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Abstract

Background: When applied to recalcitrant lignocellulosic feedstocks, multi-stage pretreatments can provide more
processing flexibility to optimize or balance process outcomes such as increasing delignification, preserving hemicel-
lulose, and maximizing enzymatic hydrolysis yields. We previously reported that adding an alkaline pre-extraction step
to a copper-catalyzed alkaline hydrogen peroxide (Cu-AHP) pretreatment process resulted in improved sugar yields,
but the process still utilized relatively high chemical inputs (catalyst and H,0,) and enzyme loadings. We hypoth-
esized that by increasing the temperature of the alkaline pre-extraction step in water or ethanol, we could reduce the
inputs required during Cu-AHP pretreatment and enzymatic hydrolysis without significant loss in sugar yield. We also
performed technoeconomic analysis to determine if ethanol or water was the more cost-effective solvent during alka-
line pre-extraction and if the expense associated with increasing the temperature was economically justified.

Results: After Cu-AHP pretreatment of 120 °C NaOH-H,O pre-extracted and 120 °C NaOH-EtOH pre-extracted
biomass, approximately 1.4-fold more total lignin was solubilized (78% and 74%, respectively) compared to the 30 °C
NaOH-H,O pre-extraction (55%) carried out in a previous study. Consequently, increasing the temperature of the
alkaline pre-extraction step to 120 °C in both ethanol and water allowed us to decrease bipyridine and H,0, during
Cu-AHP and enzymes during hydrolysis with only a small reduction in sugar yields compared to 30 °C alkaline pre-
extraction. Technoeconomic analysis indicated that 120 °C NaOH-H,O pre-extraction has the lowest installed (5246
million) and raw material (5175 million) costs compared to the other process configurations.

Conclusions: We found that by increasing the temperature of the alkaline pre-extraction step, we could success-
fully lower the inputs for pretreatment and enzymatic hydrolysis. Based on sugar yields as well as capital, feedstock,
and operating costs, 120 °C NaOH-H,0 pre-extraction was superior to both 120 °C NaOH-EtOH and 30 °C NaOH-H,0
pre-extraction.
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Background

Increasing energy demands, the desire for energy inde-
pendence, and growing concern over greenhouse gas
emissions and global warming have encouraged the
search for renewable, eco-friendly sources of energy,
including biofuels produced from lignocellulosic biomass
[1]. Lignocellulose, the structural biopolymer found in
plant cell walls, is comprised of lignin, cellulose, hemicel-
luloses, and to a minor extent, pectins. Due to contribu-
tions from the composition, the higher order structure of
the plant cell wall, and the cellular organization of higher
plants, lignocellulosic biomass is recalcitrant to many
deconstruction processes that are used to release the fer-
mentable sugars found in cellulose and hemicellulose [2,
3].

A diverse range of pretreatment technologies have
been investigated that are capable of overcoming this
recalcitrance, and several studies have used aqueous or
organic solvents to effectively pretreat the lignocellulosic
biomass for its improved conversion [4—10]. Relevant to
this manuscript, significant research efforts have focused
on developing pretreatments using water or ethanol as
solvents in the presence of alkali [11-15]. Addition of
ethanol during alkaline delignification has been found
to result in more rapid delignification relative to alkaline
only [16] and has been developed as a process to yield
low-lignin pulps [17].

Multi-stage pretreatments offer the potential to pro-
vide a synergistic interaction in order to improve and/
or generate high-yield, high-purity fractions of cell wall
biopolymers and are commonly used in the forest prod-
ucts industry. For example, an acidic “pre-hydrolysis”
coupled to an alkaline delignification is employed in the
production of viscose pulps and is capable of yielding
acetate and hemicellulose-derived compounds (e.g., fur-
fural) in the first stage and a high-purity cellulose pulp
suitable for the production of cellulose derivatives [18].
Comparable to these processes, autohydrolysis and dilute
acid pretreatment have been coupled to a range of del-
ignifying post-treatments in order to improve the subse-
quent enzymatic hydrolysis of woody biomass including
hybrid poplar [19-21]. Multi-stage mild alkaline and
alkaline—oxidative pretreatments have been proposed in
our prior work as a method of preserving hemicellulose
and maximizing enzymatic hydrolysis yields [13, 22].

