers®**25 and
research papers''7?627 have been published in high-profile journals,
but which biofuel will become predominant in the future is in
debate.®*3* Since thermodynamics drives economics in commodity
production,® it is vital to compare energy-retaining efficiency,
a combustion energy ratio of the separated biofuel to sugar through
biotransformation and separation.

The production of biofuels from non-food biomass involves
numerous steps: biomass growing, harvesting, and collection;
lignocellulose pretreatment/fractionation; biomass saccharifica-
tion; carbohydrate fermentation/biotransformation to a desired

Pretreatment/

biofuel; biofuel separation; waste treatment; and system inte-
gration (Fig. 1). Numerous research papers have been published
based on the whole life cycle analysis.?®3!=* Since the results of
these analyses are based on a number of assumptions, contro-
versies arise pertaining to whether such assumptions are solid or
the input data are out-of-date.?*33*¢ To avoid the uncertainties of
some inputs in upstream steps, such as biomass growing and
collection, fertilizer and pesticide consumption, and biomass
saccharification, our small-scale (not life cycle) analysis would
help identify the key limiting step for biofuels R&D, evaluate
risks/benefits of potential biofuels R&D at the beginning stage,
and focus the limited funding resource to more important
projects. Thermodynamics of the the biochemical pathway
determines a theoretical yield of biofuel without synthesis of
biocatalyst; bioenergetics determines a maximum practical bio-
fuel yield through biotransformation because a fraction of the
carbohydrate is allocated (consumed) to synthesis of the bio-
catalyst; product separation energy determines a fraction of
energy spent for the production of useable biofuels.

In this analysis, we assess the energy-retaining efficiency of
four biofuels from biomass carbohydrate. They are liquid water
miscible ethanol and butanol, liquid water immiscible fatty acid
esters, and gaseous hydrogen. Among them, ethanol is the gold
reference for assessing other potential “advanced” biofuels. The
same methodology can be applied to other advanced biofuels.
The advantages and limitations of different biofuels and their
future applications through internal combustion engine or fuel
cell/electric motor are not discussed here, since several excellent
papers and analysis have covered this topic.*?*2!*37 Based on
the above three criteria alone without complicated techno-
economical models that are based on numerous assumptions and
uncertain inputs,>** we suggested re-considering feasibility of
some advanced biofuels R&D by using the above three criteria at
the beginning, followed by more detailed techno-economical
analysis and life cycle analysis.

2. Biochemical pathway for biofuel production

Ethanol, a high-octane liquid fuel blend, can be produced
through microbial anaerobic fermentation by numerous micro-
organisms, such as Saccharomyces cerevisiae and Zymomonas
mobilis. Under anaerobic conditions, S. cerevisiae can convert
one glucose to two pyruvate, two ATP, and two NADH through
the glycolysis (Embden-Meyerhof) pathway (eqn (1) & Fig. 2)
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Fig. 1 Different pathways for biofuels production from lignocellulosic biomass. The current analysis focuses on the sugar-to-biofuels biotransfor-
mation in the dotted line box for the production four types of representative biofuels.
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Fig.2 Pathways of ethanol (by yeast), butanol, and palmitate ethyl ester
(PEE) production from glucose.

glucose + 2 ADP + 2 P; + 2 NAD" — 2 pyruvate + 2 ATP + 2
NADH + 2 H* + 2 H,O (1)

Pyruvate can be converted to acetaldehyde by pyruvate
decarboxylase and then to ethanol with consumption of NADH
mediated by alcohol dehydrogenase. The overall ethanol
fermentation mediated by S. cerevisiae can produce two ethanol
and two ATP from one glucose with a balanced NADH (Table
1). In contrast, Z. mobilis can implement the same chemical
reaction with only one net ATP generated through the Entner-
Doudoroff pathway.*"*

