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Kraft lignin conversion to value-added products is an alternative way to manage the main pulp and paper
secondary stream thus contributing to reducing avoid greenhouse gas emissions compared to equivalent
fossil-based processes. Process simulation and integration can help to identify the most promising pathways
and increase the profitability of the process. This work presents results of a comparison between the process
optimization of two different potential products that were modeled and analyzed. Aromatic monomers and
phenol-formaldehyde resins were considered as possible products by means of alternative process pathways,
including hydrothermal liquefaction, hydrodeoxygenation, pyrolysis, dissolution with deep eutectic solvents,
hot water extraction, and resin synthesis. Mixed-integer nonlinear programming was applied to optimize the
superstructure and obtain the maximum lignin cost. A sensitivity analysis in terms of the final products selling
price was performed to consider the market variability. Minimum selling prices of aromatic monomers and
phenol-formaldehyde resins for a feasible lignin process were calculated. Maximum lignin cost larger than 100
€/t resulted acceptable only for phenol-formaldehyde resins selling price larger than 0.6 €/kg or for AM selling
price larger than 1.80 €/kg. Aromatic monomers turned out to be the optimal product if its selling price is larger
1.20 €/kg and the phenol-formaldehyde resins cost is lower than or equal to 0.6 €/kg. Higher phenol-
formaldehyde resins selling prices make this product more convenient.

1. Introduction

Lignin represents about 20-35%pry of lignocellulosic biomass and can be separated from cellulose and
hemicellulose by several processes. The kraft process, used in the paper industry, produces a lignin-rich
stream as a waste. As a result, the kraft lignin is the most widespread technical lignin and its valorization can
help to solve the disposal problems and contribute to reducing GHG emissions compared to equivalent fossil-
based processes (Solarte-Toro et al., 2018). Valorization processes to value-added chemicals need to be
optimized in order to assess their convenience with respect to the common energy conversion (Giuliano et al.,
2020b). A huge research effort has been devoted to find more convenient lignin conversion technologies
(Yadav, 2020). In particular, novel technologies allow to obtain aromatic hydrocarbons and/or phenol-
formaldehyde resins (Biziks et al., 2020). All these processes can be compared to identify the most profitable,
from an economic and an environmental point of view, by means of a process system design and optimization
methods. Process simulation and design have been widely used to carry out economic analysis of
biorefineries processing lignocellulosic biomass (Giuliano et al., 2019). More recently, a few works addressed
the techno-economic analysis of the lignin valorization routes in biorefineries. Mabrouk et al. (2017) reported
interesting results for the production of catechol through lignin depolymerization, extraction and separation by
a distillation train. Abdelaziz et al. (2020) performed a techno-economic analysis for chemicals production
from kraft lignin. Process synthesis, simulation, and integration were carried out for the assessment of the
potential oxidative depolymerization viability with respect to vanillin production on a scale of 700 kt/y of fresh
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lignin feed. Shen et al., 2018 derived the minimum selling price of jet fuel derived from lignin as a co-product in
a lignocellulosic biorefinery producing 2000 t/day of ethanol. Gursel et al. (2019) compared lignin pyrolysis,
direct hydrodeoxygenation (HDO), and hydrothermal upgrading to obtain mixed oxygenated aromatic
monomers, light organics, heavy organics, and char. Direct hydrodeoxygenation resulted in the most
promising process.

Alternative process pathways can be included in a superstructure and the optimal flowsheet and the optimal
feedstock allocation to the target products can be found by means of Mixed Integer Programming (MIP). In
particular, Giuliano et al., (2020a) solved a Mixed Integer Linear Problem to optimize a superstructure
including process routes from lignin to jet-fuels, phenol-formaldehyde resins, polyurethane foams, and syngas
for green electricity generation. Their preliminary results suggested that phenol-formaldehyde resins appear
more suitable to the market. Tey et al. (2021) derived the optimal production pathways to manufacture bulk
chemicals, fine chemicals and pharmaceutical products from lignin in an integrated biorefinery. The promising
product from lignin processing was formaldehyde.

In this work, two different potential products derived from lignin, aromatic monomers and phenol-formaldehyde
resins (PFR), were considered through several alternative process routes. A simplified approach based on
Mixed Integer Non-Linear Programming is presented and applied to find the optimal kraft lignin allocation to
products and the optimal relevant processes aiming at an economic objective function. In particular, a
sensitivity analysis based on the product selling prices was performed. In this way, the minimum selling price
of the optimal product was identified, comparing it with the minimum selling price to make convenient the other
product.
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Figure 1: Superstructure of the kraft lignin-based biorefinery

