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ARTICLE INFO ABSTRACT
Keywords: Biofuels are promising sources of renewable energy, however the economically feasible biofuel process has not
Biofuel yet proposed because of the system complexity and a wide range of process variations. This study explores the

Biphasic reaction practical potential of biodiesel production processes through sequential reactions. Proposed sequential reaction

Igyfl?d;oxi'g;re‘f}:l‘;“ether started with xylose dehydration reaction producing furfural followed by furfural hydrogenation, condensation,
TE A penty Y and hydrodeoxygenation for biodiesel production. Rigorous reaction and separation models were constructed by

LCA using reaction experiments and thermodynamic data. The optimal biofuel process has been also proposed
through flowsheet optimization. Detail technoeconomic analysis and life cycle assessment are provided to assess
the impacts of certain parameters on economics and greenhouse gas emission. The results of this study show that
the levelized cost of biodiesel production is $3.66 gal ™!, and the corresponding global warming potential (GWP)
is 57.18 gCO2eq MJ ! for the base case. The production cost and GWP can reach $3.26 gal ! and 29.39 gCO2eq
MJ ! depending on the xylose concentration and the furfural yield. The feed costs of xylose and hydrogen ac-
count for more than 80% of the levelized cost of biodiesel production and the steam utility required for refining
products takes the largest portion of GWP, ranging from 33% to 65% of the total. These results ascertain that the
economic feasibility of biodiesel production can be achievable by using only the sugar components in biomass,
and the economics and GWP depend on the feed condition and the use of efficient separation process.

© 2022 Elsevier Science. All rights reserved.

biofuels, but the share of them as an energy source remains insignificant

1. Introduction [3,4].
The need to reduce biofuel production costs has led researchers to
The increased use of fossil fuels accelerates global environmental focus on finding cost-effective reaction pathways and catalysts to
degradation, and unprecedented disasters caused by extreme wheather improve reaction performance. The development of pretreatment has
events have increased awareness of the need for sources of renewable opened the possibility of commercially available methods of converting
energy [1,2]. Of the candidates for such energy, biofuels have attracted biomass feedstock into diluted sugars such as pentoses and hexoses,
significant attention as a way to mitigate environmental issues, and in separated from cellulose, lignins, and humins [5,6]. These sugars are
particular the global warming that results from emissions of carbon di- mainly obtained from hemicellulose consisting of 25-30% lignocellu-
oxide [3]. However, although many attempts have been made to render loses. Pentoses can be upgraded into various useful chemicals and fuels
biofuels economically viable, they are not yet competitive with petro- via consecutive chemical processes, such as dehydration, hydrogena-
leum due to their low conversion and expensive separation process. To tion, and aldol condensation [7]. It is worth noting that hexoses such as
overcome this challenge, policies have been put in place to encourage glucose can also be used to produce furfural, but doing so is more
the use of biofuels, such as providing incentives for fuels blended with technically challenging than using xylose [8]. Production of the
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Abbreviation HPLC High-performance liquid chromatography
I0 Input-output
2-MF 2-methylfuran LCA Life cycle assessment
CAPEX  Annualized capital LHSV Liquid hourly space velocity
cC Climate change impact LHV Low heating value
CMPE  Cyclopentyl methyl ether OPEX Operating expenditure
CtG Cradle to gate RI Refractive index
CwW Cooling water RowW Non-European (Rest-of-World)
FAST Fourier amplitude sensitivity testing SI Supporting information
GC-FID Gas chromatography with flame-ionization detector TEA Technoeconomic analysis
GSA Global sensitivity analysis WT Waste treatment
HDO Hydrodeoxygenation WWT Wastewater treatment

undesirable furfural byproduct 5-hydroxymethyl and low furfural yield
are common difficulties of hexose conversion into furfural [8,9]. For this
reason, we focus on analyzing the biodiesel processes using xylose,
which is currently available for producing furfural at an industrial scale
[10].

Chemical and biological pretreatment processes are attractive means
of producing sugars at industrial levels. Each method has its own merits
and drawbacks. For instance, acid pretreatment requires a short resi-
dence time and mild temperatures, but neutralization and recycling
processes are required for the acid after processing. Biological methods
commonly have long pretreatment times but consume less energy [6].
Regarding the biodiesel process overall, the pretreatment process
greatly affects the subsequent processes required for biodiesel produc-
tion because the concentration of refined sugar products varies
depending on the production process of the fermentable sugar [11].
2-10 wt% of xylose in diluted solution is often considered industrially
appropriate [12,13], but some studies have argued that xylose products
can be more concentrated, depending on the available biomass re-
sources and catalysts [6,8,14,15]. In addition, the concentration of
xylose is adjustable using the refinery process. For instance, Kuo et al.
found that 45.8 wt% xylose solution could be obtained using an opti-
mized diluted acid pretreatment process [5]. This dependence of the
condition of xylose feed on the subsequent upgrading process necessi-
tates quantitative analyses of its impacts on production costs to develop
an economically competitive process in relation to the provided feed
conditions.

Efforts to improve reaction performance for converting pentoses into
useful chemicals have led to the development of reactors with high
product yields. One example of this is the technique of adding an organic
solvent to a diluted xylose solution to produce furfural, which is a ver-
satile intermediate for producing various renewable chemicals and
biofuels [16,17]. This biphasic reaction reportedly achieves 99%
furfural yield, depending on the organic solvent used [18]. More reviews
on the reaction performances of biphasic reaction to produce furfural
can be found in Supplementary Information (SI). Despite the high yield
of the biphasic reaction system, the separation cost is an impediment to
its practical application, as large amounts of organic solvent needs to
supply to overcome low penetration of the furfural from the water to the
organic solvent [13,19]. Likewise, the high concentration of xylose in
water would reduce the yield of the furfural in biphasic reaction systems
[20]. To obtain insight into the future development of biofuel produc-
tion methods using a biphasic reaction, quantitative analyses to eluci-
date the influence of the characteristics of the reaction system on the
technoeconomic cost and greenhouse gas emissions, which depend on
the amount of organic solvent and xylose concentration in water, should
be performed. This analysis can only be performed through rigorous
simulations of the entire process of producing biofuel from fermentable
sugar or biomass feed.

Production of diesel-grade C15 hydrocarbons from xylose-based fu-
rans has been attempted [21,22]; this can be performed using a series of

unit processes, including the dehydration of xylose to furfural [23,24],
selective hydrogenation of furfural to 2-methylfuran [25], condensation
of furans [26-29], and hydrodeoxygenation (HDO) of condensed com-
pounds [30,31]. Although each unit process has been studied indepen-
dently to achieve optimum results, the feasibility of the unused pentoses
as high-quality fuels is not fully understood. An economical and envi-
ronmental analysis through the integration of the unit processes for the
feasible valorization of unused sugars is highly recommended to explore
the potential of its practical application in the interrelationship of unit
process variables.