Butanol, a four-carbon alcohol, has several advantages over
ethanol, such as higher energy density, more hydrophobicity, and
lower evaporation heat, but its production suffers from low yield
and low titer.*** Acetone, butanol, and ethanol (ABE)

fermentation converts glucose to two pyruvates through glycol-
ysis, and then to acetyl CoA and NADH mediated by pyruvate-
ferredoxin oxidoreductase (eqn (2)).** Two acetyl CoA are linked
together to one acetoactyl-CoA and then converted to one
butanol mediated by a number of biohydrogenation reactions
(eqn (3)).*® The overall butanol fermentation can produce one
butanol per glucose along with two moles of ATP (Table 1).

pyruvate + NAD" + CoA — acetyl CoA + CO, + NADH +
H” 2

2 acetyl CoA + 4 NADH + 4 H" — butanol + 2 CoA + 4
NAD* (3)

James Liao and his co-workers have re-designed the non-
natural butanol-producing pathway through the amino acid
synthesis pathway.' This new pathway has a balanced NADH
and generates 2 ATP per glucose.

Fatty acid esters can be produced by linking free fatty acids
and alcohols.'”! Fatty acids are a key component of the cell
membrane, a primary metabolite that is directly involved in
normal cells’ growth, development, and reproduction. Fatty
acids are synthesized from acetyl CoA through a series of
condensation and reduction processes.** Taking palmitate (16-
carbon saturated fatty acid) as an example, one molecule of
palmitate requires 8 moles of acetyl CoA, 7 moles of ATP and 14
moles of NADPH (eqn (4)),**¢ as shown in Fig. 2. Palimitate
and ethanol can be converted to palmitate ethyl ester (PEE)
mediated by acyltransferase (eqn (5)).

8 acetyl CoA + 7 ATP + 14 NADPH + 6 H" — palmitate + 14
NADP* + 8 CoA + 6 H,O + 7 ADP + 7 P; )]

palmitate + ethanol — palmitate ethyl ester (PEE) + H,O (5)

Therefore, a combination of eqn (1), (2), (4), and (5) results in
eqn (6) for PEE production,

4.5 glucose + 16 NAD" + 14 NADPH + 2 ADP + 2P; — PEE +
16 NADH + 14 NADP* + 9 CO, + 9 H,O + 2 ATP (6)

In order to achieve high-yield PEE production, it is vital to (1)
balance NADH and NADPH by efficiently converting the
reduced NADPH, which is mainly used for anabolism, to the

Table 1 Stoichiometric reactions for biofuels production and thermodynamic data

Reaction ATP/mol mol™!

NAD(P)H/mol mol™! A,G°/k] mol™! A H°/kJ mol~!

Ethanol fermentation: C¢H;,0¢ 1-2
(aq) = 2 CHsO () + 2 CO> (g)

Butanol fermentation: C¢H,0¢ 2
(aq) = C4H,00 () +2CO, (g) +
H,O0 ()

Palmitate ethyl ester (PEE): 4/9
C6H1206 (aq) +2/9 02 — 2/9
CisH3605 + 2 H,O + 2 CO; (g)

H, production by SyPaB: CcH ;005 0
(aq)+7H0 () > 12H, (g) + 6
CO, (g)

0 —236 —68

0 —273 —124

4/9¢ —524 —263

0 =27 +628

“ Assume that NADPH and NADH can be exchanged with an efficiency of 100%.

This journal is © The Royal Society of Chemistry 2011
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reduced NADH, which is mainly used for catabolism, and (2)
consume the unbalanced reduced coenzymes through oxidative
phosphorylation.

