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ARTICLE INFO ABSTRACT
Editor: Deyi Hou The recovery of kraft lignin from black liquor allows an increasing of the pulp production of a kraft mill (marginal ton-
nage) and at the same time provide a valuable material that can be used as energy or chemical feedstock. However,

K")’W".’dsi because lignin precipitation is an energy- and material-consuming process, the environmental consequences from a
. ife cycle perspective are under discourse. The aim of this study is to investigate, through the application of consequen-

Kraft lignin life cycl i der di The aim of this study is to investigate, through the application of

Life cycle assessment I, . . . L. .

pul tial life cycle assessment, the potential environmental benefits of kraft lignin recovery and its subsequent use as an en-

S ulflzxr recycling ergy or chemical feedstock. A newly developed chemical recovery strategy was assessed. The results revealed how the

Phenol use of lignin as energy feedstock is not environmentally advantageous compared to producing energy directly from the

pulp mill's recovery boiler. However, the best results were observed when lignin was used as a chemical feedstock in
four applications to replace bitumen, carbon black, phenol, and bisphenol-A.

1. Introduction period the number of pulp mills in Europe constantly decreased mainly due

to closure of mechanical pulp mills, but maintaining a constant total pulp

Global production of wood pulp has more than quadrupled in the last
60 years, and the market is projected to continue to grow until 2027
(Statista, 2022). Despite this, production of total pulp (market + integrated
pulp) in Europe over the last 20 years has been fairly stable; over the same
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production capacity (higher than the domestic consumption) (CEPI,
2022). If only the market pulp is considered (90 % of which is sulphate
pulp), the scenario is quite different. In fact, European production is
lower than annual consumption (slightly increased in recent years) (CEPI,
2022). In most pulp mills the recovery boiler operates at maximum capacity
and becomes the bottleneck (Moretti et al., 2021). Therefore there are two
options to increase the pulp production for wood pulp: building new pulp
mills/new recovery boilers or de-bottlenecking the pulping process by

Received 23 January 2023; Received in revised form 17 April 2023; Accepted 18 April 2023

Available online 23 April 2023
0048-9697/© 2023 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.163660&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2023.163660
mailto:alessandro.marson@unipd.it
mailto:joseph.samec@su.se
mailto:alessandro.manzardo@unipd.it
http://dx.doi.org/10.1016/j.scitotenv.2023.163660
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

A. Marson et al.

lignin precipitation and recovery. This second option allows to increase
the pulp mill's production (the increase in pulp production capacity by
this practice is called marginal tonnage) and to recover a material
with a potential value (lignin). On the other hand, the lignin precipita-
tion process consumes energy and chemicals, and energy surpluses
that would normally be sent to the grid and available for other purposes
are lost.

With the development of lignin recovery technologies and their im-
plementation on a commercial scale, LignoBoost, a quantitative tool to
assess the environmental consequences of their implementation has be-
come essential. There has been great interest in studying lignin from a
life cycle assessment (LCA) perspective over the last decade. This inter-
est concerned both the evaluation of the environmental performance of
the system and the LCA methodological challenges due to multifunc-
tional aspects. Several authors have focused on the allocation manage-
ment for the co-products of the pulping process (Cherubini et al.,
2011; Hermansson et al., 2020; Moretti et al., 2021; Sandin et al.,
2015). Hermansson et al. (2020) tested twelve different allocation
approaches for lignin produced using LignoBoost process in Kraft pulp
mills, obtaining results with high variability. Sandin et al. (2015)
pointed out that this phenomenon is accentuated because lignin is not
the dominant co-product of the process (which is pulp). Another ap-
proach is to evaluate the effects of lignin recovery from the pulp per-
spective. Culbertson et al. (2016) applied attributional LCA using 1
ton of bleached pulp as functional unit (FU) with system expansion,
mass and economic allocation to deal with the multifunctionality. This
comprehensive study shows the benefits from a macro perspective of a
pulp mill, especially including benefits coming from the phenol substi-
tution by lignin. Bernier et al. (2013) performed an attributional LCA
study using kraft lignin (KL) as the FU and attributing the difference in
emissions of a pulp mill with and without lignin recovery to the lignin
(note that the introduction of the lignin recovery system allows for an
increase in pulp production, the so-called marginal tonnage). According
to Hermansson et al. (2020), this approach could be suitable in a conse-
quential LCA study. Bernier et al. (2013) concluded that lignin is favor-
ably comparable to similar synthetic organic compounds (e.g. phenol)
and identified that the reduction of chemicals consumption for the pre-
cipitation (liquid carbon dioxide, sulfuric acid and sodium hydroxide)
would be a driver to reduce the negative impacts of lignin recovery.
The significance of chemicals consumption was also highlighted by
Secchi et al. (2019) and Tokede et al. (2020).

