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Abstract

Lignin, the most abundant aromatic biopolymer on earth, is often considered a
biorefinery by-product, despite its potential to be valorized into high-added-value
chemicals and fuels. In this work, an integrated superstructure-based
optimization model was set up and optimized for the technical lignins conversion
to target products using mixed-integer non-linear programming. Three main
biobased products were selected: aromatic monomers, phenol-formaldehyde
resins, and aromatic aldehydes/acids. Furthermore, integrated process
flowsheets and economic data were assessed comparing simultaneously several
alternative conversion pathways to assess the profitability of lignins-based
processes by predicting the performance of technologies with different TRL.
Results highlighted technical lignins could have a market value of 200 €/t when
the market price for aromatic monomers, resins, and vanillin is at least 2.0, 0.8,

and 15.0 €/kg, respectively. When higher-quality lignins were considered, the
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process optimization showed that the most profitable product was vanillin,

produced by novel technologies (i.e., high-temperature electrolysis).

Keywords Aromatic monomers, Biorefinery, Lignin valorization, Modeling,

Phenolic resins, Process optimization, Vanillin

Nomenclature

AA aromatic aldehydes/acids

AM aromatic monomers

BTEX benzene/toluene/ethylbenzene/xylene
Cs current scenario

DES deep eutectic solvents

G qguaiacyl

H hydroxyphenyl

HAMs high AM price scenario
HDO hydrodeoxygenation

HL hydrolysis lignin

HTL hydrothermal liquefaction
HTE high-temperature electrolysis
IL ionic liquids

j different stages

k technology options

KL kraft lignin

LAAs low AA price scenario

LS lignosulfonates

MINLP  mixed-integer non-linear programming
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MLMP  maximum lignin market price
Mw weight-average molecular weight
MWL milled wood lignin

OL organosolv lignin

p process parts

PFR phenol-formaldehyde resin

PM  profit margin

S syringyl

SEL steam-explosion lignin

SL soda lignin

TAC total annual cost

1 Introduction

Lignocellulosic biomass is characterized by extensive availability and
abundance, and globally accounts for 200 billion tons (Haveren et al., 2008).
Depending on the local availability, lignocellulosic biomass can add to the
development of several value chains and contributs diversifying the energy
sources supply (Zhu et al., 2020). Nonetheless, crude oil is still the primary
resource for the production of organic chemicals and fuel, leading to a carbon
imbalance on the planet (Mottaghi et al., 2022).
Lignocellulosic biomass is composed of cellulose, hemicellulose, and lignin
representing up to a 10-40% of the biomass dry weight (Ragauskas et al., 2014).
Lignin is the largest source of renewable aromatics on Earth (Alherech et al.,

2021). The units p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) form an
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intricate  and recalcitrant biopolymer thanks to the dehydrogenative
polymerization. These units are cross-linked via Several kind of carbon-carbon
and carbon-oxygen bonds are present in the lignin structure, about 50 % are
represented by B-O-4' and 5-5' bonds, while a-O-4, 5-5, B-5, pB-1,
dibenzodioxocin, spirodienone, and - bonds appear with less frequency (about
20 %) (Arshanitsa et al., 2016). Numerous technical lignins are identified by
relevant structural differences reflecting the use of diverse raw materials and
various isolation processes (Zevallos Torres et al., 2020). Each method
influences the distribution of the functional groups and the average molecular

weight values of the isolated fractions.

Besides lignin from biorefinery plants, the pulp and paper industry
produces substantial amounts of lignin, which account for about 1.3 Mton/year
(Zevallos Torres et al.,, 2020). Presently, many plants based on biomass
pretreatment and fractionation have been constructed around the world. In these
plants, lignin is a side-stream product typically burnt to satisfy internal needs in
terms of heat and electricity (Usmani et al., 2021). Furthermore, several
investigations have proven that, in many cases, a surplus of energy can be
achieved (Martinez-Hernandez et al., 2019), and this opens the way to develop
integrated process layouts involving lignin co-valorization into value-added
products and energy (Kim et al., 2021). Lignin-based BTX can be used as a
replacement for BTX from petroleum as they are similar. BTX consitute 60% of
the total aromatics in the market and 24% of the global petrochemical market
(Hodasova et al., 2015). The utilization of the phenolic structure of lignin to

produce phenols has been established based on the investigation of the latest
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research. Kraft lignin typically replaces up to 40% of phenol content in phenolic
resins (Ghorbani et al., 2016); higher yields were obtained for polyol and from
organosolv lignin by depolymerization processes (=50%) (Ou et al., 2021).
Abdelaziz et al. (2020) presented a conceptual design by modeling, simulation,
and analysis of oxidation processes using experimental data to obtain lignin-
based vanillin, vanillic acid, and acetovanillone. Hence, functional materials,
chemicals, and fuels can be obtained from lignin valorization as a substitute to
petroleum-based processes (Sidiras et al., 2022).