In nature, most hydrogen is biologically produced through
anaerobic fermentation from carbohydrate.*”*° One glucose can
produce four dihydrogens, two acetic acids, and four ATP
through mixed acid pathway fermentation (eqn (7)).° That is, the
theoretical hydrogen yield through anaerobic fermentation is
four, called “the Thauer limit”.%°

glucose + 4 ADP + 4 P; — 2 aceticacid + 4 H, + 2 CO, + 4
ATP (7

In order to break the Thauer limit, in vitro synthetic enzymatic
pathways have been demonstrated for generating high-yield
hydrogen from starch or cellulosic materials and water through
synthetic pathway biotransformation (SyPaB).*® As shown in
Fig. 3, these synthetic pathways contain (i) production of
glucose-1-phosphate (G-1-P) through a chain-shortening phos-
phorylation reaction catalyzed by a- or B-glucan phosphorylase
(eqn (8)), (ii) conversion of G-1-P to glucose-6-phosphate (G-6-
P) catalyzed by phosphoglucomutase (eqn (9)), (iii) pentose
phosphate pathway along with the partial glycolysis and gluco-
negenesis pathways containing 10 enzymes for producing 12
NADPH and 6 CO, per G-6-P (eqn (10)), and (iv) hydrogen
generation from NADPH catalyzed by hydrogenase (eqn (11)).

(C6H10Os)n + Pi > (CeH10O5)n1 + G-1-P (®)
G-1-P & G-6-P )
G-6-P + 12 NADP* + 7H,0 < 12 NADPH + [12H" + 6 CO, +
P; (10)
12 NADPH + 12 H* < 12 H, + 12 NADP* (11)

The combination of eqn (8)—(11):
CeH005 + 7H,0 — 12 H, + 6 CO, (12)

Clearly, no microorganism can implement the reaction (eqn
(12)) because it does not generate any ATP or reduced cofactors
for supporting the microorganism’s growth and duplication.

3. Thermodynamics

The first law of thermodynamics teaches us that energy can be
changed from one form to another, but cannot be created or
destroyed. The second law of thermodynamics states that the

Glucan (G,)

e
:

B-enzymes
in non-oxidative PPP,
glycolysis &
gluconeogenesis

Fig. 3 Synthetic pathway for hydrogen production from glucan and
water. PPP, pentose phosphate pathway. The enzymes are: GNP, glucan
phosphorylase; PGM, phosphoglucomutase; G6PDH, G-6-P dehydro-
genase; 6PGDH, 6-phosphogluconate dehydrogenase; and H2ase,
hydrogenase. #5-12 enzyme are phosphoribose isomerase, ribulose 5-
phosphate epimerase, transketolase, transaldolase, triose phosphate
isomerase, aldolase, fructose-1, 6-bisphosphatase, and phosphoglucose
isomerase. The metabolites and chemicals are: glp, glucose-1-phosphate;
g6p, glucose-6-phosphate; 6pg, 6-phosphogluconate; ruSp, ribulose-5-
phosphate; and P;, inorganic phosphate.

entropy of an isolated system tends to increase over time,
approaching a maximum value at equilibrium. The production of
biofuel is a process by which the chemical energy stored in
carbohydrate is converted to the chemical energy in a desirable
biofuel. Because most chemical reactions are enthalpy-driven
(AH° < 0), a fraction of the chemical energy of the reactant is
dissipated to the environment as heat.

Table 1 shows the thermodynamics values of the four biofuel-
producing processes. The negative values of standard Gibbs free
energy suggest that all the reactions occur spontaneously. The
reactions for the production of ethanol, butanol, and PEE have
negative values of A H°, suggesting that a fraction of the chem-
ical energy stored in carbohydrate is dissipated like most chem-
ical reactions. Among the three, PEE fermentation is the least
energy efficient, losing 10% of its combustion energy (Table 2).
Hydrogen production through SyPaB is an entropy-driven
reaction®® because both products are gas and the gaseous
products have much higher entropy values than those of the
aqueous reactants. A positive A;H° value of +628 kJ mol™'
suggests that this reaction can absorb a significant amount of
(low-temperature) heat and convert it to chemical energy in the
form of hydrogen. Such low-temperature heat can be accessed
from the environment or any low-temperature waste heat

Table 2 Biofuel yield based on mole and weight as well as theoretical energy efficiency

Formula MW Molar yield/mol mol~! Thelg g Combustion energy“/kJ nﬁf{ib
Ethanol C,HgO 46.07 2 0.511 2734 97.4%
Butanol C4H,;,0 74.12 1 0.411 2676 95.3%
PEE C3H3605 284.48 2/9 0.351 2526 90.0%
H, H, 2.02 12 0.148 3430 122.1%

“ combustion energy of biofuel produced from per mole of glucose. © a ratio of the combustion energy of biofuel divided by the combustion energy of

glucose or its equivalent.