We previously demonstrated that a copper-catalyzed
alkaline hydrogen peroxide (Cu-AHP) pretreatment
process resulted in a substantial improvement of sugar
yields following enzymatic hydrolysis compared to AHP-
only pretreatment [23, 24]. Further, we recently reported
that the addition of an alkaline pre-extraction step prior
to Cu-AHP pretreatment increased lignin and hemicel-
lulose solubilization under mild process conditions (i.e.,
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low temperature and pressure), improving the glucose
yields by 1.4-fold (63% to 86%) and xylose yields by 1.3-
fold (74% to 95%) [13]. While these data were promising,
the process still utilized relatively high chemical inputs
(copper, the ligand 2,2’-bipyridine (bpy) and H,0,) dur-
ing pretreatment and enzyme loadings during hydrolysis
to achieve the reported yields. We hypothesized that by
increasing the severity of the alkaline pre-extraction step,
we could increase delignification while still retaining
most of the xylan, thereby allowing us to reduce both the
chemical inputs required during Cu-AHP pretreatment
and the enzyme loadings utilized during hydrolysis.

Although increasing the severity of alkaline pre-extrac-
tion conditions would almost certainly improve glucose
yields following Cu-AHP pretreatment and enzymatic
hydrolysis, an economic evaluation of pretreatment
process economics is needed, as increasing the severity
would also increase the processing costs. Technoeco-
nomic analysis (TEA) evaluates both the economic and
technological aspects of pretreatment technologies. In
addition to understanding the total costs associated with
producing ethanol from lignocellulosic feedstocks, TEA
also analyzes the effects of changes in chemical input or
feedstock costs, evaluates process design to maximize
energy usage and recovery, and identifies process bottle-
necks that might inhibit industrial-scale feasibility. As a
process development tool, TEA has been applied to many
pretreatment technologies including, but not limited to,
dilute acid [25, 26], AFEX™ [27, 28], ionic liquid [29, 30],
and y-valerolactone (GVL) [31, 32]. Recently, TEA was
applied to a two-stage alkaline hydrogen peroxide (AHP)
pretreatment of corn stover, revealing a favorable mini-
mum ethanol selling price (MESP) [33]; however, TEA on
the two-stage Cu-AHP pretreatment of woody biomass
has not been performed.

In this manuscript, we compare the impact that water
and ethanol alkaline pre-extraction steps have on the
effectiveness of Cu-AHP pretreatment of hybrid poplar.
Importantly, we report that by increasing the tempera-
ture of the alkaline pre-extraction step to 120 °C, we can
improve the process performance while simultaneously
reducing the chemical and enzyme inputs in the second
stage that are required to achieve high sugar yields fol-
lowing enzymatic hydrolysis. Finally, we perform eco-
nomic analysis to identify areas of the pretreatment
process to target for further improvements.

Methods

Biomass

Eighteen-year-old hybrid poplar (Populus nigra var.
charkoviensis x caudina cv. NE-19) grown at the Uni-
versity of Wisconsin Arlington Agricultural Research
Station was used for this study. Debarked and air-dried
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hybrid poplar logs were split to approximately 1.5” x 2"
x 12" wedges, chipped by an Earthwise 15-Amp Electric
Garden Chipper/Shredder (Model GS70015), and sieved
by shaking for 15 min in a LABTECH Chip Classifier
with round-hole screens. Chips that passed through the
7-mm round-hole screen but were retained on the 3-mm
round-hole screen were shipped to Michigan State Uni-
versity for use in this study.

Compositional analysis

Prior to compositional analysis, wood chips were ground
to pass through a 1-mm screen on a Christy Turner
lab mill (Christy Turner LTD, Ipswich, Suffolk, UK). A
two-stage acidolysis method from the National Renew-
able Energy Laboratory [34] was used to determine the
composition of the structural carbohydrates and the
acid-insoluble lignin (Klason lignin). The structural car-
bohydrates were separated and quantified on an Agilent
1260 series high-performance liquid chromatography
(HPLC) system equipped with an Infinity II refractive
index detector and an Aminex HPX-87H column. The
mobile phase was 5.0 mM H,SO, (0.6 mL/min) and the
operating temperature was 65 °C. The xylose measured
from the samples were reported as a cumulative percent-
age of xylose, mannose, and galactose as the HPX-87H
column is unable to resolve these sugars.