Despite this potential, there are some fundamental obstacles with respect
to lignin's full exploitation. The major challenge in lignin utilization is to achieve
standardized streams with target molecular weight distributions and specific
reactivity attributed to the different types of functional groups (Lan et al., 2018).
Novel processes are, therefore, necessary to convert lignin in a selective,
efficient, and sustainable way into bio-based products (Borsella et al., 2020).

In this work, the main goal was to compare different process layouts for
the valorization of different technical lignins and to assess economic indexes
driving the analysis of the most profitable scenario. Different process designs are
included based on commercial/pilot scale conversion processes available in the
literature. Sensitivity analyses were performed on the most prominent
parameters.

The novelty of the present work lies in applying an integrated optimization
method to assess the most efficient lignin route to aromatic monomers (AM),
phenols-formaldehyde resins (PFR), and aromatic aldehydes/acids (AA). A

process superstructure incorporating alternative processes for the three products
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above-mentioned is treated in detail in this work. The process flowsheet
optimization of a lignin-based biorefinery was addressed by mixed-integer non-
linear programming (MINLP), aiming at an economic objective function. The
effect of the product selling price of AM, PFR, and AA was assessed through a
scenario analysis. Three different scenarios were considered: the first assuming
the current products' selling price; the second, considering a lower AA selling
price; the third, assuming a high AM selling price. A breakdown of the costs for
each scenario was examined and addressed.
2 Methods

A novel methodology has been implemented in this work to achieve the
process optimization for lignin conversion. The state of art for each conversion
process was studied to collect all available data in terms of yields, temperature
and pressure conditions, reactants and sovent concentrations, products market
prices. The next step was a conceptual process design followed by process
model development. The various routes were represented in a flowsheets withthe
data collected from a detailed literature survey. Mass and energy balances, sizing
relationships and process conditions constraints were determined. The
superstructure was modelled using the Advanced Interactive Multidimensional
Modeling System (AIMMS) software as a mixed integer non-linear model to
maximize the maximum lignin market price (MLMP). Economic analysis methods
were applied using the data collected in order to calculate the capital and
operating ccost. Finally, to identify the profitable pathways, asensitivity analyses

with an economic objective were performed.
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2.1 Lignin-based biorefinery superstructure

Technical lignins include:

Kraft lignin (KL), obtained through the acid precipitation process of
the black liquor, presents a MW in the range of 1000-5000 (g mol2).
Sulfonate groups are absent, and the most abundant functional
groups are methoxy groups with percentage values in the range of
11-14%. Non-hindered methoxy groups are responsible for their
great potential use in the synthesis of phenolic resins (Mastrolitti et
al., 2021).

Lignosulfonates (LS), from the sulfite pulping process, SOsH groups
are incorporated on the lignin structure producing a water-soluble
lignin derivative (Laurichesse and Avérous, 2014);

Soda lignin (SL), results from the soda pulping method isolation and
presents a molecular weight range between 840 and 6820 Da; they
are suitable to use in high-value products as it contains no sulfur
(Azadi et al., 2013);

Organosolv lignin (OL), presents a range of low molecular weights. OL
is soluble in basic solutions, and B-O-4 ethers are targeted during
isolation. Consequently, they are considered an apt raw material to
produce low molecular weight compounds and for the production of
polymers, such as bio-based PFR, polyurethanes, and polyesters
(Dornelles et al., 2021);

Steam-explosion lignin (SEL), is obtained when biomass is put

through steam explosion isolation (Constant et al., 2015);
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e Other types of lignins consist of milled wood lignin (MWL), hydrolysis
lignin (HL), and ionic liquid lignin (Cao et al., 2019).

Each kind of these technical lignins and their relevant properties is
meticulously described and available in a recent report published by IEA
Bioenergy (Mastrolitti et al., 2021).

In Fig. 1, a representation of the different lignin valorization techniques is
depicted, showing their main highlights and challenges. The three processes on
the left: hydrothermal liquefaction, pyrolysis, and oxidative depolymerization, are
already established technologies operating on a commercial scale but present
the disadvantage of low yields. The catalytic upgrading, hydrodeoxygenation
(HDO), and catalytic oxidative depolymerization, on the other hand, are catalyzed
technologies that have the advantage of being highly selective as well as flexible
operations. On the right are the innovative operations developed on a pilot scale,
high-temperature electrolysis (HTE) and deep eutectic solvent (DES) dissolution;
they have higher yields but with the challenge of higher costs. When converting
lignin into valuable bio-based products, the main challenge is to develop novel
processes that can perform the conversion in a selective, efficient, and
sustainable way. To identify the most suitable pathways that increase the
profitability of the vaiours operations under consideration, process synthesis
integration and optimization can be used (Giuliano et al., 2014).

