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Abstract: Replacement of fossil fuels with new sustainable resources is becoming crucial due to depleting petroleum
reserves, increasing global energy demand, and arising environmental concerns. Lignocellulosic biomass can be an
alternative to fossil resources as a sustainable and environmentally friendly feedstock for producing chemicals and fuels.
One of the major challenges of biomass-based technologies is to extract sugars that are covalently trapped inside the
lignocellulosic biomass efficiently. Recently, ionic liquids (ILs) have been recognized as promising solvents for mild and
rapid hydrolysis of biomass feedstocks with higher sugar yields. In this study, we first develop and then evaluate an
IL-based biomass hydrolysis strategy for large-scale production of fermentable sugars from corn stover. Toward this aim,
we develop a process simulation model based on the experimental studies reported by Binder and Raines (P Nat/ Acad
Sci USA 107: 4516-4521(2010)) and a simulated-moving-bed (SMB) system. We identify that the major cost driver is

the IL cost. Our analysis suggests that process alternatives with lower IL consumption and/or separation strategies that
would allow higher recycle of ILs should be studied. © 2012 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction the availability of fossil fuels, the use of these sources is
also in question since they result in extensive greenhouse

he need for alternative sources of fuel and energy has gas (GHG) emissions.* Lignocellulosic biomass is a widely

been growing due to depleting petroleum reserves abundant and potentially carbon-neutral source of energy

and increasing global energy consumption.'” Besides which can be used for the production of liquid fuels.*®
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Modeling and Analysis: Conversion of biomass to sugars via ionic liquid hydrolysis

Lignocellulose has evolved to resist degradation due to

the crystallinity of cellulose and the presence of covalent
crosslinking between the lignin and hemicelluloses via

ester and ether linkages in the plant cell wall.” To extract

the fermentable sugars that are trapped inside the lignocel-
lulose, cellulose and hemicellulose should be freed from the
lignin, and then hydrolyzed to break them down into mon-
osaccharides.® The efficient conversion of carbohydrates in
lignocellulosic biomass into sugars is a challenging technical
bottleneck for economical biofuel production. Though hemi-
cellulose hydrolyzes readily, to make cellulose susceptible

to hydrolysis, a pre-treatment process is needed to remove
lignin, reduce cellulose crystallinity, and increase the cellu-
lose porosity.”'” The most common pre-treatment methods

17-19

are dilute acid,''""® lime, "' hot water and ammonia

fiber expansion.?~%2

Recently, ionic liquids (ILs) have demonstrated great
promise for pre-treatment of cellulosic biomass.”>*° ILs are
organic salts that are in liquid state at room temperature.”’
With their low volatility at ambient temperatures and unique
solvent properties, ILs have been recognized as efficient sol-
vents that are also potentially ‘green’ due to their minimal
vapor pressure.”? Pre-treatment of lignocellulosic biomass
using ILs can effectively remove the lignin and reduce the
crystallinity of the cellulose to permit enzymatic hydrolysis
at high solid loadings and low enzyme concentrations; hence
it significantly accelerates the rate of enzymatic hydrolysis
and increases the yield of the fermentable sugars.’®' IL pre-
treatment also can potentially lower energy consumption,
since it can be carried out under relatively mild thermal
conditions.? This lessens the thermal degradation of cellu-
lose and hemicellulose into products which could inhibit the
downstream saccharification and fermentation step.’>** The
delignification efficiency of IL pre-treatment also suggests
a promising means for recovering lignin as a valuable com-
mercial co-product.®® Nevertheless, a potential shortcoming
of IL pre-treatment is the high cost of ILs.*®

Accordingly, the goal of this study is to investigate the
technoeconomic feasibility of a large-scale process for fer-
mentable sugar production from IL pre-treated biomass.
While the particular process embodiment considered herein
is based on the technology developed by Binder and Raines,”’
our analysis is general because it investigates wide ranges of

the key technical and economic factors. The IL hydrolysis
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and simulated moving bed (SMB) separation technologies
we employ are reviewed in the next section. We then present
our baseline technoeconomic evaluation, while sensitivity
analysis results are given before we briefly discuss alternative

configurations that can potentially improve the economics.