All these previous contributions applied attributional LCA, and to our
knowledge there are no studies using consequential LCA to assess lignin re-
covery from kraft pulp mill. An application of consequential LCA for adipic
acid from lignin is presented by Corona et al. (2018), however, the lignin
was derived from a waste stream of ethanol production.

Herein, the aim is to investigate the environmental consequences as-
sociated with the recovery of KL and the resulting increase in the pro-
duction of USP termed marginal tonnage. To do this we have applied
consequential LCA. To target raised questions concerning chemicals
consumption during KL extraction (Bernier et al., 2013; Secchi et al.,
2019; Tokede et al., 2020), a newly developed chemical recovery strat-
egy was evaluated and benchmarked to conventional KL outtake. Differ-
ent options for the conversion of KL into different end-products, both
energy and chemicals, were investigated.

2. Materials and methods

In Section 2.1 a description of the USP production technologies is
provided. Section 2.2 describes the LCA methodological approaches
adopted to deal with the research objectives. Section 2.3, supported
by Appendix A, provides a description of the Life Cycle Inventory
(LCI) of all USP and KL production processes, as well as a discussion of
the possible uses of the latter as energy and chemical feedstock. Finally,
Sections 2.4 and 2.5 present the choices for life cycle impact assessment
(LCIA) and sensitivity analyses.
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2.1. Description of the USP production technologies

During pulping, the carbohydrate matrix is liberated from the lignin
that is solubilized (Sixta et al., 2006). In kraft pulping, which is the domi-
nating technology (90 % of chemical pulping), nucleophilic sulfide and hy-
droxide are responsible for lignin depolymerization and solubilization
(Gierer, 1980). Both the hydroxide and the sulfide target the lignin and
the resulting pulp comprise both cellulose and hemicellulose. The presence
of hemicellulose in the pulp gives additional strength where kraft is the
Swedish name for strength and force. In the less common sulfite pulping,
the reactive sulfite targets the hemicellulose which gives a purer cellulose
pulp, however the fibers are weaker.

During kraft pulping, the reactive sulfide is oxidized to sulfates (Ragnar
et al., 2014). Modern pulping regenerates the sulfite from sulfates in the re-
covery process. The reduction of sulfates takes place in the recovery boiler
where lignin is used as a reducing agent to regenerate the sulfide. The re-
covery process generates substantial energy that is used as process heat.
However, all pulp mills generate excess energy and this energy can be
used to produce heat and power (Jonsson et al., 2013). It is important to
note that the recovery boiler is the most CapEx intensive unit in a pulp
mill, and thus most pulp mills run with the recovery boiler as the bottleneck
of the pulp production. To increase pulp production, investment in a new
recovery boiler is an expensive option that many mills cannot afford. An
alternative is to remove parts of lignin from the black liquor by a simple pre-
cipitation (Ragnar et al., 2014). By this method, the mill can increase the
production of pulp. This additional pulp produced, is termed marginal ton-
nage. A byproduct from this operation is precipitated lignin. There are a few
technologies for lignin precipitation where LignoBoost has been imple-
mented in Domtar, USA and Sunila, Finland (Tomani et al., 2011).
This technology comprises lowering the pH of the black liquor by car-
bon dioxide to around 10, where the phenolic lignin is protonated and
precipitated from the aqueous phase. The precipitated lignin is then
washed with sulfuric acid to lower the ash content of the lignin and to
recover the inorganics. However, this also leads to disruption of the sul-
fur:sodium balance. Thus, additional sodium hydroxide is added to re-
cuperate the balance. Very recently, a sulfur regeneration technology
has been developed that circumvents usage of virgin sulfuric acid and
make-up sodium hydroxide (Valmet, 2023).