A superstructure is a conceptual model including alternative process
pathways that can be converted into a mathematical model with an objective

function and a set of constraints. Using a MINLP approach and by selecting the
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most promising alternative processes from a rigorous literature examination, the
superstructure of a lignin-based biorefinery was built (Fig. 2) (Ramos et al., 2019).

Table 3 shows a description of each process considered in the different
stages of each lignin-based target product, and data input was obtained from
several specific scientific references. There are three different stages j (Main
treatment, Upgrading and Purification) including up to nine different technology
options k, each one consisting of two different operation parts p.

In particular, the first strategy consitute an alternative to fossil fuel-derived
chemicals. This strategy involves depolymerization of the lignin through either
catalytic or non-catalytic thermochemical conversion to produce low molecular
weight chemicals with higher added value. Hydrothermal upgrading is used to
convert lignin into monomers by depolymerization. The reactor performance is
assumed to be as reported by Gursel et al. (2019). Alternatively, the dry lignin is
sent directly to the HDO reactor. In which case, lower yields to AM can be
obtained in the HDO. Additionally, the thermochemical process of pyrolysis is
used to break down lignin, utilizing heat and in the absence of Oz, to obtain the
aromatics (Gursel et al.,, 2019). HDO was also considered as an upgrading
process to transform the lignin-derived bio-oil to AM. In this case, obtaining a
mixed oxygenated AM stream at 400 °C and 150 bar with a 3 wt% of H2 (Shen et
al., 2019). Next, a distillation train is used to purify the AM. First, a distillation unit
separate the light organics, withlower boiling point. A second unit of distillation is
used to separate water from the other components. The separation of AM from

high-boiling heavy organics is completed in the third distillation column.
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The second strategy uses lignin as a macromolecular compound for
formaldehyde-free applications. Lignin selective functionalization improves
affinity and performance in resins, composites, and co-polymer materials()
(Kalami et al., 2017). In this case, the dry lignin is sent directly to the PFR
synthesis (Kalami et al., 2017). Without the pretreatment, the lower molecular
weight lignin can be effectively converted to resins. Moreover, in the PFR process
pathway, a bio-crude oil is produced by the hydrothermal liquefaction process
where lignin is sent to the reactor with a water-ethanol (1:1 v/v) solvent. The
reactor is operated at 350 °C and 20 bar (Paysepar et al., 2020). An innovative
solvent can be used to dissolve and transform the lignin by a low-energy process
(100 °C): a Zn-based DES. Polyphenols in a solution can be incorporated into the
next PFR synthesis (Hong et al., 2020). Finally, the synthesis of the resins is
performed by mixtures of lignin-water-NaOH-formaldehyde at 85 °C (Paysepar et
al., 2020).

The third target product is vanillin; 99% of the produced vanillin originates
from petroleum (Zevallos Torres et al., 2020). With a market price of about 15
€/kg Vanillin is the only lignin-derived product that can currently compete with the
vanillin obtained from fossil sources (Hodasova et al., 2015). The process
described by Wongtanyawat et al. (2018) was taken as the base case for the
production of specific aromatic compounds (Fig. 4). Vanillin production by
oxidative depolymerization of industrial lignin is reported by Abdelaziz et al.
(2020), where experimental data for the KL treatment with air at 160 °C and 3 bar

O:2 partial pressure are available.
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The second process to produce vanilin is catalyzed oxidative
depolymerization. This consists of treating lignin with molecular Oz at 170 °C and
5 bar O2 partial pressure with a bio-crude oil produced with V—Cu (V/Cu ratio
0.75) as a homogeneous catalyst (Walch et al., 2021). The novel process of HTE
was performed with Ni foam electrodes (applying 2.7 C per mg lignin) dispersed
in a 3 M aqueous caustic soda solution at 160 °C (Zirbes et al., 2020). From
lignin conversion into vanillin, other aromatics such as vanillic acid, |,
acetovanillone, syringaldehyde and p-hydroxybenzaldehyde can be obtained.

Khwanjaisakun et al. (2020) studied three alternatives to find the optimal
vanillin purification flowsheet, concluding the liquid-liquid extraction with solvent
and vanillin recovery by distillation Thus, this upgrading alternativewas added to
the superstructure along with the membrane separation option proposed by
Abdelaziz et al. (2020). Pulping production companies use a great amount of toxic
solvents, such as toluene and benzene, for liquid-liquid extractions. Werhan
(2013) revealed that ethyl acetate is an effective solvent to extract vanillin as it
presents a high recovery of this component. In particular, a liquid-liquid extraction
by ethyl acetate at 62 °C was considered. The solvent was recovered by
distillation at 160 °C and 0.13 bar (Khwanjaisakun et al., 2020). Alternatively, the
vanillin-rich mixture is sent from the transformation stage to a first membrane
filtration unit operating at 50 °C and 7.5 bar, where the retentate stream
containing the recovered unreacted lignin is obtained. On the other side, the
permeate is sent to another hydrophobic membrane (50 °C, 10.2 bar) that
removes the organics from the aqueous stream, selectively (Abdelaziz et al.,