According to the recent advances in biodiesel production, the con-
version of biomass into fuels has become more promising [32]; however,
economic viability remains out of reach due to the necessary processes
of sugar upgrading and energy-intensive separation. In particular, the
energy cost required to refine biodiesel is a major part of the total bio-
diesel production cost. Thus, the design of efficient separation should
receive as much attention as that paid to reactions. However, studies of
biodiesel production have generally neglected—or incorporate an
overly simplified understanding of—the separation processes because it
involves many challenges. A comprehensive study that takes into ac-
count both the reaction and separation systems requires a rigorous
process model that cannot be obtained without the necessary thermo-
dynamic data to precisely describe phase equilibria of the diluted
product-solvent system. As presented in this study, thermodynamic
characteristics can have a decisive impact not only on separation effi-
ciency but also on economics and carbon emissions. Several studies are
worth mentioning as attempts to show the economic impact of the
separation process by designing the entire process of biodiesel produc-
tion using various reaction pathways [33-36]. In particular, Baral et al.
[33] reported comprehensive analytical results taking into account the
uncertainties in the process, as well as the economic parameters, and
concluded that the minimum selling price for the economic viability of
bio-jet fuel can reach $2.75-3.45 gal™! using biological production
methods (in an ‘optimistic future’ case). Olcay et al. performed a
comprehensive analysis for aviation biofuels via phasic reaction [37].
They introduced tetrahydrofuran as the organic solvent to attain the
high furfural yield and designed the complete biofuel production pro-
cess. The resulted minimum selling price of bio-jet fuel varies in the
range of $4.36-6.31 gal ! requiring monetary incentives to meet eco-
nomic viability. Reviews However, we could not identify any published
study that has analyzed this process using validated thermodynamic
property data of the key components in the feed and product streams.
Furthermore, almost no biodiesel production studies that take into ac-
count uncertainties in the feed concentration can be found, although the
results of this work could significantly change overall efficiency
throughout the entirety of the production process.

In this study, we provide evidences showing that the optimized
processes that convert diluted xylose into furfural using cyclopentyl
methyl ether (CPME) as the organic solvent for the biphasic reaction,
from which biodiesel is produced in subsequent reactions can be
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considered as economically feasible alternatives to produce energy
source, and identify the condition for its industrial application. The main
components of the product stream are the C15+ middle distillates,
produced by HDO of 5,5-bis(5-methylfuran-2-yl)pentan-2-one (trimer in
Fig. S1). The rigorous simulation results of the suggested process
elucidate the economic and environmental impacts of biphasic solvents
on the desirable thermodynamic properties of catalysts and solvents.
The impacts of uncertainties in the process and economic parameters on
the economic viability and carbon emissions of the biodiesel production
process were also quantitatively investigated. This will help clarify the
understanding of how the nonlinear behavior of feed-product-solvent
equilibrium systems affects biodiesel production costs and the result-
ing carbon emissions. The assessment of catalysts and solvents for bio-
diesel production requires experiments to measure reaction
performance as well as simulations of the entire process to estimate the
profitability of marketing the biodiesel. Accordingly, the sensitivity
analyses of the economic viability of biodiesel production processes
using simulation in tandem with experimental results have been
conducted.

This paper presents the results in the following order: experimental
results, process design strategies, base case simulations, and sensitivity
analyses including process and economic parameters. The two system
boundaries for technoeconomic analysis (TEA) and life-cycle assessment
(LCA) are defined (Fig. 1). Note that the pretreatment process is not
included in the system boundaries as this study aims at analyzing the
sugar upgrading process while precluding the impact of the pretreat-
ment on the TEA and LCA results. Rather, this study provides the con-
dition of pretreatment process to secure the economic feasibility of the
biodiesel production by independently optimizing the upgrading pro-
cess depending on varying xylose feedstock concentration of which
condition is determined by pretreatment process. Case 1 considers the
case where all of the required utilities are purchased from outside of the
system boundary. In Case 2, part of the required steam is supplied from
the onsite steam-generation boiler. This paper mainly follows Case 1
because the amount of energy required for separation and the resultant
carbon emissions are directly reflected in the TEA and LCA results. The
results from Case 2 are provided to show how much production costs and
carbon emissions change depending on onsite steam generation using
lignin residues, which is generally presented in the SI.

2. Experiment

Many attempts have been made to improve furfural selectivity; for
example, organic solvents are commonly used in dehydration. The
organic solvents are added to the aqueous solution of xylose to form a
biphasic system, which in turn prevents further conversion of furfural-
producing byproducts [18]. Various solvents are tested to attain high
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furfural selectivity by forming two immiscible phases in the xylose
dehydration system [38-46]; however, the large amount of energy
required to retain the solvents separate from water impedes the devel-
opment of the economically viable processes. Among the tested organic
solvents, CPME is the most efficient for achieving high furfural yield [18,
20]. CPME is often considered as a competitive alternative to the
existing ethereal solvents due to its various benefits as an organic solvent
such as high stability under both acidic and basic conditions, and low
formation of peroxide. In addition, recycling CPME by separating it from
the biphasic solution formed with water requires relatively low energy
compared with the other solvent because of its low solubility in water
(1.1 g per 100 g of water) and low vaporization energy (69.2 kcal kg™1).
In tandem with the high performance of xylose conversion reaction,
these thermodynamic properties make CPME stand out as an economical
and environmentally friendly solvent for biodiesel production processes.
Furfural can be transformed into biofuels such as biodiesel via a series
resections of hydrogenation, condensation, and HDO [12,47]. In these
reactions, undesired by-products are inevitably produced and thereby
lower the quality of the biofuels produced. These by-products should be
removed to satisfy biodiesel standards provided by the American Society
Testing and Materials or the European Standards for commercialization
[2,48]. The refinement of remains is an energy-intensive process that
lowers the profitability of biofuel production.

We performed experiments to confirm the data for the series re-
actions for converting diluted xylose into biodiesel, after which we used
the biodiesel to evaluate the cost of practical reactors. Information on
the experiments is given in Table S3, and the detailed experimental
methods are described in the following subsections. For the separation
processes, thermodynamic data were obtained from the previously
available experimental results [20].

2.1. Dehydration of xylose to furfural

The catalytic dehydration of xylose to furfural was performed in a
round-bottomed flask. An aqueous solution of xylose (10 wt%, 25 g) was
mixed with Amberlyst-15 (1.5 g). CPME (25 g, Sigma-Aldrich) was
added to the mixture, and the prepared biphasic mixture was heated to
150 °C while being agitated at 300 rpm. After 3 h reaction, CPME and
aqueous phases were separately collected, and the concentrations of
prepared furfural in both phases were measured using an Agilent 7890A
with a flame-ignition detector (GC-FID) equipped with an HP-5MS
capillary column (60 m x 0.25 mm x 250 pm). The quantity of the
furfural was determined using 1-butanol as an internal standard
(Fig. S2). The concentration of furfural in the CPME phase, where the
sum of the furfural weight in water and CPME phase divided by the
initial weight of xylose was 51.0 wt%, and the conversion of xylose was
76.1%, was 34.1 g L1,

Case 1 Xylose to Biodiesel without onsite steam generation |

Trimer
Condensation Hydrodeoxygenation
2-MF Trimer

Waste Water
Treatment

Fig. 1. System boundaries for TEA and LCA in this study. Case 1 considers the biodiesel production process starting from xylose without the onsite steam generator.
Case 2 includes onsite steam generation. Both of the cases incorporate the entire biodiesel production process, except for the pretreatment and the cellulose
upgrading process in their system boundaries. Note that the wastewater treatment unit processes the wastewater streams from the entire process.
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2.2. Selective hydrogenation of furfural to 2-methylfuran

For the HDO of furfural in CPME, mesoporous Cu-Al,03 (20 wt%
CuO), synthesized by the solvent-precipitation method reported by Park
et al. [49], was promoted by 2 wt% sodium. This catalyst was reduced in
a stainless-steel reactor by 99.99% Hs (80 mL min’l) at300°Cfor1h
under atmospheric pressure [49]. After cooling to the reaction temper-
ature of 250 °C and tuning the Hy flowrate to 13 mL min~!, 5 vol%
furfural in CPME was fed by a high-performance liquid chromatography
(HPLC) pump at 0.064 mL min '. The experiment was conducted at a
weight hourly space velocity of furfural of 0.223 gFur ! gcat ' h™' and a
molar ratio Hy/furfural of 15.1 over 48 h. The product was continuously
condensed and collected for analysis using a gas chromatograph
equipped with a flame ionization detector and HP-INNOWAX column
(50 m x 0.2 mm X 0.4 pm). The furfural was nearly completely con-
verted in the reaction, and the measured weight balance ranged from
95% to 100%. The average product yield of 2-methylfuran (2-MF) was
estimated to be ca. 78.7 mol% with by-products such as 2-pentanone
(5.2 mol%), 2-pentanol (2.2%), and y-valerolactone (1.7%) (Fig. S3).