Energy Environ. Sci.

This journal is © The Royal Society of Chemistry 2011



Downloaded by University of Tennessee at Knoxville on 05 January 2011

Published on 16 December 2010 on http://pubs.rsc.org | doi:10.1039/COEE00069H

View Online

sources, for example, the proton exchange membrane fuel cells or
waste hot water from power stations.

Table 2 shows the theoretical biofuel yields based on weight,
mole, and energy efficiencies (n5/¢). One glucose unit can produce
two ethanol, one butanol, 2/9 PEE, or 12 dihydrogen. Therefore,
mass yields (w/w) are 0.511 (ethanol), 0.411 (butanol), 0.351
(PEE), and 0.148 (hydrogen). The energy efficiencies in
decreasing order are 122.1% (hydrogen), 97.4% (ethanol), 95.3%
(butanol), and 90.0% (PEE) (Table 2). Clearly, hydrogen
generation by SyPaB is the most appealing because low-
temperature waste heat is converted for generating hydrogen
energy. Ethanol production has the second highest retaining
efficiency, followed by butanol and PEE. PEE production has the
lowest efficiency mainly because some reduced cofactors have
been oxidized for keeping their balance (Table 1).

4. Bioenergetics

Carbohydrate is used as both a carbon source to support
microorganism growth or enzyme production by microbial
fermentation and as an energy source for biofuel production.
Since fermentable carbohydrate from lignocellulosic biomass
contains much lower organic nutrients as compared to those
from corn kernels or sugarcane, a significant fraction of carbo-
hydrate has to be allocated to the synthesis of microorganisms or
enzymes. In laboratory experiments, yeast extract or peptone is
often used as the source for both carbon and nitrogen sources for
supporting the synthesis of cell mass. But they are too costly for
industrial biofuel production.® Also, because carbohydrate cost
accounts for more than 50% of the final price of low-value bio-
fuel,*+2 it is vital to estimate carbohydrate allocation to bio-
catalyst synthesis and biofuel production.

For a microbial fermentation, synthesis of cell mass can be
estimated based on ATP generation.**>* Without any by-product
and cell mass, a stoichiometric reaction for biofuel production
based on glucose can be written as eqn (13) (see Table 1),

glucose — Y7 (biofuel) + Ycoys COy+ b ATP
+ ¢ NAD(P)H (13)

where YPT,/';, theoretical biofuel yield based on glucose in terms of
mol biofuel/mol glucose (see their values in Table 2); Y coass, CO-
yield based on glucose in terms of mol CO»/mol glucose; and
b and c are stoichiometric coefficients for ATP and NAD(P)H
generation, in terms of mol mol~!' glucose, respectively. ¢ > 0 for
aerobic fermentation; ¢ = 0 for anaerobic fermentations of
ethanol and butanol.

When extra reduced coenzymes are produced in microbial
biofuel fermentation, they can be oxidized for ATP generation.
The overall net ATP generation is

glucose + ¢/2 O, — Y5 (biofuel) + Ycoys CO, + (b + 2.5¢)
ATP (14)

The synthesis of cell mass based on ATP plus a mole of glucose
can be written as

a glucose + (b + 2.5¢) ATP — X cell mass +d CO,  (15)

where a is mole of glucose consumption for the synthesis of cell
mass when one mol glucose is converted to biofuel completely; X
is mol C of cell mass synthesized, cell mass has a general formula
of CH|30¢5Ng»,>> MWy = 24.6, and the degree of reduction
(vx) of cell mass = 4.2; and d is the stoichiometric coefficient for
CO, production.