2. Methods
2.1 MINLP model description

The optimization problem consists of finding the optimal process flowsheet and the optimal feedstock
allocation to products for a lignin-based biorefinery, given an objective function (Giuliano et al., 2014). For this
aim, the process pathways were included in a superstructure with different processing steps organized in
three layers (Galanopoulos et al., 2019). On the first layer, there are three different sections j (pretreatment,
synthesis, purification). Each section includes up to six alternative operations k (second layer) and each
operation consists of up to 2 different process units p (third layer). After optimization, each layer j is restricted
to only one operation option k. The lignin-based biorefinery optimization problem aims at deciding which route
to take through the network and the relevant flows entering and leaving each layer in order to maximize the
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Maximum Lignin Cost, MLC. The latter MLC was derived as the maximum cost of dry lignin allowing a positive
net profit from the biorefinery operations:

MLC=max c; (1)
Where ¢, is the lignin cost. To set the economic analysis, the following constraints were considered:

NetPrOfit = F3,AMpAM + F3,PFRpPFR —TAC —AIC =0
TAC = RMC+WWC + UTC + OMC (2)
RMC = Fycq + Fiy 0

where Fs3am, F3prr are the flowrate of aromatic monomers and phenol-formaldehyde resins respectively, pam,
prrr are the product selling prices, TAC are the Total Annual Costs, AIC are the Annualized Investment Costs,
RMC are the Raw Material Costs, WWC are the wastewater treatment costs, UTC are the Ultilities Costs,
OMC are the Operating & Maintenance Costs, F, are the auxiliaries material flowrates, ¢, are the
chemicals/auxiliaries costs (listed in Table 1), Fin,. is the dry lignin feedstock flowrate. The AIC calculation for
each process operation k was performed by means of power-law functions of the input flowrate. In particular,
the parameters for the calculation of capital cost were obtained from Hamelinck et al. (2005). The
annualization factor was set up as in the work of Galanopoulos et al. (2019). To consider the kraft lignin as a
complex material composed of different molecular weights, reactivities and functional groups, a percentage by
weight of the whole dry lignin was assumed to be reactive in depolymerization processes.

Table 1: Chemicals, solvents, reactants costs considered in the economic analysis

Section of the superstructure Cost

i k €/kg
Hydrogen 2,1 2.00
Ethanol 1,5 0.50
DES 1,6 0.80
H2S04 1,1 0.08
NaOH 1,1 0.15
Formaldehyde 2,2 0.60

2.2 Process superstructure description

A superstructure of the lignin-based biorefinery was built with the most commonly used pathways according to
an accurate literature survey. In particular, it consists of six lignin pretreatment routes, two product synthesis
processes and two purification technologies, which can be summarised as follows
j=1; k=1: the hydrothermal upgrading is used to convert lignin to monomers by depolymerization.
Water/NaOH solution at a medium temperature (200-350°C) and high pressure (> 40 bar) with a liquid-to-
solid ratio of 5 kg/kg is considered to dissolve lignin. The reactor performance on the available lignin is
assumed according to Gursel et al. (2019) findings;
j=1; k=2: the dry lignin is sent directly to the hydrodeoxygenation (HDO) reactor. In this case, a lower AM
yield in the HDO can be obtained;
j=1; k=3: the thermochemical process of pyrolysis is used to break down lignin, by means of heat and in the
absence of oxygen, to obtain the aromatics (Gursel et al., 2019);
j=1; k=4: the dry lignin is sent directly to the phenol-formaldehyde resin synthesis (Kalami et al., 2017).
Without the pretreatment, lower molecular weight lignin can be effectively converted to resins;
j=1; k=5: a bio-crude oil is produced by the hydrothermal liquefaction process. 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);
j=1; k=6: a Zn-based Deep Eutectic Solvent (DES) is used to dissolve and transform the lignin by a low-
energy process (100°C). Polyphenols in solution can be incorporated into the next phenol-formaldehyde
resins synthesis (Hong et al., 2020);
j=2; k=1: HDO process is the main process step to produce the AMs from lignin. A mixed oxygenated
aromatic monomers stream is obtained at 400°C and 150 bar with a percentage of hydrogen equal to 3%wt
(Shen et al., 2018);
j=2; k=2: resins synthesis is performed by mixtures of lignin-water-NaOH-formaldehyde at 80°C (Paysepar
et al., 2020);
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j=3; k=1: a distillation train is used in order to purify the AMs. First, the light organics are separated by
distillation due to their lower boiling point. A second distillation column is used to separate water from the
other components. Finally, AMs are completely separated from the high-boiling heavy organics in a third
distillation column.
j=3; k=2: a purification process for PFRs is not necessary.
Table 2 reports the model parameters used in this work. In particular, the size of the biorefineries is an
essential parameter to make 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 flowrate to the plant was assumed 180,000 t/y of dry kraft lignin.

Table 2: Economic and process parameters used in the superstructure optimization model.