2.3. Condensation of furfural and 2-methylfuran to trimer

2-MF and furfural were condensed using a continuous flow fixed-bed
reactor (1 cm I.D., 4.5 cm long, made of stainless steel) [12]. The catalyst
powder (3 mL) of silica-supported phosphotungstic acid (15 wt%) was
prepared based on our previous study [12] and placed in the reactor.
The catalyst bed was heated to 90 °C, and the reactant flow (1.5 mL h b
was added at 0.5 h™! liquid hourly space velocity (LHSV). A mixture of
reactants was composed of 2-MF (75 mol%) and furfural (25 mol%). The
prepared products were quantified using a YL HPLC equipped with a
YL9170 refractive index (RI) detector and an Agilent Eclipse XDB-C18
column (5 pm, 4.6 x 150 mm?). The catalysis results were calculated
using the HPLC results (Fig. S4). During the reaction, two 2-MF
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molecules and one furfural molecule condensed to form trimer 1,
Ci15H1403, and three 2-MF molecules condensed to form trimer 2,
C15H1403. The observed trimer yield was 80-96% (Fig. S4), which can
be obtained from Eqn. (1).

3 x (mol of trimers 1 and 2 in the product)

(€8]

ield of trimer) =
y ) (mol of 2 — MF reactant entering the reactor) ’

2.4. Hydrodeoxygenation of trimer

The prepared trimer was hydrodeoxygenated using a two-step
continuous flow fixed-bed reactor system [30,50]. In the first step,
commercially available Pd/C powder was placed at the upper parts of
the reactor, and in the second, tungstate-zirconia-supported Ru
(Ru/WZr) catalyst was placed at the lower part of the reactor, along the
downward flow stream. Prior to the reaction, the catalysts in the reactors
were reduced under a Hy flow (200 mL min~}, 1 bar) at 350 °C for 2 h.
The HDO was performed under a continuous Hj flow (600 mL min’l),
with the reaction pressure maintained at 100 bar using a back pressure
regulator (BPR). The upper and lower parts of the reactor were heated to
200 °C and 350 °C, respectively. The trimer reactant was pumped into
the reactor at a flow rate of 0.1 g min~'. The product was cooled with a
chiller and collected for characterization.

3. Process design and analysis

Here, we designed a process to produce and refine 100,000 tons of
biodiesel per year, as shown in Fig. 2, as constrained by this specific
xylose flowrate. The proposed biodiesel production can be divided into
four parts: xylose dehydration and furfural refinery, furfural hydroge-
nation, 2-MF condensation, and trimer hydrodeoxygenation. The water
streams separated from the process contain small quantities of acid or
organic substances, therefore proper wastewater treatment (WWT) is
required. The process simulated in this study did not include a WWT

2-MF Recycle

Water Out
Xylose (ag) + CPMEIn  Ex1 RX1 mn@ c M o
7 cs
/ \_ 0 Furfural
o +
H
Furfi CPME
Biphasic solution

(Water Rich)

Legend

Byproduct

Heat Exchanger

e Catalytic Reactor

Biphasic Reactor Phase Separator

Furfural Hydrogenation

Water Out

H:(g) Recycle

2-MF Condensation

o
U
Trimer Trimer Hydrodeoxygenation
(Biodiesel
precursor) Hzx(g) Recycle
A ras
H:(g) In
Distilation Column v<
O
o L o
uu Ve
Trimer Middle distillate PS6 -
(Biodiesel -
RX3 precursor)
Water Out Product Out

Fig. 2. Schematic representation of biofuel production using a biphasic reaction. The stream lines are colour coded according to the unit process. (1) Gray lines:
xylose dehydration and furfural refinery, (2) green lines: furfural hydrogenation, (3) blue lines: 2-MF condensation, (4) purple lines: furan trimer hydro-
deoxygenation, (5) yellow lines: water stream out from process, and (6) red lines: input and output stream except for water stream. The pre-conditioning heaters,
pumps, and compressors are omitted, and a detailed process flow diagram can be found in the SI.
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unit, but the cost and the resultant carbon emission are considered in the
TEA and LCA study, with reference to previous studies [33]. More details
of process design are presented in SI.

3.1. Process optimization

In tandem with the efficient arrangement of process units, optimizing
the operating variables can further improve production profit. In this
study, the objective function for optimization is the annualized total
biodiesel production cost, which consists of the annualized capital
(CAPEX) and operating expenditure (OPEX). The CAPEX is evaluated via

Renewable and Sustainable Energy Reviews 173 (2023) 113122

equipment sizing, following Sandler et al. [51], and the equipment
installation cost is calculated using the bare module cost, as per the
Guthrie method [52]. Detailed information on TEA, including economic
parameters and unit sizing, is provided in the SI

The total cost of biodiesel production is a function of various vari-
ables, which can be classified into three groups: (1) operating condi-
tions, including column pressure, reflux ratio, and heat duties in heat
exchangers; (2) external process parameters, such as the amount of
CPME in the process input stream and furfural conversion; and (3)
economic parameters such as CPME and diesel prices. Because only the
operating conditions are adjustable by the operators, they are the target

Process modeling

Single optimization for base case

v

Obtaining next operating conditions of
distillation columns
via Bayesian optimization

Is simulation
converged?

Loosen heat
exchanger operating
conditions to
prevent errors

Record simulation results

Is iteration

over 100?

Record optimal operating conditions

v

Varying process variables
Xylose cont. in water : 2 — 50 wt%
Xylose cont. in CPME : 2 — 50 wt%
Furfural yield : 0.5 -0.95

Sampling
for GSA

Enough
samples

drawn for
GSA?

Yes

GSA for TEA

Varying economic parameter
CPME, Steam, Elect, Hydrogen, Feed price

-

Record GSA results

Fig. 3. Overall procedure of process optimization and global sensitivity analysis.
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of optimization. Among the various operating conditions that affect the
cost, we use the reflux and boilup ratio for each distillation column, and
the other conditions are assumed to be appropriately determined based
on the column variables. A Bayesian optimization with an acquisition
function that exploits expected improvement is used to efficiently find
the optimal operating condition [53]. The use of Bayesian optimization
facilitates the sensitivity analyses indicated in the following section, and
these require repeated optimization of a highly nonlinear process model
by rapidly searching through near-optimum operating conditions. Fig. 3
shows the overall optimization procedure. The data required for TEA are
collected from the Aspen Plus simulation, and the objective function
value is calculated in Matlab 2019b.

The external variables and economic parameters are determined by
the developed catalysts and the economic environment, so they are not
adjustable during the process. The impact of the nonadjustable variables
on the profitability of the proposed biodiesel process was assessed using
sensitivity analyses, and the results are given in the results section.