The combination of eqn (13) and 15 results in

(1 + a) glucose + ¢/2 O, — Y7 (biofuel) + X cell mass + (Ycooss
+ d) CO, (16)

The value of X can be calculated as

¥ = (b+2.5¢)

= Sar (17)
YXP/ZTP'MWX

where Y4/, rpis the apparent cell mass based on ATP (g cell mass/
mol ATP).

The value of a (mol glucose) used for synthesis of the cell mass
can be calculated as

a=x-Jx (18)
s
where g is the degree of reduction of glucose, being 24.
Therefore, allocation of carbohydrate to cell mass (Axss,
unitless) can be calculated as
a

T1a (19)

Ayx/s =
So, the maximum practical biofuel yield based on carbohy-
drate (Y%, mol biofuel/mol glucose) is calculated as

we = Yhs-(1 — Ays) (20)

In anaerobic ethanol fermentation, one mole of glucose can
produce one mole of ATP through the Entner-Doudoroff
pathway in Z. mobilis, two moles of ATP through the Embden-
Meyerhof pathway in S. cerevisiae. In anaerobic fermentation,
the maximum ATP gain is four moles of ATP.*® In aerobic
fermentations, one mole of glucose can generate 30-32 ATP
through complete oxidation of glucose.*® Semi-aerobic fermen-
tations usually produce more ATP (i.e., more cell mass) than
anaerobic fermentations and less ATP than aerobic fermenta-
tions.36>7

Axys values are estimated based on cell mass yield based on
glucose (Yxs, g cell mass/g glucose) in the literature as

MWS’Y_X
MWy s

Axss = Yxs* =1.31Yys (21
where MWy is the molecular weight of glucose, being 180.

Fig. 4 shows the effects of Yy r» changes on Axs values for
different fermentations from anaerobic fermentations (1, 2, or 4
ATP per glucose) to semi-aerobic (6 ATP per glucose) to aerobic
fermentation (30 ATP per glucose). Although theoretic values of
Yx/atp may be as high as 30 g cell mass/mol ATP,3® apparent
Yyarp values might change greatly due to ATP consumption for
maintenance and/or ATP dissipation.>

Vigorous aerobic fermentations that can produce approxi-
mately 30 ATP per glucose usually have Yy/s values from ~0.43
to 0.56 for single cell protein production®*? and aerobic waste

This journal is © The Royal Society of Chemistry 2011
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Fig. 4 Calculated allocation of sugar to cell mass (Axs) curves
depending on Yx/atp values for different fermentations with different
ATP gains (1 ATP/glucose, e.g., Z. mobilis anaerobic fermentation; 2
ATP/glucose, S. cerevisiae anaerobic fermentation; 4 ATP/glucose, acetic
acid anaerobic fermentation; 6 ATP/glucose, semi-aerobic fermentation;
and 30 ATP/glucose, aerobic fermentation).

0.0 01

water treatment.®® Anaerobic ethanol fermentations by Z.
mobilis (1 ATP/glucose) and S. cerevisiae (2 ATP/glucose) have
Yxs values of 0.024-0.038%* and 0.11,% respectively. Typical
anaerobic mixed acid fermentations that produce 2-4 ATP per
glucose have Yy values from 0.10-0.15.5%%5 Semi-aerobic
fermentations that can generate more ATP than anaerobic
fermentation and less than vigorous aerobic fermentations have
Yxs values of 0.20-0.30.3¢% The above values imply that Yy, 7»
should be ca. 10.5 g cell mass/mol ATP (Fig. 4), as recommended
in the literature.’*> According to this Yy value, Fig. 4
predicts that Ayxs values for semi-aerobic PEE-producing
fermentation might range from 0.23 to 0.31 or even higher.