2020).
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For the final purification of vanillin, two alternative processes were
considered: distillation and adsorption. After the upgrading section, where the
remosion of sulfuric acid is performed in an extraction unit that uses ethyl acetate
as a solvent or by a filtration executed by two membranes in series, the AA
product are finally separated by distillation or adsorption. In Wongtanyawat et al.
(2018), particular focus was put on the use of different product separation
techniques revealing that the production of vanillin from kraft lignin using
adsorption by zeolite is the most promising option. Werhan, 2013 concluded that
the use of cationic ion exchange resins for vanillin recovery is a potential process
step for vanillin production from lignin-related sources.

The stream coming from the upgrading section is submitted to two
distillation columns in series. The remaining organic fraction is purified at 185 °C
and 10 bar by the first one and sent to the second distillation column (operating
at 30 °C and 2.5 bar) in which formic acid and acetic acid are recovered from the
low molecular weight aromatic products (Abdelaziz et al., 2020). In the adsorption
section, operating at pH 4.5 and 40 °C, resins can adsorb the mixed products
(Wang et al., 2013). In addition, unconverted lignin and water were also obtained

as outputs.

The above-mentioned alternative processes were included in a complex
process flowsheet to create the so-called superstructure of a lignin biorefinery for
the co-production of AM, PFR, and AA. The whole superstructure built for this

study is shown in Fig. 2.
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2.2 Mathematical model formulation
2.2.1 Process superstructure optimization by mixed integer non-linear
programming
MINLP refers to mathematical optimization systems containing continuous and
discrete variables in non-linear relationships as objective function and/or the
equality/disequality constraints. The optimal alternative process pathways of the
superstructure are individuated using binary variables (Giuliano et al., 2016). The
mathematical optimization strategy of the process superstructure was
approached following the procedure explained in Galanopoulos et al. (2019). The
mass and energy balance equations, sizing equations, capital and operating cost
estimation equations, together an economic profitability objective function were
considered.

2.2.2 Reactive lignin

The concept of lignin reactivity was introduced to have a simplified qualitative
index somehow accounting for the wide variability of the lignin characteristics and
quality. The molecular weight distribution, the complex composition of the
material (H/S/G ratios), the different types of bonds (B-O-4, B-B, etc.), and
impurities, all affect the fraction of lignin reacting to give the target products. In
the present investigation, various lignin sources were modeled varying their
reactivity in the range of 50 — 95%, to be converted into three lignin-based target
products.

2.2.3 Mass and energy balances

Considering the lignin quality as previously described (Section 2.2.2), all

mass and energy balances were performed. In particular, Table 1 condenses all
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process yields and main operating conditions that were assumed for each

treatment path.

2.2.4 Cost estimation

The capital and operating costs for all considered process pathways were
estimated employing the correlations with the mass flow rate of the feed or the
generated power suggested by Andersson et al. (2020) and Werhan (2013)
(see supplementary material). The raw material (lignin) suppy cost was
calculated as:

CLFLin (1)
where C;, is the lignin market price and Fr n is the lignin feedstock flowrate.
The model parameters applied in this work are given in Table 2. The size of

the lignin biorefinery is an essential parameter in making the plants convenient
and environmentally sustainable (Galanopoulos et al., 2020). Considering the
possibility of collecting the feedstock in a limited area, e.g., near a paper factory,
the input flow rate to the plant was assumed 180 kt/y of dry lignin.

The process revenues result from multiplying the sales of the lignin products
rate (final product stream obtained from stage j=3 (purification) by their respective
selling price (€/t). As a result, the profit margin (PM) is given by:

PM = AF304Paa + F3amPam + F3prrPprr — TAC (2)
where Fzaa, Fsam, F3prr represent the streams of AA, AM, and PFR,
respectively; paa, pav, perr are their corresponding product selling price, and

TAC, the Total Annual Costs.
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2.2.7 Economic profitability objective functions
The lignin-based biorefinery optimization problem aims at deciding which
path to take through the superstructure and the relevant flows entering and
leaving each layer by a simplified approach based on a MINLP, that maximizes
an economic objective function: MLMP, which is defined as the maximum cost of
dry lignin allowing a positive or null net profit from the biorefinery operations. the
MLMP:
MLMP = maxC, 3)
To carry out the optimization and obtain feasible results, it was necessary to
consider a constraint on the final profit margin by fixing it equal to zero:
PM =0 4
the choice of maximizing C; is due to the aim of finding the optimal process
pathway as a function of the lignin market price and finding threshold values

corresponding to the choice of alternative process pathways.