3.2. Life cycle assessment on climate change

LCA is an analytical technique used to address various environmental
aspects and the potential impacts of a product throughout its life cycle,
from raw material extraction to final disposal or recycling. The LCA
methodology used in this study follows the ISO 14040 and 14044 series,
consisting of four distinct phases: goal and scope definition, inventory
analyses, impact assessment, and interpretation [54]. The method of
impact assessment and impact category indicator are drawn from IPCC
2013 and climate change CC 100a [55]. This assessment method directly
follows IPCC’s fifth assessment report (AR5) without including climate
carbon feedbacks of non-reference gases that may impose additional
uncertainties [56].

The information on the mass and energy balances of the optimized
process is retrieved from the Aspen Plus simulation. The background
data for upstream and downstream is sourced from Ecoinvent database
version 3.71, as listed in Table S10 [57]. The geographical coverage of
non-European (RoW) data are selected and global data are selected
secondarily when the RoW data are not available [57]. In cases where
the technical routes are not specified, averaged data are applied to the
LCA to achieve technical representativeness. The functional unit of
CCclimate change impact (CC) is defined as 1 MJ of biodiesel in LHV, as
in the reference flow of the system presented in Table S9. The system
boundary is cradle to gate (CtG), from xylose dehydration to hydro-
deoxygenation, excluding biomass pretreatment to extract xylose, as
shown in Fig. 1. The pretreatment method of feedstock biomass for the
system is not defined because the CC of xylose is greatly dependent on
the raw biomass (Table S9) and the specifics of the pretreatment
method. Prasad et al. [56] analyzed CO, emissions from the four pre-
treatment methods and showed that the amount of greenhouse gas
(GHG) emissions produced can deviate 400 times, from 0.94 to 385
kgCOqeq kg™! fermentable sugar, depending on the method chosen.

The input-output (IO) information required for LCA, such as raw
material, ancillary input, energy/utility, resource, product, waste, and
emission can be found in the SI. The CC of the steam produced from the
onsite generator is calculated using the process design data acquired
from a technical report published by the National Renewable Energy
Laboratory (NREL) and partially modified for Case 2 [58].

3.3. Sensitivity analysis

To obtain a high furfural conversion, the amount of CPME should be
similar to the amount of water. In addition, the price of the organic
solution necessary for implementing the two phases of xylose dehydra-
tion may strongly affect the economic viability of the biodiesel process.
Accordingly, we assess how varying the xylose concentration, the
amount of CPME, and the conversion of xylose affect the economics of
the proposed process, using a global sensitivity analysis (GSA) based on
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the levelized cost of biodiesel. The GSA was repeated for economic pa-
rameters (prices of CPME, steam, electricity, hydrogen gas, and xylose
feed) to determine how these affect the levelized cost of the biodiesel
produced. Fourier amplitude sensitivity testing (FAST) was used to
perform variance-based GSA by calculating sensitivity indices [59,60].
Xylose conversion varied from 0.5 to 0.95 to cover the experimental
results [18], and the xylose concentration in water and CPME both
varied from 4 wt% to 50 wt%. Note that the xylose concentration is
defined in this study to indicate the relative amount of xylose to water
and CPME in the stream as it enters the xylose dehydration reactor RX1.
For instance, the xylose concentration in CPME is calculated by (weight
of xylose)/(weight of xylose + weight of CPME)%. Thus, a high con-
centration of xylose in CPME implies a small amount of CPME in the
solution. The ranges of the varying economic parameters are determined
in reference to the literature. When data from the literature is not
available, the uncertain parameters are set to values from the ones in the
base set to the twice values of those. Table 1 summarizes the un-
certainties of the parameters, and Fig. 3 presents the schematic flow
diagram of the GSA procedure, including the optimization procedure.

4. Results and discussion
4.1. Base case analysis

Before the sensitivity analyses, base case analyses were performed,
setting the parameters as in Table 1. In Case 1, which does not utilize the
onsite steam generator, the levelized cost of biodiesel calculated is $3.66
gal ™!, and the CC of the base case is estimated to be 57.18 gCOzeq MJ .
Taking into account the historic price of diesel, lying in the range $1.5-5
gal ™1, economic viability is conditionally achievable, primarily owing to
the dominant impact of the cost of xylose feed on the levelized biodiesel
cost. Considering the fact that the base case process utilizes pentoses,
which is only a part of biomass, the biodiesel production process can
become more attractive in terms of profitability if all other parts such as
cellulose and lignin residues, are used [34]. Comparing the CC of con-
ventional diesel production (99 gCOseq MJ™!) [64], the suggested
process can abate carbon emissions, even without the onsite steam
generation. Including the analyses of Case 2 and detailed breakdown of
the levelized cost, further analyses results are discussed, together with
the sensitivity results.

Table 1
Ranges of process and economic parameters.
Parameter Base Lower Upper Reference
set bound bound
Process parameters
Xylose concentration in 10 4 50 [61]
water (Wt%)
Xylose concentration in 10 4 50 [18]
CPME (wt%)
Furfural yield 0.9 0.5 0.95 This work and

[18]
Economic parameters

Xylose price ($ kg’l) 0.3 0.3 0.6 [5]
CPME price ($ kg™ 0.05 0.05 5 -
Steam, 450 psig price ($ 0.014 0.014 0.028 [62]
kg™
Steam, 150 psig price ($ 0.0105 0.0105 0.021
kg™
Steam, 50 psig price ($ 0.0066 0.0066 0.0132
kg™
Electricity price ($ 0.06 0.06 0.12
kwWh™)
Cooling water price ($ 0.02 0.02 0.04
m~%)
Hydrogen price ($ kg™ 1) 1.3 1.3 3 [63]
WWT price ($ MT 1) 56 56 112 [36]
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4.2. Sensitivity analysis results on varying process parameters

Fig. 4a presents the distribution of the levelized cost of biodiesel
production and the sensitivity indices of the parameters for Case 1. The
data points are determined by FAST and the economic parameters are
fixed at the values for the base set (Table 1) in this section. The decrease
in furfural yield most effectively increases the levelized cost by reducing
the amount of biodiesel produced. Although the degree of the impact of
xylose concentrations on the cost is less than that of the furfural yield,
their impact is not negligible, according to the sensitivity indices. The
xylose concentration in water and CPME have similar impacts on the
levelized cost, as can be seen in Fig. 4a.

The heat exchanger EX1 requires the highest expenditure. This is
mainly because EX1 is located at the initial stages of the process, leading
to the necessity of a large heat-exchanging area to process the large
amount of streams. After the xylose dehydration, the flowrates of the
streams became reduced due to separation and recycling, diminishing
the sizes of the corresponding units. The wide range of uncertainty in the
cost of installing EX1 can be explained in the same way, given that the
amount of streams that EX1 has to process largely depends on xylose
concentration. The capital costs for the column C1 and C3, which are
responsible for recycling CPME and removing water from the produced
furfural stream, respectively, take the largest portion of the total CAPEX,
except for the heat exchanger EX1. Similar to the reason for the high cost
of EX1, the high costs of the columns C1 and C3 are related to the high
flowrates of the streams entering into them. This implies that the
amount of energy required for separating and recycling water and CPME

Levelized Cost
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at the reboilers of C1 and C3 should be large. This can be checked in
Fig. 4c, which shows that the operating costs of the separation columns
C1 and C3 are relatively high relative to those of the other units.