Technology overview

The strategy we investigate is based on a series of two hydro-
lyses of crude biomass at relatively low temperature (105°C)
using [EMIM]CL.*>"*® The IL:biomass ratio in the hydroly-
sis reactors is maintained at 10:1. This ratio seems to be
appropriate since there is evidence that cellulose conversion
decreases at a lower [EMIM]Cl loading (18 wt% biomass in
[EMIM]CI).* In this process, 20 wt% HCl loading relative to
stover weight is supplied into each reactor. The water content
of the reaction mixture has a considerable influence on the
conversion and product distribution.””** When there is not
enough water in the reaction medium, dehydration of mon-
osaccharides to hydroxymethylfurfural (HMF) or furfural
is favored and is likely to provide the main water source for
additional hydrolysis.*"** In contrast, when the water con-
tent exceeds a certain level, polymeric carbohydrates are no
longer soluble in ionic liquids.** Therefore, concentration of
water should be optimized. Binder and Raines®” balanced
cellulose solubility and glucose stability by adding water
gradually during hydrolysis, since cellulose solubility would
increase as the reaction progresses. Water feed to total reac-
tion mixture ratio is increased to 43 wt% in each reactor
within an hour. After successive hydrolysis steps, glucose
yield of 78 wt% can be obtained from cellulose, while the
total biomass-to-sugars yield is 54 wt%.

As mentioned before, the high cost of ILs can be a poten-
tial drawback. Therefore, ILs should be recovered from
the hydrolyzate efficiently using a cost-effective separation
technology. Preliminary calculations show that at least 98%
of the ILs should be recovered for an economically feasi-
ble process.”” Extraction seems to be challenging because
fermentable sugars and [EMIM]CI have similar solubilities
in various solvents.** Additionally, these compounds have
very low volatilities; thus distillation is not an appropriate
choice. It is also known that thermal degradation of sugars
begins at 160°C, while [EMIM]CI thermally decomposes
at 190°C when heated.** Therefore, thermal stability of
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these components is another obstacle for high temperature
distillation. In contrast, chromatographic separation
methods have been reported to be practical to achieve the
desired product purity. SMB chromatography is a continu-
ous adsorption technique, which utilizes a series of columns
with periodically moving inner and outer ports. In an SMB
system, the fast-migrating solutes are collected from the
raffinate port, while slow-migrating solutes are withdrawn

from the extract port. Wooley et al.*®

developed a nine-
zone SMB system which consists of two rings and recovers
glucose and xylose from biomass hydrolyzate with 88%
recovery and near 100% purity as depicted in Fig. 1. In the
first ring, sulfuric acid (a fast-moving solute) is recovered
as the raffinate product (raffinate 1) and acetic acid (a slow-
moving solute) is partially recovered as the extract product
(extract 1), while a mixture of the two sugars (intermediate
solute) and the rest of the acetic acid is recovered in a bypass
stream. Most of the water can be taken out from eluant 1 to
reduce the dilution of the bypass. The bypass stream of the
first ring is input as the feed of the second ring, in which the
sugars are recovered as the raffinate product (raffinate 2) and
acetic acid is recovered as the extract product (extract 2).
Similarly, Xie et al.*® used a five-zone SMB system for

the isolation of six sugars (arabinose, mannose, xylose,

Movement

Raffinate 2

Figure 1. Schematic representation of a nine-zone SMB system

(adapted from Wooley et al.*%).

Modeling and Analysis: Conversion of biomass to sugars via ionic liquid hydrolysis

galactose, glucose, cellobiose) from biomass hydrolyzate
containing impurities such as sulfuric acid, acetic acid,
furfural, and HMF. Although these studies investigated
sugar recovery from the hydrolyzate mixture in the absence
of ILs, it is anticipated that ILs can be isolated from the
biomass hydrolyzate by this method easily because of their
charged structure.”’ It should be noted that Binder and
Raines” reported >95% recovery of the IL for a corn stover
hydrolyzate stream passing through a column of [EMIM]-
exchanged Dowex® 50 resin. In this study, we assumed 98%

recovery of the IL at our baseline design.