3 Results

The present work focuses on determining the MLMP outlined for different
product-selling-price scenarios. When considering a certain process pathway and
a market price scenario, the MLMP resulting from the use of a specific lignin
source must be above the minimum market value of the same lignin type for the
process to be profitable. Contrarily, the use of that technical lignin as a feedstock
will not yield any benefits.

The parameters presented in Section 2.2 were used to calculate the total

costs and revenues associated with three different outlined product-selling-price
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scenarios. Firstly, a “current scenario” (Cs) was determined considering the
current market selling prices of AM, AA, and PFR (1.00 €/kg, 15 €/kg and 0.80
€/kg, respectively). The second framework considered the “low AA price
scenario” (LAAs) and assumed a disadvantageous case for AA in which their
price was reduced by 50% (to 7.5 €/kg) compared to the current selling price.
This hypothesis is based on the fact that the selling prices of vanillin (and its
aldehydes) would decrease drastically in case of an overproduction of these
products. Lastly, the “high AM price scenario” (HAMs), in which the price of AM
was increased by 100% (to 2.0 €/kg). This scenario hypothesized a possible grant
to incentivize the production of bio-based AM. Values of MLMP lower than 50
€/tory were considered not realistic (Shen et al., 2019). The minimum market
values for different technical lignins are displayed in Fig. 3 (dotted line): 250 €/tory
for soda lignin (SL) and lignosulfonates (LS), 350 €/tory for kraft lignin (KL), 220
€/tory for hydrolysis lignin (HL), and 500 €/tory for organosolv lignin (OL)
(Hodasova et al., 2015). These results were obtained assuming that different
lignin feedstocks have different reactivity.

The concept of reactive lignin is linked to the structure and quality of the
different technical lignins. The higher price associated with a higher quality of
lignin is not enough to guarantee higher conversions, yields, or profitability. The
lignin reactivity, as defined in Section 2.2.2, implies that a given technical lignin
is more or less suitable to be converted with high yields not only depending on its
characteristics of molecular weight distribution, percentage of functional groups,
or chemical linkages but also depending on how those characteristics match with

the conversion reactions. Hence, the overall process profitability is expected to
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vary in function of the specific lignin reactivity in the selected conversion
processes. To assess how the lignin reactivities can influence the overall process
economics, sensitivity analysis were carried out varying the selling prices of the
products according to the three scenarios proposed.

The superstructure, including all the process paths evaluated in this
optimization study, with their respective technologies, is plotted in Fig. 2. For each
scenario, the optimization provides only one optimal path. For Cs and reactive
lignin percentages up to 65%, it will be convenient to follow the path J1 K7, J2 K4
and Jsz K4 (in yellow), while for percentages of reactive lignin higher than 65%, the
preferable process will be J1 Ko, J2 Ks and Jz K4 (in green). As for LAASs, Ji1 K27,
J> K4, and Jz K4 (in yellow) is also the best solution for low percentages of reactive
lignin, whereas for higher percentages of reactive lignin, J1 Ke, J2 K2 and Jz Kz (in
purple) is preferred. Eventually, when HAMs are considered, J; K1, J2 Kz and J3
K1 (in orange) is obtained as the optimal process pathway for lower percentages
of reactive lignin, whereas for the higher percentages, the preferred upgrading
technology will be J> Ki ( rather than Jz2 Kzs).

From an economic perspective, data in Fig. 3 indicated that when the Cs
scenario is considered, the oxidative depolymerization (in yellow) resulted in the
optimal treatment to convert low reactive lignin, such as LS or HL where the range
of reactivity, as assumed in the Section 2.2.2, can be considered between 60—
80%; while for highly reactive lignin, HTE (in green) is preferable. The elevated
capital costs of HTEimply that if the percentage of reactive lignin is not high
enough, this process path will not be profitable and, instead, it will be convenient

to convert the lignin through oxidative depolymerization, which is a relatively more
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economical process. In the LAAS scenario, oxidative depolymerization (in yellow)
still resulted in the optimal conversion technology for low reactive lignin (Table 1).
For an elevated percentage of reactive lignin, dissolution in DES (in purple)
resulted in the optimal depolymerization treatment. However, this process is still
on a laboratory scale and has high capital and operating costs that could be
feasible only if high depolymerization yields are reached. In the third scenario
(HAMs), where the selling price of AM was increased up to 2.0 €/kg, hydrothermal
liquefaction (in orange) became the optimal main treatment technology for any
lignin reactivity (Fig. 3).