Therefore, three technology options for the production of marginal ton-
nage of USP were considered in this research: building new plants for tradi-
tional (without KL recovery) pulp production (S1), debottlenecking the
recovery boiler of an existing pulp mill by KL recovery with sulfur regener-
ation (S2), debottlenecking the recovery boiler of an existing pulp mill by
KL recovery without sulfur regeneration (S3).

2.2. Goal and scope definition

This study aims to assess the effects in terms of potential environmental
impacts of different decisions on how to produce USP and use KL, which is
why the consequential LCA is more appropriate (Schaubroeck et al., 2021;
UNEP-SETAC, 2011).

Two sub-objectives can be identified: (1) to test whether the KL
recovery system with sulfur regeneration (S2) provides a reduction in
impacts compared to the recovery system without sulfur regeneration
(S3); (2) to compare the environmental performance of USP marginal
tonnage production through building new pulp mills with the tradi-
tional system (S1) and with the KL recovery system with sulfur regener-
ation (S2) considering different lignin utilization scenarios (either as
energy or chemical feedstock). More details on the methodological ap-
proach used to address the two sub-objectives are given in Sections
2.2.1 and 2.2.2, respectively.

The intended geographical scope is the European one. The pulping
process was assumed to take place in Sweden and Finland, as they are
by far the largest European producers of wood pulp (together they ac-
count for the 60 % of the total wood pulp production (Statista, 2022)).
This assumption has been tested through a sensitivity analysis. Where
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possible, the background data were selected in such a way as to be
representative of the specific countries (in particular for the choice of
energy mixes). For the characterization of the subsequent transforma-
tion of the recovered KL, as well as the production processes of the
substituted materials, an average European scenario was considered.
According to the recommendation from the Moretti et al. (2021) review,
the substitution scenarios were defined taking into account the effects in
final application. The analysis was carried out using SimaPro v9.3 (PRé
Sustainability, 2022) and background data from Ecoinvent 3.8 conse-
quential (Wernet et al., 2016). To characterize the consumption and
surplus of electricity, an average of the marginal electricity mix of
Sweden and Finland was calculated according to the procedure pro-
posed by Weidema and Muiioz (2022), while the substitution of bio-
mass (95 % for Sweden and 80 % for Finland) and coal (5 % and
20 %) was assumed for heat (see SI-1). The calculated marginal
Sweden market mix is composed by wind (89.3 %), solar (5.6 %),
coal (3.7 %), hydro (0.8 %) and 0il (0.6 %). For Finland the considered
mix is composed by wind (63.5 %), nuclear (20.3 %), wood (13.0 %),
solar (2.5 %) and oil (0.7 %).

2.2.1. Functional unit and system boundary for sub-objective 1

To evaluate the benefits of introducing sulfuric acid regeneration in
the pulping process with KL recovery the two technologies S2 and S3
were compared. The considered processes generate the same quantity
of valuable outputs, i.e., USP, KL, bark chips, sawdust, tall oil, turpen-
tine. The FU chosen is the production of 1.00 kg of USP, 0.77 kg of KL,
and other co-products. This FU avoids allocation, which is preferred
choice according to ISO 14044 (ISO, 2020). More details on quantities
can be found in the LCI section. A simplified scheme of the two systems
is reported in Fig. 1.