Alkaline pre-extraction of wood chips

For the pre-extraction step, a 5 g sample (1-2% mois-
ture content) of 3—7 mm of hybrid poplar wood chips
was heated without mixing at 120 °C for 1 h (plus a
15 min heat-up time and a 10-min cool-down time) with
250 mM NaOH (100 mg/g biomass) and either 50 mL
(~10% wt/vol solids loadings) of 95% (vol/vol) etha-
nol (120 °C NaOH-EtOH pre-extraction (PE)) or water
(120 °C NaOH-H,O PE) in a 100 mL volume capacity
Parr reactor (4560 Mini Benchtop reactor). After incu-
bation, the remaining insoluble biomass was thoroughly
washed with deionized water and air dried. Prior to Cu-
AHP pretreatment, the alkaline pre-extracted wood chips
were milled to 1 mm using a Christy Turner lab mill
(Christy Turner LTD, Ipswich, Suffolk, UK).

Cu-AHP pretreatment

Following ethanol or water alkaline pre-extraction, the
milled hybrid poplar biomass was subjected to Cu-AHP
pretreatment with fed-batch addition of H,O, [13]. The
pretreatment was performed in 2.5 mL of reaction vol-
ume at 10% solids loading for 23 h at 30 °C. Unless oth-
erwise noted, the following concentrations of reactants
were utilized during pretreatment. Catalyst loadings
were set at 1 mM for Cu®* (added as CuSO,-5H,0) and
2 mM for 2,2'-bipyridine (bpy), respectively. (Although
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the precise function of the bpy ligand is unknown, the
N heteroatom donor and the aromaticity of the biden-
tate ligand are important.) The H,0, and NaOH load-
ings were both set at 100 mg/g of hybrid poplar biomass.
Fed-batch addition of H,0, was performed over a 10-h
period to achieve a final oxidant loading of 100 mg/g pre-
extracted biomass.

Enzymatic hydrolysis

Following 23 h of Cu-AHP pretreatment, the pH of the
pretreatment mixture was adjusted to 5.0 with 72% (w/w)
H,SO, followed by the addition of 0.25 mL of 1 M citric
acid buffer (pH 5.0). To complete enzymatic hydrolysis,
Cellic CTec3 (197.3 mg/g) and HTec3 (170.5 mg/g), pro-
vided by Novozymes A/S (Bagsveerd, DK), were added
into the reaction mixture, each at a loading of 15 mg
protein/g glucan from pre-extracted biomass, for a total
protein loading of 30 mg/g. The enzyme content was sup-
plied by the manufacturer. The total aqueous volume of
the reaction was then adjusted to 5 mL by adding deion-
ized water to attain solids loading of 5% (wt/vol). The
samples were incubated at 50 °C for 72 h with orbital
shaking at 210 rpm. The sugars obtained following enzy-
matic hydrolysis were quantified by high-performance
liquid chromatography following a procedure described
previously [13]. The sugar yields (glucose and xylose)
were calculated by dividing the amount of released sugar
by the total sugar content of the biomass (dry weight
basis) prior to pretreatment.

Technoeconomic analysis

A technoeconomic analysis (TEA) based on n plant
assumptions was performed to assess economic improve-
ments resulting from the two-stage Cu-AHP pretreat-
ment conditions that were evaluated experimentally.
Three processes were considered to precede Cu-AHP
pretreatment: 1) 30 °C NaOH-H,O PE [13], 2) 120 °C
NaOH-H,0 PE (as described above), and 3) 120 °C
NaOH-EtOH PE (as described above). Process flow dia-
grams of each process and biorefinery are provided in
Additional file 1: Figure S1 and S2. After pre-extraction,
solids are separated from liquids by filtering through
screens at the bottom of the pre-extraction reactor.
These solids are sent to the Cu-AHP pretreatment reac-
tors, while the liquor containing base and solubilized
lignin, xylan, glucan, acetate, and mineral ash is sent to a
Kraft paper mill, serving as an integrated biorefinery, to
partially recover NaOH for use in the Kraft mill. NaOH
needed by the biorefinery is assumed to be purchased
at its market price whether from the adjacent Kraft mill
or from a separate vendor. For 120 °C NaOH-EtOH PE,
the ethanol-rich liquor is sent to a distillation column
to recover ethanol and recycle it to the pre-extraction
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reactors. The bottoms of ethanol recovery column are
routed to the integrated Kraft paper mill as a means of
handling the waste that contains NaOH. Further infor-
mation on operating conditions and conversions are
provided as supplementary data (see Additional file 1:
TableS2, Additional file 1: Figures S1, S2). Aspen Plus
Version 8.8 was used to simulate material and energy bal-
ances for the three process configurations.