In order to increase biofuel yield, a practical way is to decrease
Yy irp values through optimizing fermentation process that can
uncouple ATP generation and ATP consumption for synthesis of
cell mass. For example, in Brazil high-titer ethanol fermentation
is usually conducted in continuous fermentation with cell recy-
cling.*” High concentration ethanol inhibits cell growth by dis-
rupting cellular membrane integrity,®® resulting in ATP
dissipation, less cell mass formation, and higher ethanol
yield.®”%® Although high-titer ethanol slows the cell-specific
ethanol production rate, the much higher volumetric cell mass
concentration through cell recycling results in higher volumetric
productivity than that without cell recycling. In a batch opera-
tion for ethanol production, two-step fermentation is usually
conducted. In the first step, oxygen is provided from fast
synthesis of cell mass by consuming a small fraction of carbo-
hydrate; in the second step, anaerobic fermentation is conducted
for ethanol production without significant synthesis of cell mass.
High-titer ethanol can nearly inhibit yeast growth at the end of
fermentation, resulting in very low apparent Yx,atp. It is why the
resting cell biotransformation usually has a very high product
yield because almost no carbohydrate is allocated to synthesis of
cell mass.” Similar, butanol fermentation can be conducted by
a two-step fermentation for enhanced product yield. But it is
notable that sometimes it may be difficult to uncouple ATP
production and ATP consumption, especially for the production
of PEE because their production is (partially) associated with cell
growth and dissolved oxygen should be controlled precisely for

preventing over-synthesis of cell mass in this semi-aerobic
fermentation.

Increasing biofuel yield can be implemented by (1) decreasing
formation of by-products by metabolic engineering, (2)
decreasing carbohydrate allocation to synthesis of biocatalysts
(microorganisms or enzymes), and (3) generating less ATP by
selecting the special pathway. For example, Z. mobilis has higher
ethanol yield than S. cerevisiae.”

For SyPaB, allocation of carbohydrate to the production of
the enzyme mixture depends on two important factors: weight-
based total turnover number of enzymes, and their recombinant
protein yield based on carbohydrate (Yp/s, g protein/g glucose).”
Higher Yp/s results in lower carbohydrate allocation to enzymes,
and typical values of recombinant protein yield in E. coli range
from 0.01 to 0.2. Our analysis suggests that when all enzymes
reach a threshold TTNy value of ~100,000, less than 1% of
sugar is allocated to the enzyme mixtures regardless of Ypsg
values from 0.01 to 0.2.7°

5. Product separation

Biofuels must be separated from the aqueous fermentation
broths before their applications. Four biofuels can be classified
into three groups: (1) liquid ethanol and butanol, which are
miscible with water; (2) liquid PEE, which is immiscible in water;
and (3) gaseous hydrogen mixed with another gas — CO,.

Ethanol in a fermentation broth is usually separated by
distillation followed by dehydration through a molecular sieve.
Fig. 5 shows the effects of ethanol concentration on distillation
energy spending.”” Increasing ethanol concentration greatly
decreases its separation costs, especially when ethanol concen-
tration is lower than 4% w/w, a critical value of ethanol sepa-
ration. When ethanol concentration is lower than this value,
regular distillation cannot economically separate ethanol. Four
percentage of ethanol separation requires an energy input of 35%
of its combustion energy. When ethanol concentration is 12%,
distillation energy equals 12.6% of its combustion energy. At the
same alcohol mass concentration, energy consumption for
butanol separation is lower than for ethanol.” But butanol
fermentation titers are 1.5-2%,'7* much lower than those of
ethanol (4%-12%), resulting in higher butanol separation
spending.”