S2
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2.2.2. Functional unit and system boundary for sub-objective 2

The considered system boundaries include all processes until the
pulp mill gate and the consequences of KL management. According to
the sub-objective 2, only KL recovery with sulfur regeneration (S2 tech-
nology) has been considered. The FU chosen in this case is the produc-
tion of 1 kg of USP. This FU focuses on determining product and is
consistent with previous studies (Culbertson et al., 2016). All the co-
products are treated by substitution (more details in 2.3).

Fig. 2 shows the alternative scenarios S1, S2-E, and S2-Chem-i (where i
stands for Bit, CB, Phen, and BPA). In S1 the FU is satisfied by increasing
production building new pulp mills. From the pulping process different
co-products are obtained, both materials and energy. All of them were man-
aged using the substitution method, according to the hierarchy proposed by
ISO 14044. In particular, for the electricity and heat recovered from the
black liquor combustion, the substitution of marginal country mixes has
been considered. In S2, as described above, the typical kraft pulping process
is modified by partial extraction of KL from the black liquor, which can be
destined to become energy or chemical feedstock rather than being burnt in
the recovery boiler. In this case, the inventory was constructed considering
the flows directly attributable to the marginal production of USP. The
choice of materials potentially substitutable by KL has been reported to
be pivotal for analysis. For instance, Moretti et al. (2021) found 8 applica-
tions of KL (polymers, carbon fibers, adhesive, cement additives, activated
carbon, aromatics, bitumen, fertilizers). A review of the KL applications as
biofuels and thermosets is provided by Lawoko and Samec (2023). In the
present study, we have studied five different substitution alternatives: en-
ergy (S2-E), bitumen (S2-Chem-BIT), carbon black for tires production
(S2-Chem-CB), phenol for phenolic resin production (S2-Chem-Phen),
and bisphenol-A (S2-Chem-BPA). Specific market trend forecasts of KL
uses were not considered in selecting these scenarios, but these were chosen
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Fig. 1. Scheme of S2 and S3 (for sub-objective 1).
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Fig. 2. Scheme of the investigated product systems (S1, S2-E, and S2-Chem-i) (for sub-objective 2).

based on available data and attempting to represent different levels of KL
valorization. The use of lignin in asphalts and phenolic resins has already
been studied in the literature with an attributional LCA perspective

Section 3.

(Culbertson et al., 2016; Moretti et al., 2022a). Consistency between the re-
sults obtained in this research and previous studies is presented in
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2.3. Life cycle inventory

2.3.1. LCI for traditional pulping process (S1)

The kraft pulping process for S1 has been characterized starting from
the inventory proposed by Ecoinvent v3.8 for USP. The dataset is based
on data generated by ‘The European pulp Industry Sector Association -
AISBL’ and is representative of unbleached kraft pulp production in North-
ern Europe in 2017 (AISBL, 2021). The geographic scope of the dataset is
therefore consistent with the scope of this research. In addition, the data
are recent enough to provide an acceptable representation of the processes.
These background data have been modified to implement the energy mixes
of Sweden and Finland. The proposed value of co-produced tall oil
(0.2 kg/kg USP) is in contrast to the primary data collected in a Swedish
pulp mill and literature. For this reason, this amount has been modified ac-
cording to Kuparinen et al. (2019) (0.025 kg/kg input dry ton). In this way,
the net biogenic C balance is guaranteed (originally unbalanced). An expla-
nation of the changes is provided in Table S-2.1. To characterize the prod-
ucts substituted by co-products other than energy the choices in the
background dataset were maintained (also in other scenarios).