The 2011 NREL biorefinery model [35], designed
for bioethanol production from corn stover, served as
the basis scenario for each simulation. The model was
updated to utilize poplar at 20% moisture content and
produce 60 million (MM) gal/year of ethanol. The bench-
scale experiments performed in this study provided the
processing conditions and yields that were implemented
by the biorefinery model. Capital costs for each area of
the biorefinery model were primarily scaled from the
NREL equipment cost estimates in the 2011 [35], 2013
[36], and 2015 reports [37]. These were then adjusted to
2011 dollars using the Chemical Engineering Plant Cost
Index, the primary source of which is Chemical Engi-
neering Magazine, to allow for comparison with recent
NREL reports [35—37]. The operating hours of the biore-
finery were changed to 7880 h per year. Raw material
prices are also updated to 2011 dollars using the Indus-
trial Inorganic Chemical Index (see Additional file 1
Table S1) [38]. A unit production cost (UPC) was calcu-
lated for each process based on the capital and operating
costs (Egs. 1-3) [39]. The calculated UPC represents the
minimum selling price of ethanol to compensate for the
annual production cost of the biorefinery,

UPC = (ACC + TOC)/APR, 1)
ACC =CCF x Cp, (2)
CCEF=[r(1+nN"/[A+nrn"—-1], (3)

where ACC, TOC, and APR are annualized capital cost,
total operating costs, and annual ethanol production
rate (60 MMgal/year), respectively. Cj, is the total capital
cost and CCEF is the capital charge factor calculated to be
0.1061 for an interest rate () of 10% and a plant life of
30 years. OC is calculated as the summation of raw mate-
rial and fixed operating costs minus revenues from selling
byproducts. Annual fixed operating costs are assumed to
be 5.1% of total capital costs [39].

Results and discussion

We have previously demonstrated the improved hydroly-
sis yields of the Cu-AHP pretreatment process in treat-
ing hybrid poplar compared to both alkaline-only and
alkaline hydrogen peroxide-only treatments when all
pretreatments were conducted at 30 °C [12, 23, 24].
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Additionally, we demonstrated that adding an alkaline
pre-extraction step at 30 °C to the Cu-AHP pretreatment
resulted in an increase in glucose and xylose yields by 23
and 21%, respectively [13].

Based on this promising yield increase, we hypoth-
esized that by increasing severity of the alkaline pre-
extraction, we could further reduce the chemical costs
during Cu-AHP while still maintaining high sugar yields.
Therefore, the current study focused on further improve-
ments to Cu-AHP pretreatment by performing alkaline
pre-extraction at high temperature in two different sol-
vent systems, ie., ethanol and water. Additionally, we
performed the alkaline pre-extraction step on larger
sized poplar wood chips (3—7 mm) that were then milled
to 20 mesh (0.85 mm) screen size using a Wiley mill prior
to Cu-AHP pretreatment. Studies have shown that pre-
treating wood chips prior to milling to a size appropriate
for enzymatic hydrolysis can reduce energy consumption
compared to milling prior to pretreatment [40, 41].

To test the hypothesis that increasing the temperature
of the alkaline pre-extraction would allow us to reduce
inputs during Cu-AHP, hybrid poplar biomass was mixed
with the solvent (ethanol or water) in the presence of
alkali and incubated at 120 °C for 1 h instead of at 30 °C,
as in our previous studies. After completing Cu-AHP
pretreatment and enzymatic hydrolysis, we observed
between 93 and 98% conversion of glucan and xylan of
pre-extracted biomass to glucose and xylose (Fig. 1).

Compositional analysis of the pretreated biomass was
performed to determine the changes associated with the
pre-extraction treatments relative to untreated biomass.
A larger amount of mass was solubilized during 120 °C
NaOH-H,0 PE (~21%) compared to 120 °C NaOH-
EtOH PE (~16%). Compositional analysis of treated
biomass demonstrated that ~ 27% of the original xylan
and ~ 28% of the original lignin was solubilized during
120 °C NaOH-H,0O PE compared to ~20% xylan and 19%
lignin solubilization for 120 °C NaOH-EtOH PE-treated
biomass (see Additional file 1: Table S2). In comparison,
only ~5% of both the lignin and xylan were solubilized
during 30 °C NaOH-H,O PE [13].