Process synthesis

We synthesized an integrated strategy for the production

of sugars from corn stover; the process flow diagram (PFD)

is shown in Fig. 2. Our strategy employs four types of sys-
tems: (i) IL-based hydrolysis, (ii) liquid-solid separations,

(iii) boiler/turbogenerator, and (iv) SMB separations. The
modeling of the first is based on experimental data for a series
of two IL hydrolyses to produce fermentable sugars from
crude biomass.””** The modeling of the second and third,
which are established industrial unit operations, is based on
data from the literature (NREL report).*® The modeling of the
fourth system, the SMB-based separation of IL from fermenta-
ble sugars and water, was based on a literature search for simi-
lar systems. We assumed that fresh IL ([EMIM]CI) feed mixed
with the IL recycle stream is supplied into the two hydrolysis
reactors according to the experimentally obtained ratio. The
first step of the process is decrystallization of corn stover feed
(stream 1) through mixing with ILs (stream 3). The outlet
stream of the decrystallization unit containing pre-treated
corn stover (stream 4) is hydrolyzed in the first hydrolysis
reactor by addition of 20 wt% HCI and water (streams 5 and
6, respectively). After the hydrolysis step, 97% of the soluble
products are separated from the residual lignin and cellulose
solids and sent to the SMB chromatographic separation sys-
tem (stream 8), while the residual lignin and cellulose solids
with 50 wt% moisture content (stream 9) are subjected to a
second hydrolysis. After similar decrystallization and hydroly-
sis steps, soluble products and [EMIM]Cl in the solid residues
are recovered using a pressure filter assuming that 96% cake
washing efficiency is possible in two wash cycles with a wash
water to feed mass ratio of 0.58 as described in the NREL
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Figure 2. Process flow diagram of fermentable sugar production using ionic liquids (ILs).

report.*® Following the pressure filtration, the remaining solid
residues in stream 17 are sent to a boiler/turbogenerator to
produce heat and electricity. The soluble product streams of
the second hydrolysis step (streams 15 and 18) are mixed with
that of the first hydrolysis step (stream 8) and sent to the SMB
system.

In the SMB system, 98% recovery of the IL is assumed
from the biomass hydrolyzate containing [EMIM]Cl and
fermentable sugars (glucose, xylose, arabinose, mannose,
and galactose) as well as HCI, water, extractives, acetic acid
and other soluble by-products. Recovered IL in stream 20 is
mixed with fresh IL and recycled back to the two hydrolysis
reactors. Stream 21 contains 90% of the acetates present in
the biomass and other impurities. Almost 100% of the fer-
mentable sugars in the biomass hydrolyzate are obtained in
stream 22. The overall conversion of biomass feedstock to
fermentable sugars is found to be 54 wt%.

The net energy efficiency of the process, which is the
ratio of the total energy output over the total energy input,
is 66.6%. The only input comes from biomass (50.3 MW),
while the output includes fermentable sugars (23.5 MW),
excess electricity (5.2 MW), and excess heat (4.8 MW). 47%
of the total biomass energy content is present in the sugar
product. The energy content of corn stover and the sugar
products were calculated using heat of combustion data.*’

The insoluble portion of biomass (lignin, non-fermentable,

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 6:444-452 (2012); DOI: 10.1002/bbb

and unconverted polysaccharides), which contains 43% (21.5
MW) of the total biomass energy content, is sent to the tur-
bogenerator where it is converted, using a combined heat
and power cycle, into 6.4 MW of electricity (30% efficiency)
and 8.6 MW of heat (40% efliciency). The required amounts
of process heat, which after heat integration was calculated
to be equal to 3.8 MW, and process electricity, which is equal
to 1.2 MW, are fully satisfied. The excess electricity (5.2 MW)
is sold to the grid, while the excess heat (4.8 MW) is assumed
to be used in other processes that are likely to be integrated
(e.g. ethanol-water distillation in a lignocellulosic ethanol
plant). A schematic of the major energy flows is shown in
Fig. 3.

Net Efficiency: 66.6% I

- I e

3.8 MW l.lml
(16%) (2.4%) |

|4.8 MW

| 95%)

|52 MW

| — [(10.3%)

) Chemical Heat Elcciricity
CnErgy

Figure 3. Net energy efficiency of

IL-based hydrolysis process.
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Technoeconomic evaluation

The basis of our analysis is a facility converting 80 000 tons/ yr
(10 tons/hr) of dry biomass into 43 200 tons/yr of fermenta-
ble sugars. We selected a relatively small capacity because
the total capital investment can be the major barrier for the
implementation of this type of technology. Thus, the unit
production cost can be substantially reduced due to econo-
mies of scale if a larger-scale facility is installed. After two IL
hydrolysis steps, the overall glucose yield from cellulose and
xylose yield from xylan are 78 and 90 wt%, respectively. We
assume that the IL recovery using the SMB separation sys-
tem is 98%. Decrystallization and reactor units are designed
based on a residence time equal to 2.5 h for the first hydroly-
sis and 3 h for the second hydrolysis. The standard power law
expression® is used to estimate equipment costs (except for
the SMB system),

C,=CS" 1)

where C, is the purchased equipment cost, S is the
characteristic size parameter, C is the cost constant based
on mid2004 dollars, and # is the corresponding exponent
for each type of equipment. The turbogenerator and pres-
sure filter costs are calculated from the estimated power
capacity based on the results presented in the NREL report
using a similar power law approach.*® Equipment cost of
the SMB system is calculated using the correlation given

in Xie et al.*®

All equipment costs are updated to their
current values using the 2011 chemical engineering plant
cost index.” The cost of ILs ((EMIM]CI) is assumed to be
$10/kg projecting that mass production will reduce their
price.