KL, with an assumed reactivity of 70—90% could be considered as a suitable
feedstock to reach a profitable MLMP. The slope of the curve representing the
costs of HTL indicated that these are similar to those of oxidative
depolymerization for a lignin reactivity up to 80% and similar to those of HTE for
lignin reactivity above 80%. The convenience of one process pathway over the
other is then determined not by the main treatment but by the upgrading
technology, i.e., for lower reactive lignin. The catalytic upgrading presents lower
costs, while for higher reactive lignin, mild HDO, which is also the more expensive
operation, turned out to be the optimum upgrading technology option. MLMP
reported in Fig. 3 shows that a MLMP larger than 150 €/tory is acceptable for AA
selling price higher than 15.0 €/kg, for PFRs selling price higher than 0.8 €/kg
when the percentage of reactive lignin is high, or for AM selling price larger than
2.0 €/kg. Although yields to AA are low, this is the optimal product when assuming
the current market scenario, as its selling price is larger than 15.0 €/kg. The most

feasible production technology for AA production resulted in oxidative
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depolymerization for lower qualities lignin in terms of specific reactivity (until 65%
of reactive lignin) and HTE for higher reactive lignin. For PFRs, dissolution in DES
is promising even if it is mainly investigated at laboratory scale. In the case of
AM, hydrothermal liquefaction maximizes the economic exploitation of lignin.

An average reactive lignin percentage of 75% was fixed for each scenario to
assess and compare the revenues and costs of production of the three target
products (AA, AM, or PFR). The operating costs play the main role, as the
consumption of utilities (especially medium pressure steam and electricity for the
HTE), the consumption of chemicals, solvents (even if solvent recycling was
considered) and, particularly, the catalyst that can widely vary depending on each
process pathway.

Fig. 4a shows the cost breakdown of the three different scenarios. In these
graphs, costs are calculated per unit ton of dry lignin to become independent of
the plant size. In the case of AA production, the operating costs (OC) amount to
about 479 €/tory, mainly due to the ethyl acetate consumption (291 €/tory) and
electricity consumption (149 €/tory), with less significant investment costs (IC)
(main treatment 10 €/tory, upgrading 8 €/tory, and purification 2 €/tory).

From Fig. 4.b it can be seen that the yield to AA is only 5%. Nevertheless,
revenues for these conditions are 754 €/tory with a profit margin of 275 €/tory,
which can be derived from the inspection of the histograms outlined in Fig. 4a as
the difference between revenues and costs. This is due to the high selling price
of AA in the current market. The challenging limit concerning AA lies mainly in its
low yields. This is because specific monomers are needed to obtain the desired

group of molecules, making this process highly selective. The aim is, therefore,
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to find a way to increase the selectivity in the lignin transformation to these
products, to increase the yield of the process, making it more cost-effective. To
explore how to increase lignin selectivity to AA, catalyzed oxidative
depolymerization was further assessed by sensitivity analysis.

Related to resins production, the OC are slightly higher than the previous
case, 496 €/tory. The most significant cost contributions are solvent consumption
(170 €/tory) and maintenance (118 €/tbry) due to the DES make-up cost. In
addition, significant IC are significant (main treatment 55 €/tory, upgrading 64
€/tory), again attributed to the expensive main treatment, dissolution in DES,
which is still an emerging technology (Fig. 4a). As can be seen in Fig. 4b, the
yield to PFR was around 73%. With a selling price of 0.8 €/kg and revenues of
582 €/tory, the profit margin is only 86 €/tory. Challenges to resins mostly concern
their selling price, as they are heavily dependent on the quality of the lignin-
derived resin, which is not currently competitive with those derived from
petroleum. The profit could also be increased by reducing costs regarding
dissolution in DES, which is a process that is still in its early stage and could have
a crucial impact on the product's final quality.

In the case of AM production, the OC grows to 268 €/tbry, mainly due to
utilities, 118 €/tory. Revenues are high in this optimistic scenario towards AA (256
€/tory), under a 100% higher product selling price assumption.. An unfavorable
situation with low yields (26%) and low product selling prices can be observed.
The challenge again comes to enhance lignin conversion into products, as well

as increase the final product quality.
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Producing AA generates a significant return, but the importance of increasing
the yield in this process remains of utmost importance. Being this a selective
process, increasing the conversion of a certain product requires an improvement
of the selectivity. This increment was studied and included as an alternative path
in the superstructure as catalyzed oxidative depolymerization. In a V-Cu
catalysed oxidative depolymerization, the total amount of the five aromatic
aldehydes and acids increased up to 7.0%(Walch et al., 2021). This corresponds
to an increment of 40% for the HTE and 350% for the oxidative depolymerization,
assuming 75% of reactive lignin. The highest operational cost in this process is
the make-up of the catalyst. If the recovery of the catalyst could be applied up to
95%, without modifying the yield to AA, or a less expensive catalyst would be
developed with 10% of the current cost, the profit of this process could be
significantly improved, reaching positive values of MLMP from a 55% of reactive
lignin. Recying the catalyst showed lower yields to vanillin than the control
experiment (Walch et al., 2021) and due to the high operational costs caused by
the high price of the catalyst studied, makes it an economically unviable solution
(see supplementary material).