While both 120 °C pre-extraction steps resulted in
some lignin removal, the majority of the delignification
occurred when the pre-extracted biomass was further
subjected to Cu-AHP pretreatment. After Cu-AHP pre-
treatment of 120 °C NaOH-H,O PE and 120 °C NaOH-
EtOH PE biomass, 78% and 74%, respectively, of the
original lignin content was removed from a combination
of pre-extraction and pretreatment. This is an approxi-
mate 1.4-fold increase in lignin solubilization compared
to the 30 °C NaOH-H,O PE (55%) [13].

We then performed a series of experiments to deter-
mine if the increase in lignin solubilization caused by the
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Fig. 1 Glucose and xylose yields following enzymatic hydrolysis of
alkaline pre-extracted (in water or ethanol) and fed-batch Cu-AHP
pretreated hybrid poplar (yields based on composition of alkaline
pre-extracted biomass). All pretreatment reactions were performed
for 24 h at 10% (w/v) solids. For the two 120 °C pre-extractions
completed as part of this study, particle size was 3—7 mm for pre-
extraction and 1 mm for Cu-AHP pretreatment. The temperature for
pretreatment was 30 °C, with final concentrations of 1 mM Cu’tand
2mM bpy, and a H,0 loading of 100 mg/g biomass. Enzyme loadings
for enzymatic hydrolysis were 30 mg total protein per g glucan. The
30 °C pre-extraction was from a previous study [13]. Experimental
conditions were largely the same as above, except that samples were
milled to pass through a 20-mesh screen (0.85 mm) prior to pre-
extraction, and enzyme loadings of 60 mg total protein per g glucan.
The data points are the averages of three independent experiments,
and the error bars represent =+ standard deviations of the means

Page 5 of 10

high-temperature alkaline pre-extraction would allow
chemical and enzyme loadings to be reduced without
negatively impacting final sugar yields. A preliminary
cost analysis indicated that bpy, H,0,, enzymes, and
NaOH are the major raw material costs (other than feed-
stocks) in the overall conversion process. Therefore, the
first set of experiments were carried out at reduced bpy
loadings while Cu®" concentrations were maintained at
1 mM. High glucose yields (~90%) were still observed
when the bpy concentration was reduced to 0.75 mM
with 120 °C NaOH-H,O PE/Cu-AHDP, but slightly lower
yields (~80%) were noted for 120 °C NaOH-EtOH PE/
Cu-AHP (Fig. 2). Further, when pre-extraction was car-
ried out at 120 °C, the glucose yields obtained when etha-
nol was used with 0.75 mM bpy were the same as when
water was used with just 0.5 mM bpy. Interestingly, when
no bpy was added during the Cu-AHP treatment, glu-
cose yields were 76% when water was used during pre-
extraction and~70% when ethanol was used. Overall, the
results showed significant improvements in sugar yields
over 30 °C NaOH-H,O PE/Cu-AHP [13] where glucose
yields dropped to~70% when bpy was reduced to 0.5 mM
concentration.