Model parameter Value
Dry lignin feedstock (t/y) 180’000
Hour per year (hly) 7200
EtOH/Lignin 6.1
DES/Lignin 10
Discount rate (%) 8
Maintenance & Operating/Capital Costs (%) 10
Wastewater purification cost (€/t) 0.53
Electricity cost (€/MWhe) 150
Lifetime (y) 20

3. Results

The results of this work consist in the MLC value which makes the overall layout economically viable. Values
of MLC lower than 50 €/t are considered too low (Giuliano et al., 2020a), as the cost of producing/processing
the feedstock to make it suitable for pre-treatment can be high. Other economic results consist in the capital
costs to build the lignin valorization biorefinery. Capital costs higher than 150 M€ for about 200'000 t/y of
feedstock are considered too expensive because higher than the capital costs of a lignocellulosic biorefinery
producing bioethanol (Chemicals-technology, 2020). The operating costs play the main role, as the
consumption of utilities (especially medium pressure steam), the consumption of chemicals or solvents (even
if solvent recycling were considered) can vary depending on the process pathways.

3.1 Sensitivity analysis on the product selling price

In order to evaluate the impact on the optimization of two main economic parameters, a sensitivity analysis
varying the selling prices of PFRs and AMs was performed. The base price of AM, assumed equal to 1.20
€/kg (Shen et al., 2018), was increased and decreasing by 50%. Because of the different final performance of
resins is difficult to evaluate in the present analysis, the PFR selling price was varied in a wider range between
0.10 €/kg and 1.00 €/kg. Figure 2 reports MLC, CC and OC as a function of the AM price and PFR price. The
main expected result consists of a general decrease of the MLC with decreasing perr. In particular, for the
case of pay=0.60 €/kg a minimum value of pprr equal to 0.40 €/kg is necessary to obtain a non-negative MLC
value. For pprr>0.60 €/kg the optimal product is always the PFR, whatever is the AM price in the investigated
range. For higher values of pau (1.20 and 1.80 €/kg) a threshold value for pprr is observed, below which the
MLC value remains constant and positive. In particular, for pay equal to 1.20 €/kg, AM is the optimal product
only for pper <0.40 €/kg with a very low MLC (about 12 €/t). For pay equal to 1.80 €/kg, AM is the optimal
product for perr < 0.60 €/kg, with a higher MLC (196 €/t). Capital costs are not very variable with the product
prices since the same process path leads to the same capital costs. In particular, when AMs are produced, the
process with hydrothermal upgrading is to be preferred, with investment costs of 155 M€. When PFR is the
optimal product, liquefaction results the preferred pre-treatment process at low pprr values, while dissolution
with DES solvents arises for high pprr values (>0.80 €/kg). In the latter case, the capital costs are higher and
equal to 181 M€. In fact, obtaining a higher yield to PFR by means of the more expensive pretreatment with
DES is justified by the higher PFR selling price. Operating costs follow a similar variation with the product
prices. In the case of AM production, the OC amount to about 50 M€/y, mainly due to hydrogen consumption
and utilities. In the case of PFR production, when liquefaction is the optimal pre-treatment, the OC are equal to
15 M€y due to the consumption of formaldehyde. Differently, they increase up to 84 M€/y due to the DES
make-up cost. The use of DES as a solvent to treat lignin is an opportunity especially from the point of view of
the high yields and low temperature of the process. The production of PFRs is optimal considering even low
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sales prices (greater than 0.30 €/kg), however, the technical performance of lignin-based PFRs compared to
the conventional ones remains unknown. The AMs compounds are an opportunity to valorize the lignin only if
each component is fractionated and sold separately, avoiding the mix of aromatic compounds that reduces
their value too much. The advantage, in that case, consists in selling any pure compound (eg vanillin, cresol,
catechol, etc.) at very high prices, even higher than 20 €/kg. The limit of the analysis proposed in this work
consists of not being able to consider the difference between a kraft lignin and lignin obtained differently.
Further modeling analysis must be proposed to make the model depends on the type of lignin being
considered. Furthermore, this analysis does not take into account the different performances of the use of
lignin-based compounds compared to the compounds obtained through conventional processes (eg resins).
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Figure 2: Maximum Lignin Cost (MLC), capital costs (CC), operating costs (OC) as a function of the PFR and
parametric in the AM selling price: A 0.60 €/kg; e 1.20 €/kg, X 1.80 €/kg. Blue symbols correspond to AM as
the optimal product, orange symbols correspond to PFR as the optimal product.
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4. Conclusions

In this work, some alternative processes to valorize kraft lignin were compared on economic ground. Aromatic
monomers and phenol-formaldehyde resins were considered as lignin-based products. A simplified approach
based on the optimization of a process superstructure by means of MINLP was used. A sensitivity analysis
was performed, in order to assess the effect of the product selling prices. Results show that is not convenient
to process the lignin when the PFR selling price and the AM selling price are lower than 0.40 €/kg and
1.20 €/kg, respectively. Maximum lignin cost larger than 100 €/t is acceptable only for PFR selling price larger
than 0.6 €/kg or for AM selling price larger than 1.80 €/kg. In particular, AM is the optimal product if its selling
price is larger 1.20 €/kg and the PFR cost is lower than or equal to 0.6 €/kg. Higher PFR selling prices make
this product more convenient.
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