3.1 Discussion

The valorization of technical lignins to bio-based products has the potential
to replace fossil-based aromatics with bio-based chemicals and building blocks.
Among bio-based products, AA, AM, and PFR, which are often intermediate in
the synthesis of other products, have estimated market sizes of 16 kt/y, 40,000
kt/y, and 1700 kt/y, respectively (Mottaghi et al., 2022). The scientific literature on

lignin valorization report findings at different scales, making it difficult to develop
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a clear framework of the most profitable products from a selected lignin feedstock.
The methodology proposed in this paper is aimed to establish the most profitable
option to valorize lignin and provides a valuable tool to examine and quantify the
gap in the potential market application of lignin. In the present investigation, the
superstructure was built including novel and promising processes such as HTE,
catalyzed oxidative depolymerization, and DES dissolution whose potentiality at

higher TRL can be explored.

To account for the different technical lignins, the concept of reactive lignin
was adopted. Kraft lignin has a minimum market price of 260 €/t, consistent with
industrial data (Moretti et al., 2021), which resulted in lower than the MLMP output
for both AA and AM assuming a specific reactivity higher than 70% (see Fig. 3).
Under these premises, KL resulted an apt raw material to be converted into these
chemicals, similarly to LS, and SL. HL has a market value of about 100 €/t, as
estimated by Shen et al. (2019) and Bbosa et al. (2018); and resulted suitable for
the production of phenols and jet fuels. OL has a market value that goes up to
500 €/t, as estimated by Mabrouk et al. (2018) in line with its production costs
(Moretti et al., 2021). The current analysis found that the application of this type
of high-quality lignin is advised only for target products different from AM, AA, or
PFR.

Process superstructure optimization indicated that AA through HTE appears
to be the most cost-effective lignin-derived product despite its low yields.
Promising perspectives were also reported by Wongtanyawat et al. (2018) and
Abdelaziz et al. (2020) even in the case of AA price lower than 15.0 €/kg but with

process yields higher than 3 %. The novel process based on the use of HTE
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would enable conversions up to 5% from lignins assuming a reactivity in the range
of 60 — 80% (see supplementary material). As an alternative to HTE catalyzed
oxidative depolymerization resulted optimal when the transition-metal catalyst
can be 90% recycled or if a more economical catalyst with a cost of 10% of the
actual would be developed. This emphasized the potential improvement in the
catalyst features to achieve more efficient and sustainable processes.

The results in the table/graph indicated that AM could be competitive with
respect to AA or PFR only for selling prices of about 2.0 €/kg. This conclusion is
in agreement with the techno-economic studies performed by Dessbesell et al.
(2018), Ou et al. (2021), and Mabrouk A. et al. (2017) on the conversion of OS.
HTL resulted the most favorable path to AM, this was confirmed by Funkenbusch
et al. (2019), that studied an innovative process to produce BTEX mixtures in a
continuous catalytic near-critical water reactor for hydrothermal liquefaction
because it seems the best process for that. According to Gursel et al. (2019) and
Otromke et al. (2019), found that direct HDO presents higher revenues compared
to pyrolysis . From the investigation performed in this paper, it was found that
HDO is the most promising treatment only if the percentage of reactive lignin is
above 80%.

Lignin has a phenolic structure that can be exploited for the production of
PFR mainly used as wood adhesives (Shen et al., 2019). PFR resulted in being
cost-effective when produced from low-price lignins with a MPLM lower than 100
€/t and a reactive index of 75%. These results are possible due to the outstanding
high yields lignin has towards PFR (Fig. 4b), because also with lower lignin

reactivity the final yield to the target product (PFR) is sustainable.
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Overall, based on the superstructure developed in the present paper AM, AA,
or PFR obtained from mid-quality lignins, such as HL, LS, and SL, associated
with lower yields can still be profitable.

In the present paper mass balance was estimated using the concept of
reactive lignin to be independent of the quality and characteristics of the lignin
used as feedstock. The product yields are importantly dependent on the lignin
characteristics Therefore, how to relate the specific lignin reactivity (Section
2.2.2) to measurable lignin characteristics is a subject for further research. For
instance, in reactions involving a depolymerization process, the molecular weight
distribution could as the first approximation be used as an index associated with
specific reactivity and provide a numerical difference between different lignins.

4. Conclusions

The techno-economic feasibility of lignin conversion into AM, PFR, and AA
has been assessed for a plant scale of 150 kt/y, using a process superstructure
solved by an MINLP approach. Each process pathway was modeled to be
simultaneously compared, individuating the optimal flowsheet and its more
profitable lignin-derived product. Different lignin feedstocks were considered by
the introduction of different reactivity indexes. Vanillin resulted the best lignin-
based product. Aromatic monomers, produced by hydrothermal liquefaction, are
preferred when the quality of lignin is low, and the product selling price is at least
2.0 €/kg.