2.3.2. LCI for pulping with KL recovery systems (S2 and S3)

To characterize the pulping processes in S2 and S3, the inventory of S1
was integrated with primary data to describe the KL recovery. The life cycle
inventories for S2 and S3, as well as their biogenic carbon balance, are re-
ported in Table S-3.1. The main differences between the inputs of S1 and
S2/3 are an increase in the consumption of wood chips and electricity
and the introduction of the consumption of liquid carbon dioxide, sulfuric
acid and sodium hydroxide. According to Culbertson et al. (2016) a fraction
of lignin can be extracted without requiring an increase of natural gas con-
sumption (Moretti et al., 2021). At the same time, energy surpluses are lost
in favor of KL co-production. The absence of the combustion process avoids
the generation of certain wastes such as wood ash, green liquor dregs, and
other hazardous wastes (less than a few grams per kg of USP). The fossil car-
bon dioxide emissions (attributable to the use of fuel oil and liquid carbon
dioxide) and biogenic carbon dioxide emissions have been adjusted accord-
ing to the mass balance. Cautiously, the amounts of other waste, air, and
water emissions have been increased according to the higher input of
wood chips (4+1.7 % with respect to the sum of pulpwood and wood
chips in S1). As mentioned above, S3 compared to S2 does not implement
sulfuric acid regeneration. This allows for a reduction in electricity con-
sumption, against a higher consumption of sulfuric acid and sodium hy-
droxide. In both S2 and S3, 0.77 kg of lignin (dry weight) per kg USP is
obtained. The recovered lignin is in 65 % dry substance condition. Accord-
ing to Bengtsson et al. (2019), a carbon content of 0,60 kg C;,/kg lignin has
been considered.

2.3.3. LCI for KL as energy feedstock

To characterize the KL combustion for energy co-generation in the S2-E
scenario, the Ecoinvent dataset ‘Heat, district or industrial, other than natural
gas {SE}| heat and power co-generation, wood chips, 6667 kW, state-of-the-art
2014 | Conseq, U’ was taken as reference. According to the dataset the heat
recovery efficiency is equal to 45 %, while 0.144 kWh of electricity for MJ
of heat are produced. The assumed low heating value (LHV) for KL (35 %
moisture content) was 23.6 MJ/kg (dry mass) (see SI-4). According to
these values, from the combustion of 1 kg of lignin (dry mass), 10.62 MJ
of heat and 1.53 kWh of electricity can be produced. The substitution of
the marginal energy mixes (as described in 2.2.1) was considered.

2.3.4. LCI for KL as chemical feedstock

Bitumen substitution (S2-Chem-Bit) was analyzed with an LCA perspec-
tive by Tokede et al. (2020) and Moretti et al. (2022b). In both cases, the
analysis was conducted with an attributional approach. Tokede et al.
(2020) considered a lignin derived from kraft process via LignoBoost ex-
traction, while Moretti et al. (2022b) referred to a biorefinery lignin pro-
duction. In this study, the substitution scenario was constructed using the
asphalt formulations (base layer) reported in Moretti et al. (2022b), in
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which bitumen is partially replaced by dried lignin, with corrections to
the sand and gravel content and the addition of linseed oil (Table S-5.1).
In accordance with Moretti et al. (2022b), the carbon contained in both bi-
tumen (0.762 kgC/kg) and lignin was assumed not to be released over a
100-year time horizon. For this reason, the release of CO, from bitumen
into the air was not considered (2.690 kgCO,/FU), and instead the storage
of biogenic carbon in lignin was considered (1.694 kgCO,/FU - the uptake
during the growth phase of the plant is not taken into account by the Life
Cycle Impact Assessment (LCIA) method used to avoid double counting).

The use of lignin as a (partial) substitute for carbon black in the produc-
tion of tires has been investigated for more than 60 years (c&en archives,
1957). The use of spray-dried lignin as a substitute for carbon black up to
50 % wt. is described by Veas and Hotaling (2011). For the S2-Chem-CB
scenario, direct substitution of carbon black by dried lignin is therefore con-
sidered (Table S-5.2). The difference in fossil carbon dioxide emissions at
tire end of life (assuming complete release) was quantified. The carbon con-
tent of carbon black (0.85 kgC/kg) was taken from Ecoinvent documenta-
tion.