In the second set of experiments, we reduced H,O,
loadings while bpy (2 mM), Cu*" (1 mM) and enzymes
loadings (30 mg/g original glucan) were kept constant
(Fig. 3). The results demonstrated that 120 °C NaOH-
H,O PE/Cu-AHP resulted in slightly higher glucose
yields (3—10% increase) and xylose yields (2—6% increase)
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Fig. 2 Glucose (a) and xylose (b) yields following enzymatic hydrolysis of alkaline pre-extracted and fed-batch Cu-AHP pretreated hybrid poplar at
different bpy loadings (yields based on composition of alkaline pre-extracted biomass). Triangles represent 120 °C NaOH-EtOH pre-extraction and
squares represent 120 °C NaOH-H,O pre-extraction. Pretreatment reactions were performed at 30 °C for 24 h at 10% (w/v) solids. Particle size was
3-7 mm for pre-extraction and T mm for Cu-AHP pretreatment. The final concentrations in the reaction were 1 mM Cu?* and 100 mg/g biomass for
the H,0,. Enzyme loadings for enzymatic hydrolysis were 30 mg total protein per g glucan. The data points are the averages of three independent
experiments, and the error bars represent & standard deviations of the means. Circles represent 30 °C NaOH-H,O pre-extraction from a previous
study [13]. Experimental conditions were largely the same as above, except that samples were milled to pass through a 20-mesh screen (0.85 mm)
prior to pre-extraction, and a temperature of 30 °C during both pre-extraction and pretreatment. The data points are the averages of three inde-
pendent experiments, and the error bars represent + standard deviations of the means
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at different H,0, loadings (yields based on composition of alkaline pre-extracted biomass). Triangles represent 120 °C NaOH-EtOH pre-extraction
and squares represent 120 °C NaOH-H,O pre-extraction. Pretreatment reactions were performed at 30 °C for 24 h at 10% (w/v) solids. Particle size
was 3-7 mm for pre-extraction and 1 mm for Cu-AHP pretreatment. The final Cu?* and bpy concentrations in the reaction were 1 mM and 2 mM,
respectively. Enzyme loadings for enzymatic hydrolysis were 30 mg total protein per g glucan. The data points are the averages of three independ-
ent experiments, and the error bars represent & standard deviations of the means. Circles represent 30 °C NaOH-H,O pre-extraction from a previous
study [13]. Experimental conditions were largely the same as above, except that samples were milled to pass through a 20-mesh screen (0.85 mm)
prior to pre-extraction, and a temperature of 30 °C during both pre-extraction and pretreatment, and enzyme loadings of 60 mg total protein per g
glucan. The data points are the averages of three independent experiments, and the error bars represent = standard deviations of the means

compared to 120 °C NaOH-EtOH PE/Cu-AHP at all
peroxide loadings. Further, H,O, could be reduced to
40 mg/g biomass while still maintaining high glucose
yields for both 120 °C NaOH-H,0O PE/Cu-AHP (86%)
and 120 °C NaOH-EtOH PE/Cu-AHP (81%). The biomass
treated with just 20 mg H,0,/g biomass and subjected to
120 °C NaOH-H,O PE/Cu-AHP still resulted in just over
80% glucose yields. The complete elimination of H,O,,
however, resulted in only ~50% glucose yields for both
120 °C NaOH-H,0 PE and 120 °C NaOH-EtOH PE.

We performed a third set of experiments where total
enzyme loadings were reduced, although the ratio of Cel-
lic CTec3:HTec3 remained 1:1, while H,O, (100 mg/g
glucan), Cu*" (1 mM) and bpy loadings (2 mM) were held
constant (Fig. 4). At a total enzyme loading of 20 mg/g
glucan (10 mg/g each protein), glucose yields of >90%
were still achieved for both 120 °C NaOH-H,O PE and
120 °C NaOH-EtOH PE. The results also revealed that at
lower total enzyme loadings of 10 and 5 mg/g glucan, the
glucose yields were higher for 120 °C NaOH-H,O PE/Cu-
AHP compared to the 120 °C NaOH-EtOH PE/Cu-AHP.

Technoeconomic analysis results

Increasing the temperature of the alkaline PE step to
120 °C allowed for a decrease in bpy, H,O,, and enzymes
with a small variation in glucose and xylose yields com-
pared to 30 °C alkaline PE. However, 120 °C alkaline PE
requires heat input at an economic cost. Therefore, this

preliminary TEA was performed to gauge how process
changes improve the biorefinery economics.