E-supplementary data for this work can be found in e-version of this paper

online
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Figures captions

Fig. 1. Different lignin valorization techniques and their main highlights and
challenges.

Fig. 2. Optimal flowsheets obtained from the superstructure by maximizing the
objective function.

Fig. 3. Sensitivity analysis of reactive lignin percentage vs maximum lignin market
price varying the selling prices of the products for the three scenarios
proposed. (MLMP, maximum lignin market price; OL, organosolv lignin; KL,
kraft lignin; LS, lignosulfonates; SL, soda lignin; HL, hydrolysis lignin)

Fig. 4. (a) Production cost distribution and product sales revenues; (b) Yields,

purity, and recovery rates of vanillin during valorization.
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Operating conditions and yields of products for main treatment stages

(Abdelaziz et al., 2020; Gursel et al., 2019; Hong et al., 2020; Kalami et al.,

2017; Walch et al., 2021; Zirbes et al., 2020).

) ) 0
Transformation Component Y|gld(/o of T (°C) P (bar)
process lignin)
Reactive lignin 27
Phenol 3
Gases 3
HTL Acids 21 250/350 40/20
Cresol 5
Catechol 10
BTX 0
Reactive
S 7
Lignin
Gases 17
. Acids 18
Pyrolysis Cresol 0 1
Catechol 0
BTX 14%
Reactive
o 2
Lignin
Phenol 23
Gases 7
HDO Acids 41 400 150
Cresol 0
Catechol 1
BTX 7
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DES Reactive lignin 73 100 1
Biooil 0
PF synthesis PFR 71 80 1
Vanillin 1.25
Vanillic acid 0.97
Formic acid 3.73
Oxidative
depolymerization Acetic acid 1.36 160 8.5
Guaiacol 0.67
Acetovanillone 0.30
Vanillin 3.70
Catalyzed e -
oxidative Vanillic acid 3.10 170 5
depolymerization _
Acetovanillone 0.90
Vanillin 3.00
HTE Vanillic acid 2.33 160 3
Acetovanillone 0.76
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Table 2

Costs of chemicals, solvents, reactants and process parameters considered in

the economic analysis.

Model Unit Value
parameter/component
Dry lignin feedstock t'y 180000
Operating hours peryear | hly 7200
Capital recovery factor — 0.16
Wastewater purification €ht 053
cost
Project lifetime y 20
Phenol €t 1080
NaOH €/t 149
H2 €/t 3000
EtOH €/t 500
ZnCl2 €t 800
H2SO4 €t 81
Formaldehyde €n 600
Ethyl acetate €t 1016
Oxidation catalyst €/t 34000
02 €t 1779
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Product Process description

—

Reference

k

1AM I;ydrothermal upgrading: lignin into monomers by depolymerization; 200-350 °C; >40
ar

2 AM  Dry lignin is sent directly to the HDO reactor

3 AM  Pyrolysis: break down lignin; heat and absence of O2

1 AM HDO: as an upgrading process to transform lignin bio-oil to AM

1 AM distillation train

4 PFR Dry lignin is sent directly to the PFR synthesis

5 PFR Hydrothermal liguefaction: production of bio-crude oil for the following PFR synthesis

6 PFR DES: dissolution and transformation of lignin to polyphenols

2 PFR Resin synthesis performed by mixtures of lignin-water-NaOH-formaldehyde

2 PFR PFR purification not necessary

7 AA  Oxidative depolymerization of lignin

8 AA 00);i§)ative depolymerization of lignin catalyzed by homogeneous catalyst V-Cu (V/Cu

9 AA  HTE of lignin

5

N P P RPONRRPRRPRWONRR R

AA  Liquid-liquid extraction by ethyl acetate

Membrane sets recover unreacted lignin as retentate; organic compounds are
separated from the aqueous stream by a hydrophobic membrane

The first column removes organic fraction from water; at 185 °C; 10 bar. In the second
column, formic and acetic acid are separated weight aromatic products into two

3 4 AA Distillation columns

3 5 AA Adsorption by resins

N
IS

AA

(Gursel et al., 2019)

(Gursel et al., 2019)
(Gursel et al., 2019)
(Shen et al., 2019)
(Kalami et al., 2017)
(Kalami et al., 2017)
(Paysepar et al., 2020)
(Hong et al., 2020)
(Paysepar et al., 2020)
(Paysepar et al., 2021)
(Abdelaziz et al., 2020)

(Walch et al., 2021)

(Zirbes et al., 2020)
(Khwanjaisakun et al.,
2020)

(Abdelaziz et al., 2019)

(Abdelaziz et al., 2020)

(Wang et al., 2013)
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