In addition to the cost of supplying the hydrogen gas, steam utility
costs take up the largest portion of the operating cost, as can be seen in
Fig. 4c. Considering that hydrogen gas cannot be reduced further to
meet the target amount of biodiesel production (the narrow distribution
of hydrogen supply cost implies that there is an insignificant amount of
purged hydrogen), regardless of the burden of separating the water-
furfural-CPME system, the steam utility cost is the main contributor to
the levelized cost. The cost for supplying the acid catalyst is small,
relative to the cost of supplying steam and the hydrogen feed, but it is
distributed across a wide range of the operating cost. This is because the
acid catalyst can only be recycled with difficulty, so the make-up cost
varies in response to the acidic concentration in the biphasic solution.
Adding an acid recovery unit to the currently suggested process would
worsen economic viability.

Although the size of the equipment and the number of utilities must
be greater to separate the larger amounts of solution, the separation
cannot perfectly recycle the CPME solvent, and larger amounts of so-
lution entail larger amounts that must be purged. This is the reason for
the distribution of the CPME make-up cost shown in Fig. 4c.

The trends in operating costs are directly reflected in the CC results,
as seen in Fig. 4d. Just as in the operating costs, steam accounts for the
major portion of the CC. A noticeable difference is seen between the
distributions of the operating costs, and the CC gives the reverse of the
impact of CPME and other factors. The CC caused by the make-up of the
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Fig. 4. TEA results for Case 1 with varying process parameters. (a) Distribution of the levelized cost of biodiesel produced by the suggested process, (b) installation
cost, and (c) annual utility cost and annual make-up feed cost. (d) CC distribution by carbon emission causes. CW and WWT indicate the cooling water and waste
water treatment. Waste in (d) indicates the solid waste disposal system for treating the wastes produced from the reactors. PreHX1, PreHX2, and PreHX3 indicate the
pre-conditioning heaters to set the temperature of RX1, RX2, and RX3. Steams (C1)-(C5) indicate the steam costs required for the corresponding units.
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CPME is higher than that caused by the hydrogen supply and the acid
catalyst make-up. Owing to the high per-unit CC of CPME [65], a small
amount of unrecycled CPME causes a large amount of CC.

The use of purchased steam utility and CPME make-up together are
the most important in terms of economics and CC, and both are closely
related to the separation and recycling of the organic solvent. Detailed
information on the production cost of the biodiesel and the corre-
sponding CC is available in the SI.

4.3. Contour analysis

For a comprehensive view of the technoeconomics and CC of
biphasic biodiesel production, the simulation results are given with
contour graphs, as seen in Fig. 5. Note that Fig. 5 presents the results of
the Case 1 simulation with the economic parameters fixed at the base set
value (Table 1). The line with square marks indicates where the biphasic
solution has the xylose concentration in water and CPME in the ratio of
1.6. The line with circle marks indicates 10 wt% of xylose concentration
in water. The xylose concentrations indicate the one of the solution in
the stream entering the reactor RX1. Fig. 5a and c shows the contours for
the levelized cost of biodiesel when the furfural yields are fixed at 0.95
and 0.75. A reduction in furfural yield increases the levelized cost of
biodiesel by $0.5-1 gal ! across the entire xylose concentration. This is
due to the reduction in the amount of biodiesel produced. Because the
suggested process is designed to recover most of the biodiesel produced
regardless of the amount of the solution, the degree of increase in the
levelized cost caused by the decrease in furfural yield is weakly relevant
to the xylose concentration. Thus, the overall trends in the levelized cost
are similar in Fig. 5a and c. A similar explanation can be applied to the
CC trends, depending on the xylose concentration. The reduction in
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15 20 25 30 40

(g}
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Xylose concentration in water (Wt%)
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furfural yield leads to a decrease in the total amount of the energy
produced by biodiesel. As a result, the CC per 1 MJ of biodiesel increases
in Fig. 5d (furfural yield = 0.75) compared to Fig. 5b (furfural yield =
0.95). The total amount of biphasic solution has a decisive impact on
both economics and CC, so both the levelized cost and CC increase as the
data points on the contour graphs move from the upper right corner to
the lower left corner. In Fig. 5a and c, the solid lines with marked with
squares indicate where the biphasic solution has a xylose concentration
in water and CPME in the ratio of 1.6. According to this line, it can be
seen that the impact of the increase in xylose concentration in the CPME
concentration loses significance on the right side of the contours. On the
left side, changes in the amount of water weakly affect the cost, due to
the conflicting effects of increasing amounts of solution. For example,
when the concentration point moves from Point 1 to Point 3 (Fig. 5a),
the separation efficiency of water and CPME is reduced in phase sepa-
rator PS1. The corresponding data points are marked in Fig. S11 using
the mass fraction triangular diagram to check the changing separation
efficiency. However, the amount of CPME should be separated from the
solution decreases at the same time, leading to a reduced burden of
separating CPME. The same principle can be applied to the left side of
the solid line with square marks. This analysis results suggest that the
ratio of CPME and water is as important as the amount of the solution in
increasing profitability by improving the efficiency of separation pro-
cesses. More discussions on the unit operating cost and CC are presented
in SI.

4.4. Sensitivity analysis results on varying economic parameters

The economic parameters may have different impacts depending on
the concentrations of the biphasic solutions. Thus, we performed GSA
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Fig. 5. Global sensitivity analysis results and contour results. (a) Levelized cost with 0.95 furfural yield, (b) CC with 0.95 furfural yield, (c) Levelized cost with 0.75

furfural yield, (d) CC with 0.75 furfural yield.
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for the four different concentrations marked in Fig. 5a (the xylose con-
centration [in CPME, in water]—; Point A [50 wt%, 50 wt%], Point B [50
wt%, 5 wt%], Point C [5 wt%, 50 wt%], and Point D [5 wt%, 5 wt%]).
The box and whisker plot shows the distribution of the levelized cost,
and the vertical bar graph indicates the sensitivity index of each eco-
nomic parameter in Fig. 6a. When the xylose concentrations are at their
highest value at Point A, the energetic burden of separation is mini-
mized, so the corresponding levelized costs are distributed along low
values. Due to the small energy required for separation, the cost is
affected almost entirely by the price of feed. In particular, the cost of
xylose production cost has a dominant impact on the economic viability
of biodiesel. In fact, xylose price is the key reason that biodiesel pro-
duction cost cannot be reduced to less than $3 gal™'. This can be
checked again with the results using Point C. At Point C, the amount of
the CPME is larger than that of Point A, resulting in a slightly increased
economic impact of steam.

At Points B and D, the xylose concentration in water is low, and the
increased amount of water raises the cost of water separation. As indi-
cated in Fig. 5, water is closely related to CPME recycling and the eco-
nomic impacts of CPME make-up are increased at these two points.
Because the uncertainty of the price of CPME is large (its upper bound is
100 times larger than the base set value), the economic impact of CPME
make-up may be exaggerated in Fig. 6a. Nevertheless, it teaches the
valuable lesson; the more expansive CPME is, the more important is the
use of concentrated xylose.