The calculated equipment costs are given in Table 1. The
cost of the SMB separation system is the dominant capital
cost component ($37 million), accounting for more than 60%
of the total equipment cost, followed by the cost of the tur-
bogenerator ($15.9 million). The total purchased equipment
cost is equal to $60.3 million. The total project investment
was estimated at $193 million, which includes other direct
(e.g. instrumentation, insulation) and indirect (e.g. engineer-
ing, contingency) costs. We note that 403 tons of ILs should
be purchased before the start-up of the operation to fill the
two hydrolysis reactors, which results in $4 million of capital

requirement (working capital).

Modeling and Analysis: Conversion of biomass to sugars via ionic liquid hydrolysis

Table 1. Purchased equipment costs (capacity:

80 000 dry tons of biomass per year).

Equipment units Cost ($)
SMB system 36 978 000
Turbogenerator 15 863 000
Reactors 4 025 000
Pressure filter 1230 000
Decrystallization units 190 000
Solid/liquid separators 287 000
Utilities 1342 000
Storage 425 000
Total equipment cost 60 340 000

Table 2. Operating costs (capacity: 80 000 dry
tons of biomass per year).

Operating costs Cost ($/yr)
lonic liquid 245916 000
Biomass feedstock 6 574 000
Other raw material 3970 000
Operating labor 2 674 000
Maintenance and repairs 1678 000
Insurance 1258 000
Plant overhead 1604 000
Waste disposal 431 000
Total operating cost 264 105 000

A breakdown of the operating costs is given in Table 2.
The cost of fresh IL ($246 million) is the major contributor
to the total operating cost ($264 million). Approximately,
3.1 tons/h of [EMIM]Cl is continuously supplied into the
process to maintain the IL to biomass ratio at 10:1 in both
hydrolysis reactors. Biomass feedstock cost is more than
$6.5 million/yr, assuming that the corn stover feedstock
price is $83/ton.”® The total cost of other raw materials is
around $4 million annually, including HCI and process
water, based on 2011 prices.” Fixed operating cost including
operating labor, maintenance, insurance and plant overhead
cost adds $7.2 million to the annual operating costs.

Contributions of the operating costs, income tax and
return on investment (ROI) to the minimum selling price
(MSP) are shown in Fig. 4. ROI, which is a function of the

discount rate and the equipment life span, represents the

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 6:444-452 (2012); DOI: 10.1002/bbb
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Figure 4. Cost and revenue components.

contribution of the capital expenditures to the MSP. Income
tax is calculated based on the difference of the revenues and
costs by considering the depreciation of the unit equipments.
The break-even point is determined by adjusting the MSP

of the fermentable sugars so that revenues (from sugars and
excess electricity) are equal to the production cost plus taxes
plus ROL. At the break-even point, the MSP of the fermenta-
ble sugar product is equal to $6.72/kg, which is significantly
higher than the current market price of sugars (45-80¢/kg).>*
We observe that the dominant component is the IL cost,
which is $5.75/kg. All remaining cost contributors add $1.02
to each kg of the fermentable sugar product. Revenue from
the electricity is valued at $0.05/kg assuming that excess
electricity is sold at 5¢/kW-h.

Sensitivity analysis

The results of our economic evaluation suggest that further
technology and process improvements are critical to reduce
the cost of this strategy. To identify the major cost driv-
ers and technology gaps, we carried out sensitivity analysis
studies with respect to a series of technical (e.g. IL recovery
rate and IL:biomass ratio) and economic (e.g. IL price, tax
rate, ROI discount rate) parameters. The results are shown in
Fig. 5.