Simulation results were used to calculate the raw
material and variable operating cost of each process.
A detailed list of the annual raw material cost for the
three processes, i.e., 30 °C NaOH-H,O water PE/Cu-
AHP [13], 120 °C NaOH-H,O PE/Cu-AHP, and 120 °C
NaOH-EtOH PE/Cu-AHBP, is provided in Table S3 (see
Additional file 1: Table S3). Total raw material costs
for 30 °C NaOH-H,O PE, 120 °C NaOH-H,O PE, and
120 °C NaOH-EtOH PE were calculated to be $197.6,
$175.3, and $191.8 MM/year, respectively. Other than
feedstocks, H,O,, bpy, enzymes, and NaOH comprise
the main raw material costs in the pretreatment unit in
all cases. Smaller carbohydrate losses in 30 °C NaOH-
H,O PE translate to less biomass required for mak-
ing 60 MMgal/year ethanol, which reduces biomass
cost by about $3 MM/year. Further, 30 °C NaOH-H,O
PE and 120 °C NaOH-H,O PE produce electricity as a
by-product by burning lignin and have an annual rev-
enue of $2.82 and $3.63 MM/year from selling elec-
tricity to the grid. Additionally, 30 °C NaOH-H,O PE
consumes more power for aeration and agitation in
cellulase enzyme production vessels as the enzyme
requirement of 30 °C NaOH-H,O PE is twice that of
120 °C NaOH-H,O PE and 120 °C NaOH-EtOH PE
(60 vs 30 mg/g glucan). Increased enzymes also lead
to increased sugar costs for onsite enzyme production,
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Fig. 4 Glucose (a) and xylose (b) yields following enzymatic hydrolysis of alkaline pre-extracted and fed-batch Cu-AHP pretreated hybrid poplar
at different total enzyme loadings (yields based on composition of alkaline pre-extracted biomass). Triangles represent 120 °C NaOH-EtOH pre-
extraction and squares represent 120 °C NaOH-H,O pre-extraction. Pretreatment reactions were performed at 30 °C for 24 h at 10% (w/v) solids.
Particle size was 3—7 mm for pre-extraction and 1 mm for Cu-AHP pretreatment. The final Cu?* and bpy concentrations in the reaction were 1 mM
and 2 mM, respectively. The final H,O, concentration was 100 mg/g biomass. The data points are the averages of three independent experiments,
and the error bars represent 4 standard deviations of the means. Circles represent 30 °C NaOH-H,O pre-extraction from a previous study [13].
Experimental conditions were largely the same as above, except that samples were milled to pass through a 20-mesh screen (0.85 mm) prior to
pre-extraction and a temperature of 30 °C during both pre-extraction and pretreatment. The data points are the averages of three independent
experiments, and the error bars represent 4 standard deviations of the means

as 30 °C NaOH-H,0O PE sugar cost ($48.2 MM/year)
is about double that of 120 °C NaOH-H,O PE ($27.1
MM/year) and 120 °C NaOH-EtOH PE ($26.1 MM/
year). Finally, 120 °C NaOH-EtOH PE requires a larger
amount of heat to recover ethanol used in the pre-
extraction reactors. More troubling, the heat obtained
from combusting the solid residues of fermentation and
the biogas from wastewater treatment is insufficient to
meet the heat demands, requiring that purchased natu-
ral gas be burned (about $1.84 MM/year) to provide the
necessary process heat. Consequently, 120 °C NaOH-
EtOH PE does not produce excess steam for power
production and must purchase grid electricity costing
$12.3 MM/year.

A detailed itemization of the total capital investment
(TCI) for each process is shown in Table S4 (see Addi-
tional file 1 Table S4). The installed cost of the pretreat-
ment unit in 120 °C NaOH-EtOH PE is about $13 MM
more expensive than 30 °C NaOH-H,O PE and 120 °C
NaOH-H,O PE because of the capital costs attributed to
ethanol recovery, the reboiler, and air-cooled condens-
ers. Overall, 30 °C NaOH-H,O PE resulted in $100 MM
higher capital costs than the other processes, primarily
because of higher capital costs for enzyme production.
Consequently, UPC for 30 °C NaOH-H,0O PE/Cu-AHP,
120 °C NaOH-H,0 PE/Cu-AHP, and 120 °C NaOH-
EtOH PE/Cu-AHP was calculated as 4.09, 3.57, and 3.85
$/gal, respectively. This indicates that compared to the

other process, 120 °C NaOH-H,O PE has the better eco-
nomics because of its lower operating and investment
cost (Fig. 5).

Using the 120 °C NaOH-H,O PE model, a sensitivity
analysis, based on the actual bench-scale data obtained
by this work, was performed to assess the potential for
further cost reduction. Experimental data show that
H,0,, enzyme, and bpy loadings can be reduced from
their base value of 100 mg/g dry biomass (to 60 mg/g
dry biomass), 30 mg/g glucan (to 20 mg/g glucan), and
2 mM (to 1 mM), respectively, without meaningfully low-
ering the glucose and xylose yields. To gauge the impact
of altering these three variables on process economics, a
hypothetical case was formulated by assuming no inter-
action effects. If H,0,, enzyme, and bpy loadings can
be reduced in concert without lowering the ferment-
able sugar yield, then the overall impact of these changes
reduced the total raw material cost of the process and
capital costs of the enzyme production unit by about 25%
and 16% to $131.7 MM/year and $25.6 MM, respectively.
The excess electricity sold to the grid also increased from
$3.6 to $5.2 MM/year, a 44% increase. Overall, these
changes reduced UPC from $3.57 to $2.82/gal, which is
a 21% decrease. Figure 5 compares the three cases exam-
ined in this study to a 120 °C NaOH-H,O PE hypothetical
case that benefits from lowering H,O,, enzyme, and bpy
loadings in concert. As expected, reductions in raw mate-
rials used by 120 °C NaOH-H,O PE results in significant
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reductions in operating costs, and to a lesser degree, cap-
ital costs. Of course, interaction effects could alter these
predictions positively or negatively; future experiments
should be designed to simultaneously vary multiple fac-
tors and measure the influence of interaction on costs.