4.5. CC contribution analysis by causes

Fig. 6b shows the breakdown of the CC contribution for the biodiesel
production process using the biphasic mass fraction equal to Point A
through Point D. For all of the mass fraction points, steam accounts for
the largest portion of CC. The CPME portions of CC vary from 1% to 22%
depending on the feed condition, and the CCs caused by the CPME make-
up have high values when water is abundant in the biphasic solution for
the same reason that its economic impact is high at these points (Points B
and D). Waste disposal, which is mostly from the xylose dehydration
reactor, RX1, is a main contributor to CC. The high CC caused by the
waste treatment is found because we assumed that waste should be
treated as hazardous waste to calculate CC conservatively. Recall that
GHG emissions from all sources are considered without assuming the
proportion of bio carbon content. The amount of waste disposal here
varies in a narrow range because the waste from RX1 is xylose coke, and
the xylose feed flowrate is taken as fixed in this study. As the amounts of
CC caused by other contributors vary, the contribution ratio of the waste
treatment changes accordingly.
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5. Conclusion

We designed a process and optimized it for biodiesel production
using a biphasic reaction to determine the necessary conditions to attain
economic viability. The wide range of immiscibility of CPME and water
makes CPME an attractive organic solvent for furfural refining because it
reduces the energy burden involved in recycling the organic solvent.
However, the thermodynamic properties of the CPME-water-furfural
system reduce separation efficiency when the amount of water in the
system is relatively large, leading to an increase in the cost required for
the water-separation system. When the parameters are given as the base
set, the levelized cost is calculated as $3.66 gal 1, and the corresponding
CCis 57.18 gCOseq MJ L. The production cost and CC can be reduced to
$3.26 gal ! and 29.39 gCOzeq MJ ™}, depending on the xylose concen-
tration and the furfural yield, conditionally meeting economic viability
even without the onsite steam generation or utilization of cellulose. The
xylose price is responsible for more than 80% of the levelized cost and
the use of steam for CPME recycling is the most responsible for CC. Care
must be taken in interpreting the levelized cost and the CC suggested in
this study as the results reflect only the indirect impact of the pre-
treatment process such as xylose price and concentration. In order to
obtain the actual values of the biodiesel levelized cost and CC, an inte-
grated process converting biomass to biodiesel should be designed and
analyzed.

The organic solvent should be immiscible with water over a wide
range of water concentrations and should maintain a high yield of
furfural in the biphasic reaction, even with little water in the diluted
xylose to reduce the energy burden of the water removal. Finding a more
suitable solvent may reduce the amount of make-up necessary, but a
small amount is unavoidable. This leads to a conclusion that the pro-
cesses with biphasic reactions are bound to a general type of separation
process, which consist of a phase separator and two separation processes
for a water-rich phase and a solvent-rich phase to recover furfural.
Considering that distillation columns are the most reliable operating
units for the industrial level of separation, the proposed design may
provide a generic example of the furfural refinery process [19,66]. In
addition, the costs of a separation system for furfural isolation dominate
the total biodiesel production costs, excepting the feed costs, meaning
that the cost reduction for the furfural refinery is vital for designing
biodiesel processes. In this context, CPME shows the appropriate prop-
erties for serving as an organic solvent for biodiesel production because
it lowers the required energy for furfural separation by forming a wide
range of immiscible liquid-liquid phase equilibria with water. This
thermodynamic property of CPME facilitates high-purity, low-energy
CPME recycling, lowering the impact of CPME on the economic
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Fig. 6. Economic and CC analysis results. (a) GSA results of economic parameters. (b) CC contribution breakdown. WT, CW, and WWT are indicating waste

treatment, cooling water, and waste water treatment.



K. Kim et al.

feasibility of the proposed process. When CPME is mixed with water in a
single phase, the separation of CPME requires intensive energy because
the boiling points of water and CPME are similar, reflecting their low
relative volatility. As a result, the remaining water content in the
CPME-rich stream from the outlet of PS1 greatly affects the profitability
of the process overall. As this process uses diluted xylose as its source of
produce biodiesel, this dependence on water can be critical to the profit.
Thus, to ensure the economic viability of the biodiesel production pro-
cess using biphasic reactions, a solvent with the proper thermodynamic
properties (similar to those of CPME and that can be easily separated
from water) should be developed. Otherwise, an efficient way of
reducing the amount of water obtained from diluted xylose should be
developed while maintaining a high furfural yield. In tandem with the
amount of the biphasic solution, the sensitivity analyses suggest that the
mixing ratio of it has critical impact on the practical potential of the
process because they affect both of the separation efficiency and the
reaction performances [18]. Thus, care must be taken in adjusting the
amount of the organic solvent depending on the xylose concentration in
water to increase the profitability of the production process.

Credit author statement

Kyeongsu Kim: Methodology, Software, Validation, Conceptualiza-
tion, Writing — original draft, Visualization. Young-Woong Suh: Data
curation, Validation. Jeong-Myeong Ha: Resources, Funding acquisition.
Jinjoo An: Writing-Reviewing and Editing. Ung Lee: Conceptualization,
Writing-Reviewing and Editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgement

This research was supported by the Technology Development Pro-
gram to Solve Climate Change of the National Research Foundation
(NRF) funded by the Ministry of Science and ICT (NRF-
2020M1A2A2079798, NRF-2020M3H7A1098271) and KIST institu-
tional project.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rser.2022.113122.

Appendix A. Supplementary information
Supplementary information to this article is available.

References
[1] Stott P. How climate change affects extreme weather events. Science 2016;352:

1517-8.

Balat M, Balat H. Progress in biodiesel processing. Appl Energy 2010;87:1815-35.

Manaf ISA, Embong NH, Khazaai SNM, Rahim MHA, Yusoff MM, Lee KT, et al.

A review for key challenges of the development of biodiesel industry. Energy

Convers Manag 2019;185:508-17.

Dudley B. BP statistical review of world energy. BP Statistical Review 2018;6:2018.

Kuo P-CY, Jian. Process simulation and techno-economic analysis for production of

industrial sugars from lignocellulosic biomass. Ind Crop Prod 2020;155:112783.

Soltanian S, Aghbashlo M, Almasi F, Hosseinzadeh-Bandbafha H, Nizami A-S,

Ok YS, et al. A critical review of the effects of pretreatment methods on the

[2]
[3]

[4]
[5]

[6

—

10

[71
[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

Renewable and Sustainable Energy Reviews 173 (2023) 113122

exergetic aspects of lignocellulosic biofuels. Energy Convers Manag 2020;212:
112792.

Chen H, Liu J, Chang X, Chen D, Xue Y, Liu P, et al. A review on the pretreatment of
lignocellulose for high-value chemicals. Fuel Process Technol 2017;160:196-206.
Zhang L, Xi G, Chen Z, Jiang D, Yu H, Wang X. Highly selective conversion of
glucose into furfural over modified zeolites. Chem Eng J 2017;307:868-76.
Giirbiiz EI, Gallo JMR, Alonso DM, Wettstein SG, Lim WY, Dumesic JA. Conversion
of hemicellulose into furfural using solid acid catalysts in y-valerolactone. Angew
Chem Int Ed 2013;52:1270-4.

Mamman AS, Lee JM, Kim YC, Hwang IT, Park NJ, Hwang YK, et al. Furfural:
hemicellulose/xylosederived biochemical. Biofuels, Bioproducts, Biorefining:
Innovation for a sustainable economy 2008;2:438-54.

Usmani Z, Sharma M, Awasthi AK, Lukk T, Tuohy MG, Gong L, et al.
Lignocellulosic biorefineries: the current state of challenges and strategies for
efficient commercialization. Renew Sustain Energy Rev 2021;148:111258.

Kwon JS, Choo H, Choi J-W, Jae J, Suh DJ, Lee KY, et al. Condensation of pentose-
derived furan compounds to C15 fuel precursors using supported phosphotungstic
acid catalysts: strategy for designing heterogeneous acid catalysts based on the acid
strength and pore structures. Appl Catal A: General 2019;570:238-44.