Fatty acids or their ethyl esters are immiscible in water so that
they are easily separated by a liquid/liquid separator. But fatty
acids or esters may be stored in cells or be secreted across the
cellular membrane to the fermentation broth. Separation of
intracellular fatty acids from microorganisms is like that from
microalgae, including numerous sequential steps: centrifugation/
filtration, dehydrogenation, and oil extraction. Oil separation
from algae is energy intensive, requiring energy input ~27.9 MJ
kg ! product, accounting for ca. 71% of the combustion energy
of the product.” An alternative way is to secrete water-immis-
cible fatty acids or esters into the aqueous broth, so that the
energy input for oil/water separation by centrifugation is esti-
mated to be ca. 0.62% of the energy of the products.”” But the
secretion mechanism of fatty acids is not clear. Also it is
important to study the effects of high concentration fatty acids
on the host’s growth and product formation because nonpolar
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Fig. 5 Relationship between ethanol distillation energy and ethanol
concentration based on the data.”

solvents (PEE) may hurt nonpolar compounds (e.g., cell
membrane).

The gas produced by SyPaB contains 66.7% H, and 33.3%
CO,.%? Hydrogen and CO, can be separated by membrane
technology, pressure swing adsorption (PSA), or a hybrid of
both.”® Separation cost of H, and CO, is estimated to be
comparable to that for methane and CO, (i.e., ~4.8% loss).”
Since produced hydrogen is high purity, mixed with an inert gas
—CO,, this hydrogen/CO, mixture can be directly used by PEM
fuel cells with a slight loss in fuel cell efficiency (ca. 1%), esti-
mated by thermodynamics calculation.

6. Opverall energy-retaining efficiency

The overall energy retaining efficiency from sugar to the purified
biofuel (n) can be calculated as

n = nps (1 — Axs)-R-(1 — ns) (22)
where 07 is theoretical biofuel efficiency based on sugar (unit-
less); Ris a ratio of carbohydrate to the desired biofuel relative to
a sum of the biofuel and other by-products, which can be
enhanced by metabolic engineering;** and ngis energy loss for the
product separation (see Section 5).

Fig. 5 shows the energy-retaining efficiencies for ethanol,
butanol, PEE, and hydrogen from biomass carbohydrate. Based
on current technologies, ethanol has the highest energy efficiency
(ca. 72%) among three liquid biofuels, which can explain why
only ethanol can be produced economically. For butanol
fermentation, two major obstacles need be solved — (i) increasing
the butanol titer so as to reduce butanol separation energy loss
and (i) increasing butanol yields based on carbohydrate. For
PEE fermentation, it is obvious that it is nearly economically
infeasible to produce it intracellarly because of its intrinsic high
separation energy. In order to economically produce PEE, PEE
must be secreted across the cell membrane and the R value must
be as high as ~0.9. Current PEE technologies are far from
commercialization feasible because of low R and high Ax/s.
Through intensive efforts in synthetic biology, the overall effi-
ciency of PEE would be 64%, much lower than future scenarios
for ethanol (81%) and butanol (78%), because a significant
fractionation of carbohydrate has been consumed for the

synthesis of cell mass (i.e., ~0.20, see Fig. 4). If this n value of
PEE (64%) is reached, PEE production would be economically
viable, partially competitive with ethanol and butanol. That is,
PEE final production cost is projected to be ca. $ ~ 20/G]J, based
on sugar costs (0.18/kg, $10.6/GJ).** Different from the three
liquid biofuels, hydrogen production by SyPaB has the highest
energy-retaining efficiency (101%) and would have a projected
efficiency of ~121% after technology improvement (Fig. 6). The
two major obstacles to hydrogen production are costs of enzymes
and coenzymes and their lifetime because the enzymes cannot be
self-renewed. These obstacles are being addressed.*** SyPaB
technology has its clear advantages: high product yield, fast
reaction rate, high energy-retaining efficiency, easy process
control, engineering flexibility, ezc.** In fact, discovery of ther-
moenzymes that have TTNs > 10 million are highly doable for
industrial biotransformation, for example, Clostridium thermo-
cellum phosphoglucomutase,® Thermotoga maritima 6-phos-
phogluconate dehydrogenase,®* efc. In the food industry,
immobilized thermostable glucose isomerase has reached a TTN
value of more than 250 million.®® Also, an immobilized ther-
mophilic enzyme — C. thermocellum phosphoglucose isomerase
on the surface of a cellulosic material — has exhibited TTN values
of 1,000 million (submitted).