We observe that the most important parameter is the IL
recovery rate: a £1% perturbation leads to a 42% change in
the MSP of fermentable sugars. The IL:biomass ratio has

the second-greatest effect: a 20% decrease in the IL:biomass

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 6:444-452 (2012); DOI: 10.1002/bbb
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Figure 5. Sensitivity analysis results. IL recovery rate, IL:biomass

ratio, and IL price, are identified as the most important parameters.

ratio results in around 18% reduction in the MSP of sugars,
assuming that sugar yields in the two hydrolysis steps
remain the same. The price of IL has a similar effect: a +20%
variation in the IL price changes the MSP by more than 17%.
A +20% variation in the total project investment changes
the MSP by 2%. Variations of £20% in the biomass feedstock
cost, ROI discount rate, income tax rate, and equipment
life span result in less than 1% change in the MSP of sug-
ars. Finally, we investigated how electricity price changes
the economics. In our baseline system, electricity selling
price was assumed to be 5¢/kW-h. Electricity obtained from
renewable sources can, however, be sold at higher rates due
to incentives. Our sensitivity analysis showed that every 5¢/
kW-h increase in electricity price leads to a 0.7% reduction
in the MSP.

Clearly, the major economic driver is the cost of fresh
IL, which depends on (i) the amount of fresh IL supplied
into the process, and (ii) the price of IL. Importantly, the
former depends on the IL:biomass ratio in the hydrolysis
reactors, which can be improved via new catalytic technol-
ogy development, and the IL recovery rate, which can be
improved via separation technology advances. To evaluate
the potential effect of new conversion and separation tech-
nologies, we investigated how combined changes in the two
aforementioned parameters affect the MSP. The IL recovery
rate was varied from 95% to 99%, whereas the IL:biomass
ratio was varied from 10:1 to 5:1 assuming that sugar yields

remain the same. This resulted in a fresh IL consumption

SM Sen et al.
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Figure 6. [a] Sensitivity of fresh IL supply with respect to IL:biomass
ratio and IL recovery rate. [b] MSP as a function of IL price and fresh

IL supply.

of between 6000 and 60 000 tons/yr as shown in Fig. 6(a).
Our analysis suggests that combined improvements in
catalytic and separation technologies can reduce the con-
sumption of IL from 24 600 tons/yr in the baseline design
to 6000 tons/yr.

The second driver, the price of IL, is expected to decrease
if IL-based biomass hydrolysis is widely adopted, thus lead-
ing to economies of scale due to large-scale production.
Furthermore, ILs are currently used in applications where
high purity is required, which in turn leads to high prices
($20-100/kg), but high purity IL may not be necessary in
this application. To investigate the effect of IL price, we
considered scenarios where the price ranges from $2.5/kg
(roughly the cost of raw materials for 1 kg of [EMIM]CI)* to
$20/kg. The combined effect of the supply of fresh IL and the

Modeling and Analysis: Conversion of biomass to sugars via ionic liquid hydrolysis

price of IL on the MSP of sugars is shown in Fig. 6(b). The
lowest MSP is $1.14/kg.

Discussion

The cost of ILs appears to be the major barrier for the
implementation of the process discussed in this paper.
Therefore, process configurations that require lower IL
consumption should be investigated. One option is the
replacement of the first IL-based hydrolysis step with dilute
acid hydrolysis. This configuration would require minor
changes and would preserve the high sugar yield because the
IL is used to hydrolyze recalcitrant cellulose in the second
hydrolysis step. Since the amount of biomass in the second
step is substantially lower, this change can potentially result
in a 50% reduction in the required IL. Integration with
other pre-treatment technologies can also be investigated,
though it is not clear if intermediate steps (e.g. neutraliza-
tion) would be necessary. A second option is the elimina-
tion of one hydrolysis step coupled with introduction of a
cellulose solids recycle stream. This configuration would
require additional separation units, but it can be effective if
unreacted cellulose is recovered effectively. Another direc-
tion is the development of a better strategy for the separa-
tion of ILs from the biomass hydrolyzate. SMB technology
can be fine-tuned to this specific hydrolyzate mixture, thus
leading to high recovery (>99%). Vastly different technolo-
gies could, however, replace or be integrated with an SMB
system, perhaps including extraction procedures that lev-
erage the unique physical properties of the ionic liquid.
Finally, the replacement of [EMIM]CI by other ILs which
lend themselves to conventional separations (e.g., distillation
and extraction) can lead to significant savings.’® The goal
here would be the development of a hydrolysis technology
that has similarly high sugar yields while employing ILs with
physical properties sufficiently different from those of sugar

monomers using reliable property estimation models.”’
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