The potential of lignin as a phenol substitute is well documented in the
literature. In particular, Siddiqui et al. (2017) demonstrated how
depolymerized KL can partially replace petroleum-based phenol (up to
75 %) in the production of phenol-formaldehyde resoles (PFR) for applica-
tion in plywood. Several studies have shown that the introduction of lignin
can lead to lower formaldehyde-to-phenol (F/P) ratios and higher shear
strength, but on the other hand, higher curing time and/or temperature
(i.e., higher energy consumption once in plywood production) (Danielson
and Simonson, 1998a; Li et al., 2017; Siddiqui et al., 2017; Solt et al.,
2018). Although the use of pre-treated lignin (e.g., through organosolv or
fractionation) as a substitute for phenol has also been analyzed using LCA
(Hildebrandt et al., 2019; Lettner et al., 2018; Perederic et al., 2020), this
is not the case for unmodified lignin. To describe the inventory of scenario
S2-Chem-Phen inventory data from Danielson and Simonson (1998a) have
been used, taking into account the 50%wt replacement ratio (unmodified
KL to phenol) for which industrial application in plywood production has
been demonstrated (Danielson and Simonson, 1998b) (see Table S-5.3).
To estimate the increase in thermal energy consumption for curing stage,
the energy demand suggested by Ecoinvent for curing a urea formaldehyde
resin (at an average temperature of 100 °C) in plywood was considered. Ac-
cording to Danielson and Simonson (1998a, 1998b), KL containing resin re-
quire an increase of 30 % of the curing time at 135 °C in plywood
application. Cautiously, the heat consumption from light fuel oil suggested
by Ecoinvent (0.61 MJ/kg of resin) was doubled. Like the previous sce-
nario, the difference in fossil carbon dioxide emissions at resin end of life
(assuming complete release) was quantified. The carbon content (0.77
kgC/kg for phenol and 0.4 kgC/kg for formaldehyde) was taken from
Ecoinvent documentation. The LCI is described in Table S-5.5.

The use of unmodified lignin as a substitute for bisphenol-A in the pro-
duction of epoxy resin has been investigated successfully by several re-
searcher, e.g., Nikafshar et al. (2021). For the S2-Chem-BPA scenario,
direct substitution of bisphenol-A by dried lignin is therefore considered.
The difference in fossil carbon dioxide emissions at end of life (assuming
complete release) was quantified. The carbon content (0.79 kgC/kg) was
taken from Ecoinvent documentation. The LCI is described in Table S-5.6.

For the characterization of the spry-drying of lignin the inventory of
spry-dried milk provided by Ecoinvent has been considered as proxy
(0.085 kWh of electricity and 5.25 MJ of heat for 1 kg of evaporated water).

2.4. Life cycle impact assessment

The results of the impact assessment are presented using the set of 16
midpoint impact categories EF method 3.0 (Zampori and Pant, 2019). EF
method 3.0 has been chosen due to its comprehensiveness and focus to
the European scenario. The list of impact categories, indicators, abbrevia-
tions, and units can be found in Table S-6.1. For the sake of clarity, only
the results of the six categories with the highest weighting factors according
to the PEF methodology (Zampori and Pant, 2019) will be presented and



A. Marson et al.

discussed in the article, while the complete results are given within the ad-
ditional information. The impact categories discussed in the main text are
therefore climate change (GWP-total), particulate matter (PM), land use
(SQP), water use (WDP), resource use, fossil (ADP-fossil) and resource
use, mineral and metals (ADP-min&met). In this study, the optional
steps of impact assessment according to ISO 14044, that are normaliza-
tion and weighting, are not addressed. According to this method, bio-
genic carbon dioxide uptake and emissions are not associated with a
characterization factor for the impact category GWP-total. Only in the
scenario of the substitution of bitumen in asphalt production was the
storage of biogenic carbon considered, as it is assumed to be longer
than one hundred years. The influence of this approach on conclusions
are discussed in Section 3.