In this analysis, we compare the production of four biofuels
from biomass sugars and provide the upper limits of their energy-
retaining efficiency. Only ethanol is economically produced now
mainly due to its highest | value. Two major obstacles to butanol
production — low butanol yield and low titer — are being solved.?’
For PEE fermentation, more obstacles must be solved: (i) effi-
cient secretion of PEE across the cellular membrane, (ii)

Fig. 6 Theoretical, current, and future energy-retaining efficiencies for
the production of ethanol, butanol, PEE, and hydrogen based on biofuel
yield relative to by-products, allocation of carbohydrate to biocatalysis
synthesis, and biofuel separation loss. Current and future R ratios are
96% and 99% for ethanol, 70% and 95% for butanol, 70% and 90% for
PEE, and 95% and 100% for hydrogen, respectively. Current and future
Ax;s values are 10% and 2% for ethanol, 12% and 2% for butanol, 50%
and 20% for PEE, and 10% and 0.1% for hydrogen, respectively. The ns
values are 14% for 12% (w/w) ethanol (current and future); 23.3% and
12% for 2% (current) and 5% butanol (future), respectively; 71% for
intracellular (i) PEE (current), 2% for secretory (s) PEE (current), 1%
for secretory PEE (future); 3% for hydrogen (current), and 0.85% for
hydrogen (future). More data for the efficiency calculation is available in
the supporting materials (Table S1).¥

This journal is © The Royal Society of Chemistry 2011

Energy Environ. Sci.



Downloaded by University of Tennessee at Knoxville on 05 January 2011
Published on 16 December 2010 on http://pubs.rsc.org | doi:10.1039/COEE00069H

View Online

a dramatic increase in PEE yield (ie., R value), (iii) a good
balance between NADH regeneration and NADPH consump-
tion, (iv) a narrow distribution of PEE chain length, (v) precise
control of dissolved oxygen levels for semi-aerobic fermentation
to avoid over-synthesis of the cell mass (i.e., lower Axs), and (vi)
good mixing and careful aeration in large bioreactors. Because
energy efficiency is the most important criterion for energy
assessment according to the International Energy Agency,
hydrogen production by SyPaB would be most appealing
because its energy-retaining efficiency is 49% higher than
ethanol, 55% higher than butanol, and 87% higher than PEE,
even without considering much higher conversion efficiency for
hydrogen fuel cells than internal combustion engines for liquid
biofuels. The similar analysis would be applied to the production
of other “advanced” biofuels.

Nomenclature

a mole of glucose consumption for the synthesis
of cell mass (mol glucose)

b,c, d stoichiometric coefficients for ATP generation,
NAD(P)H generation, and CO, generation,
mol mol~' glucose

X stoichiometric coefficient for cell mass (mol C)
synthesis

Axss allocation of carbohydrate to cell mass,
unitless

MWg molecular weight of glucose, 180 g mol™!
glucose

MWy molecular weight of cell mass (CH; g0 5Ny ),
24.6 g mol~! cell mass

R ratio of glucose to the desired biofuel relative
to a sum of the biofuel and other by-products.

The theoretical biofuel yield based on glucose, in
terms of mol biofuel/mol glucose

Y rp apparent cell mass based on ATP (g cell mass/
mol ATP)

Max maximum practical biofuel yield based on
glucose, mol biofuel/mol glucose

Ycoos CO, yield based on glucose in terms of g CO,/g
glucose

Ys degree of reduction of glucose, unitless, being
24

Yx degree of reduction of cell mass, unitless, being
4.2

Ns energy loss for the product separation, unitless

n overall energy-retaining efficiency, unitless

s theoretical biofuel efficiency based on sugar,
unitless

Subscript

X cell mass

S substrate (carbohydrate, glucose)

P product (biofuel)
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