Sener C, Motagamwala AH, Alonso DM, Dumesic JA. Enhanced furfural yields from
xylose dehydration in the y-Valerolactone/water solvent system at elevated
temperatures. ChemSusChem 2018;11:2321-31.

Ji X, Ma H, Tian Z, Lyu G, Fang G, Chen J, et al. Production of xylose from diluted
sulfuric acid hydrolysis of wheat straw. Bioresources 2017;12:7084-95.
Chiranjeevi T, Mattam AJ, Vishwakarma KK, Uma A, Peddy VR, Gandham S, et al.
Assisted single-step acid pretreatment process for enhanced delignification of rice
straw for bioethanol production. ACS Sustainable Chem Eng 2018;6:8762-74.
Mariscal R, Maireles-Torres P, Ojeda M, Sadaba I, Granados ML. Furfural: a
renewable and versatile platform molecule for the synthesis of chemicals and fuels.
Energy Environ Sci 2016;9:1144-89.

Wei H, Wang Z, Li H. Sustainable biomass hydrodeoxygenation in biphasic
systems. Green Chem 2022.

Molina MC, Mariscal R, Ojeda M, Granados ML. Cyclopentyl methyl ether: a green
co-solvent for the selective dehydration of lignocellulosic pentoses to furfural.
Bioresour Technol 2012;126:321-7.

Slak J, Pomeroy B, Kostyniuk A, Grilc M, Likozar B. A review of bio-refining
process intensification in catalytic conversion reactions, separations and
purifications of hydroxymethylfurfural (HMF) and furfural. Chem Eng J 2022;429:
132325.

Mannisto M, Pokki J-P, Fournis L, Alopaeus V. Ternary and binary LLE
measurements for solvent (2-methyltetrahydrofuran and cyclopentyl methyl ether)
+ furfural+ water between 298 and 343 K. J Chem Therm 2017;110:127-36.
Corma A, de la Torre O, Renz M, Villandier N. Production of high-quality diesel
from biomass waste products. Angew Chem Int Ed 2011;50:2375-8.

Corma A, de la Torre O, Renz M. High-quality diesel from hexose- and pentose-
derived biomass platform molecules. ChemSusChem 2011;4:1574-7.

Sener C, Motagamwala AH, Alonso DM, Dumesic JA. Enhanced furfural yields from
xylose dehydration in the y-valerolactone/water solvent system at elevated
temperatures. ChemSusChem 2018;11:2321-31.

Sato O, Mimura N, Masuda Y, Shirai M, Yamaguchi A. Effect of extraction on
furfural production by solid acid-catalyzed xylose dehydration in water. J Supercrit
Fluids 2019;144:14-8.

Park S, Kannapu HPR, Jeong C, Kim J, Suh Y-W. Highly active mesoporous
Cu—Al203 catalyst for the hydrodeoxygenation of furfural to 2-methylfuran.
ChemCatChem 2020;12:105-11.

Gebresillase MN, Shavi R, Seo JG. A comprehensive investigation of the
condensation of furanic platform molecules to C4-C; 5 fuel precursors over sulfonic
acid functionalized silica supports. Green Chem 2018;20:5133-46.

Kwon JS, Choo H, Choi J-W, Jae J, Jin Suh D, Young Lee K, et al. Condensation of
pentose-derived furan compounds to C;s fuel precursors using supported
phosphotungstic acid catalysts: strategy for designing heterogeneous acid catalysts
based on the acid strength and pore structures. Appl Catal A: General 2019;570:
238-44.

Ishigaki A, Shono T. The cationic oligomerization of 2-methylfuran and the
characteristics of the oligomers. Bull Chem Soc Jpn 1974;47:1467-70.

Eftax DSP, Dunlop AP. Hydrolysis of simple furans. Products of secondary
condensation. J Org Chem 1965;30:1317-9.

Seo J, Kwon JS, Choo H, Choi J-W, Jae J, Suh DJ, et al. Production of deoxygenated
high carbon number hydrocarbons from furan condensates: hydrodeoxygenation of
biomass-based oxygenates. Chem Eng J 2019;377:119985.

Balakrishnan M, Sacia ER, Bell AT. Selective hydrogenation of furan-containing
condensation products as a source of biomass-derived diesel additives.
ChemSusChem 2014;7:2796-800.

Kargbo H, Harris JS, Phan AN. Drop-in” fuel production from biomass: critical
review on techno-economic feasibility and sustainability. Renew Sustain Energy
Rev 2021;135:110168.

Baral NR, Kavvada O, Mendez-Perez D, Mukhopadhyay A, Lee TS, Simmons BA,
et al. Techno-economic analysis and life-cycle greenhouse gas mitigation cost of
five routes to bio-jet fuel blendstocks. Energy Environ Sci 2019;12:807-24.

Bond JQ, Upadhye AA, Olcay H, Tompsett GA, Jae J, Xing R, et al. Production of
renewable jet fuel range alkanes and commodity chemicals from integrated
catalytic processing of biomass. Energy Environ Sci 2014;7:1500-23.

Li Y, Zhao C, Chen L, Zhang X, Zhang Q, Wang T, et al. Production of bio-jet fuel
from corncob by hydrothermal decomposition and catalytic hydrogenation: lab
analysis of process and techno-economics of a pilot-scale facility. Appl Energy
2018;227:128-36.


https://doi.org/10.1016/j.rser.2022.113122
https://doi.org/10.1016/j.rser.2022.113122
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref1
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref1
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref2
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref3
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref3
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref3
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref4
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref5
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref5
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref6
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref6
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref6
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref6
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref7
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref7
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref8
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref8
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref9
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref9
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref9
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref10
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref10
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref10
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref11
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref11
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref11
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref12
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref12
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref12
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref12
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref13
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref13
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref13
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref14
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref14
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref15
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref15
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref15
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref16
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref16
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref16
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref17
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref17
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref18
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref18
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref18
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref19
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref19
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref19
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref19
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref20
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref20
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref20
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref21
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref21
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref22
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref22
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref23
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref23
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref23
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref24
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref24
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref24
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref25
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref25
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref25
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref26
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref26
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref26
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref27
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref27
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref27
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref27
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref27
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref28
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref28
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref29
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref29
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref30
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref30
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref30
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref31
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref31
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref31
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref32
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref32
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref32
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref33
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref33
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref33
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref34
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref34
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref34
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref35
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref35
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref35
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref35

K. Kim et al.

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Yu B-Y, Tsai C-C. Design. Rigorous simulation and techno-economic analysis of a
bio-jet-fuel intermediate production process with various integration strategies.
Chem Eng Res 2020;159:47-65.

Olcay H, Malina R, Upadhye AA, Hileman JI, Huber GW, Barrett SR. Techno-
economic and environmental evaluation of producing chemicals and drop-in
aviation biofuels via aqueous phase processing. Energy Environ Sci 2018:
2085-101.

Deng A, Lin Q, Yan Y, Li H, Ren J, Liu C, et al. A feasible process for furfural
production from the pre-hydrolysis liquor of corncob via biochar catalysts in a new
biphasic system. Bioresour Technol 2016;216:754-60.

Giirbiiz EI, Wettstein SG, Dumesic JA. Conversion of hemicellulose to furfural and
levulinic acid using biphasic reactors with alkylphenol solvents. ChemSusChem
2012;5:383-7.