2.5. Sensitivity analysis

To cover potential uncertainties related to different assumptions and
scenarios, two sensitivity analyses were conducted. The first aspect investi-
gated was the geographical scope. For the pulping process in the base case,
a combined scenario of Sweden and Finland was considered as a proxy for
the European one. A sensitivity analysis evaluated the effects on the results
of considering the energy mixes of Sweden, Finland, and an average
European scenario separately. The second aspect investigated by sensitivity
analysis concerns the source of the liquid CO5 used in the lignin precipita-
tion process from black liquor. In the base case, it was assumed CO, from
a fossil source, while through this sensitivity analysis, the effects of using
biogenic CO, have been assessed. This sensitivity analysis seeks to assess
the effects of reducing fossil carbon dioxide consumption, indicated by
Bernier et al. (2013) as a driver for impacts reduction.

3. Results and discussion
3.1. LCIA for sub-objective 1

The results of the comparison between lignin recovery with and without
sulfur regeneration (S2 and S3) are shown in Table 1. The analysis shows
how the sulfuric acid regeneration system brings benefits in the six main
impact categories. Even extending the analysis to all indicators (Table S-
7.1) S3 outperforms S2 only in ODP (—8 %) and IRP (—74 %). This
means that increasing the consumption of electricity by 0.1 kWh/ kgysp
to reduce the consumption of sulfuric acid (—0.15 kg/kgysp) and sodium
hydroxide (—0.11 kg/kgusp) is beneficial from an environmental point of
view. These results remain almost unchanged even when considering an av-
erage European energy mix, although the differences become slightly
smaller (Table S-7.1). These variations are modest because the main impact
contributions at this stage are the production and supply of the raw mate-
rials (e.g., pulpwood and wood chips) and not the electricity consumptions
(about 0.23 kWh/kgysp for S2 considering both the pulping and liquid CO,
production).

It can therefore be concluded that S2 shows more promising results than
S3 with good stability with respect to changes in plant location (although
trade-offs were observed in some impact categories such as ODP and
IRP). These results are consistent with what was hypothesized by Bernier
et al. (2013).

Table 1

Results of the comparison between S2 and S3 for sub-objective 1.
Input Unit S2 S3 var%
GWP-total kg CO2 eq 8.07E-01 9.17E-01 14 %
PM disease inc. -8.18E-09 8.24E-09 201 %
SQP Pt 3.13E+02 3.19E+02 2%
WDP m3 depriv. 1.56E+ 00 2.03E+00 30 %
ADP-fossil MJ 5.17E+00 5.39E+00 4 %

ADP-min&met kg Sb eq 9.84E-06 2.40E-05 143 %
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3.2. LCIA for sub-objective 2

This section presents the LCA results of USP production with five differ-
ent KL applications compared to the reference system S1. The LCIA results
and the graphic summary of the main impact categories are shown, respec-
tively, in Table 2 and Fig. 3, while the full results are reported in Table S-
7.2. The results in the main impact categories do not uniquely identify a
best-performing application from an environmental perspective. For this
reason, each main impact category will be presented and discussed consid-
ering also the contribution analysis results provided in Fig. 4.