Another possible option to further reduce the raw
material cost would be lowering the current bpy price
($59/kg) by mass production. A five- and ten-fold reduc-
tion in bpy cost will reduce the annual raw material cost
for high-temperature water PE by about $22.7 and $25.5
MM/year, respectively, which is a significant decrease.
However, this option assumes future economies of scale
for the production of bpy. Therefore, scenarios that
include bpy recycling or onsite production should be
considered in future studies.

A complete life cycle analysis, which would provide a
more detailed picture of the environmental impact of the
three process configurations, was not performed. How-
ever, several observations can be made based solely on
the mass and energy balances. For example, as a conse-
quence of the higher electricity and natural gas inputs,
the process utilizing 120 °C NaOH-EtOH PE would result

in higher fossil fuel input and greenhouse gas emissions
per unit of biofuel generated than either of the other two
process configurations. On the other hand, the 120 °C
NaOH-EtOH PE process requires less process water per
unit of biofuel produced. Further analysis is needed to
fully understand these tradeofs.

Conclusion

In conclusion, we found that increasing the temperature of
the alkaline pre-extraction step to 120 °C prior to Cu-AHP
pretreatment allowed bpy, H,O,, and enzyme loadings to
be decreased without causing as large of a reduction in
glucose and xylose yields as was seen with a 30 °C NaOH-
H,O PE. Additionally, sugar yields with 120 °C NaOH-
H,O PE were greater than those for 120 °C NaOH-EtOH
PE. TEA revealed that 30 °C NaOH-H,O PE was the most
expensive of the three pre-extraction methods, and that
120 °C NaOH-H,O PE had the lowest investment and
operating costs. Further experimental work, coupled with
TEA, will be required to identify the optimal severity of
the alkaline pre-extraction step relative to the Cu-AHP
extraction and the reduction of non-feedstock inputs.
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Additional file

Additional file 1: Table S1. Raw material prices considered in the
technoeconomic analysis. Table S2. Operating conditions considered for
technoeconomic assessment of industrial scale bioethanol plant utilizing
two stage Cu-AHP preteatments. The first three columns use data that
were collected during this investigation. Entries in the fourth column,

for the best-case, assume that glucose and xylose yields from the “120 °C
NaOH-H,O PE + Cu-AHP case”remain unchanged when hydrogen per-
oxide, 2,2"-bipyridine (bpy), and enzyme loadings are reduced. Table S3.
Comparison of raw material costs (MM $/year) for 60 MM gal/year
bioethanol plant utilizing two-stage Cu-AHP pretreatments. Table S4.
Total capital investments of 60 MM gal/year bioethanol plant utilizing
two-stage Cu-AHP pretreatments. Figure S1. Block flow diagram of the
biorefinery. Figure S2. Process flow diagram of pretreatment unit includ-
ing first stage (a) 30 °C NaOH-H,0O PE, (b) 120 °C NaOH-H,0 PE, and (c) 120
°C NaOH-EtOH PE followed by second stage Cu-AHP pretreatment.
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30 °C NaOH-H,O PE: alkaline pre-extraction step conducted in water at 30 °C;
120 °C NaOH-EtOH PE: alkaline pre-extraction step conducted in ethanol at
120 °C; 120 °C NaOH-H,0 PE: alkaline pre-extraction step conducted in water
at 120 °C; ACC: annualized capital cost; APR: annual ethanol production rate;
bpy: 2,2’-bipyridine; CCF: capital charge factor; C,: total capital cost; Cu-AHP:
copper-catalyzed alkaline hydrogen peroxide; GVL: y-valerolactone; HPLC:
high-performance liquid chromatography; PE: pre-extraction; TEA: technoeco-
nomic analysis; TOC: total operating costs; UPC: unit production cost.
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