Ordomsky VV, Schouten J, Van der Schaaf J, Nijhuis T. Biphasic single-reactor
process for dehydration of xylose and hydrogenation of produced furfural. Appl
Catal A: General 2013;451:6-13.

Dias AS, Pillinger M, Valente AA. Dehydration of xylose into furfural over micro-
mesoporous sulfonic acid catalysts. J Catal 2005;229:414-23.

Dedsuksophon W, Faungnawakij K, Champreda V, Laosiripojana N. Hydrolysis/
dehydration/aldol-condensation/hydrogenation of lignocellulosic biomass and
biomass-derived carbohydrates in the presence of Pd/W0O3-ZrO2 in a single
reactor. Bioresour Technol 2011;102:2040-6.

Binder JB, Blank JJ, Cefali AV, Raines RT. Synthesis of furfural from xylose and
xylan. ChemSusChem 2010;3:1268-72.

Ballesteros M, Negro MJ, Manzanares P, Ballesteros I, Sdez F, Oliva JM.
Fractionation of Cynara cardunculus (cardoon) biomass by dilute-acid
pretreatment. In: Applied biochemistry and biotecnology. Springer; 2007.

p. 239-52.

Amiri H, Karimi K, Roodpeyma S. Production of furans from rice straw by single-
phase and biphasic systems. Carbohydr Res 2010;345:2133-8.

Alonso-Fagindez N, Granados ML, Mariscal R, Ojeda M. Selective conversion of
furfural to maleic anhydride and furan with VOx/Al203 catalysts. ChemSusChem
2012;5:1984-90.

Yati I, Yeom M, Choi J-W, Choo H, Suh DJ, Ha J-M. Water-promoted selective
heterogeneous catalytic trimerization of xylose-derived 2-methylfuran to diesel
precursors. Appl Catal A: General 2015;495:200-5.

Lotero E, Goodwin Jr JG, Bruce DA, Suwannakarn K, Liu Y, Lopez DE. The catalysis
of biodiesel synthesis. Catalysis 2006;19:41-83.

Park S, Kannapu HPR, Jeong C, Kim J, Suh YW. Highly active mesoporous Cu—
Al203 catalyst for the hydrodeoxygenation of furfural to 2-methylfuran.
ChemCatChem 2020;12:105-11.

Jo H, Choo H, Choi J-W, Suh DJ, Yoo C-J, Kim CS, et al. One-pot selective
production of deoxygenated monomeric, dimeric, and trimeric hydrocarbons from

11

[51]
[52]
[53]
[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

ble and S ble Energy R 173 (2023) 113122

R,
R

xylose-derived 2-methylfuran using multifunctional tungstate-zirconia-supported
Ru, Pd, and Ni catalysts. Chem Eng J 2022:135581.

Sandler HJ, Luckiewicz ET. Practical process engineering: a working approach to
plant design. McGraw-Hill; 1987.

Guthrie H. Capital cost estimation for the chemical and process industries. Chem
Eng 1969;32:463.

Gelbart MA, Snoek J, Adams RP. Bayesian optimization with unknown constraints.
2014. arXiv preprint.

(ISO) ISO. Life cycle assessment: requirements and guidelines. Geneva. 2006.
1S014044.

Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y,
Bex V, P.M. Midgley. IPCC. Climate change 2013: the physical science basis.
Contribution of working group I to the fifth assessment report of the
intergovernmental panel on climate change. 2013. 2013.

Prasad A, Sotenko M, Blenkinsopp T, Coles SR. Life cycle assessment of
lignocellulosic biomass pretreatment methods in biofuel production. Int J Life
Cycle Assess 2016;21:44-50.

Inventories SCfLC. Ecoinvent database, v 3.7.1. Zurich: Swiss Center for Life Cycle
Inventories.

Humbird D, Davis R, Tao L, Kinchin C, Hsu D, Aden A, et al. Process design and
economics for biochemical conversion of lignocellulosic biomass to ethanol: dilute-
acid pretreatment and enzymatic hydrolysis of corn stover. Golden, CO (United
States): National Renewable Energy Lab.(NREL); 2011.

Cannavo F. Sensitivity analysis for volcanic source modeling quality assessment
and model selection. Comput Geosci 2012;44:52-9.

McRae GJ, Tilden JW, Seinfeld JH. Global sensitivity analysis—a computational
implementation of the Fourier amplitude sensitivity test (FAST). Comput Chem
Eng 1982;6:15-25.

Wettstein SG, Alonso DM, Chong Y, Dumesic JA. Production of levulinic acid and
gamma-valerolactone (GVL) from cellulose using GVL as a solvent in biphasic
systems. Energy Environ Sci 2012;5:8199-203.

Seider WD, Seader JD, Lewin DR. Product & process design principles: SYNTHESIS,
analysis and evaluation, (with CD). John Wiley & Sons; 2009.

Lee HW, Kim K, An J, Na J, Kim H, Lee H, et al. Toward the practical application of
direct CO2 hydrogenation technology for methanol production. Int J Energy Res
2020;44:8781-98.

Eriksson M, Ahlgren S. LCAs of petrol and diesel-a literature review. 2013.

Khoo HH, Isoni V, Sharratt PN. LCI data selection criteria for a multidisciplinary
research team: LCA applied to solvents and chemicals. Sustain Prod Consum 2018;
16:68-87.

Nguyen H, DeJaco RF, Mittal N, Siepmann JI, Tsapatsis M, Snyder MA, et al.

A review of biorefinery separations for bioproduct production via thermocatalytic
processing. Ann Rev Chem Biomol Eng 2017;8:115-37.


http://refhub.elsevier.com/S1364-0321(22)01003-6/sref36
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref36
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref36
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref37
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref37
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref37
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref37
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref38
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref38
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref38
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref39
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref39
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref39
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref40
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref40
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref40
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref41
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref41
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref42
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref42
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref42
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref42
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref43
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref43
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref44
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref44
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref44
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref44
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref45
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref45
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref46
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref46
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref46
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref47
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref47
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref47
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref48
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref48
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref49
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref49
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref49
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref50
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref50
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref50
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref50
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref51
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref51
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref52
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref52
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref53
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref53
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref54
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref54
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref55
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref55
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref55
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref55
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref57
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref57
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref57
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref58
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref58
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref58
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref58
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref59
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref59
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref60
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref60
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref60
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref61
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref61
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref61
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref62
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref62
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref63
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref63
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref63
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref64
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref65
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref65
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref65
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref66
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref66
http://refhub.elsevier.com/S1364-0321(22)01003-6/sref66

	A comprehensive analysis of biphasic reaction system for economical biodiesel production process
	1 Introduction
	2 Experiment
	2.1 Dehydration of xylose to furfural
	2.2 Selective hydrogenation of furfural to 2‐methylfuran
	2.3 Condensation of furfural and 2‐methylfuran to trimer
	2.4 Hydrodeoxygenation of trimer

	3 Process design and analysis
	3.1 Process optimization
	3.2 Life cycle assessment on climate change
	3.3 Sensitivity analysis

	4 Results and discussion
	4.1 Base case analysis
	4.2 Sensitivity analysis results on varying process parameters
	4.3 Contour analysis
	4.4 Sensitivity analysis results on varying economic parameters
	4.5 CC contribution analysis by causes

	5 Conclusion
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix B Supplementary data
	Appendix A Supplementary information
	References