In GWP-total all the assessed scenarios using KL as chemical feedstock
perform better than S1 (—0.12 kgCOzeq/kgysp), ranging from —1.04
kgCO2eq/kgysp of S2-Chem-Bit to —6.19 kgCOseq/kgysp of S2-Chem-
Phen. For this impact category, the contribution of avoided end-of-life emis-
sions compared to the fossil-based alternative is a key element, ranging
from about — 3.36 kgCO,eq/kgysp for S2-Chem-Phen to —1.69 kgCO,eq/
kgysp for S2-Chem-Bit. However, even not considering this contribution,
all the scenarios still have lower impacts than S1, except for S2-Chem-Bit
(due to the release of the biogenic carbon stored in lignin). Analyzing in
more detail the best performing scenario in respect to GWP-total, the
greatest benefits come from phenol substitution (i.e., S2-Chem-Phen gave
—3.00 kgCO»eq/kguysp), while the lower consumption of formaldehyde
brings a more limited contribution (—0.41 kgCO.eq/kgysp). Impact due
to increased heat consumption in resin curing use is negligible (0.07
kgCOseq/kgusp). The positive effects of phenol substitution are consistent
with what has been observed in previous studies with attributional
approach (Culbertson et al., 2016). In contrast, the results obtained for bi-
tumen replacement are not completely in line with previous studies.
Moretti et al. (2022b) identified significant benefits on climate change,
while in the present study it was found that the impact was dependent on
the carbon storage accounting approach. It should be noted, however,
that the authors did not consider KL, but lignin obtained from biorefineries,
and a great variability is observed in literature (Moretti et al., 2022b). In an-
other case, Tokede et al. (2020) studied the implementation of KL by
LignoBoost process in asphalt, obtaining similar results to the present
study. The authors obtained with a 25 % substitution of the bitumen a re-
duction of 5.7 % of the asphalt GWP impacts on a cradle to gate base. How-
ever, variations in asphalt composition, that bring relevant contributions of
impact, were not considered by Tokede et al. (2020).

The use of KL as a chemical feedstock presents notable advantages,
but the same cannot be said for its application as an energy feedstock.
In fact, the S2-E scenario shows the highest GWP-total. This result is
highly dependent on the substituted energy mix, as discussed in the sen-
sitivity analyses in Section 3.3.

Also for PM indicator the considered scenarios have lower impacts than
S1, but in this case the highest performing alternative is S2-Chem-CB. In
particular, benefits arise from the replacement of carbon black, avoiding di-
rect emissions in its production process. For the SQP category the trend is
reversed. The heat recovered in S1 from the combustion of black liquor
avoids the production of heat from biomass (accounting for a significant
share of the marginal energy mixes considered). This results in the avoided
consumption of wood chips and related land use impacts for harvesting.
Similar conclusions can be drawn for the out-of-mill energy recovery (S2-
E). Scenarios with lignin extraction thus lose the benefits of energy recov-
ery, leading to impacts up to 30 % higher than S1. Impacts related to
water scarcity (WDP indicator) come from direct consumption during the
pulping process. In the S2-Chem-CB scenario, the impact attributable to
the cultivation of linseed used in asphalt formulation is relevant (27 %),
leading to a value 45 % higher than S1. S2-Chem-Phen results as the least
impactful alternative in this impact category (again, the most significant
contribution is by far the avoided production of phenol). A similar result
can be observed for S2-Chem-BPA, in which phenol is found as a raw ma-
terial in the production of bisphenol A. The results obtained for the ADP-
fossil indicator are very similar to those observed for GWP-total. In this
case, the fossil-based substitution scenarios are always favorable com-
pared to S1. The values obtained range from — 38 MJ/kgysp for S2-
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Table 2

Results of the comparison between S1, S2-E, S2-Chem-Bit, S2-Chem-CB, S2-Chem-Phen, and S2-Chem-BPA for sub-objective 2.
Input Unit S1 S2-E S$2-Chem-Bit S$2-Chem-CB S$2-Chem-Phen S$2-Chem-BPA
GWP-total kg CO2 eq 1,19E-01 5,30E-01 -1,04E+00 —2,85E+00 —6,19E+00 —4,04E+00
PM disease inc. 3,33E-08 —2,80E-08 2,05E-08 —2,28E-07 —7,91E-08 —7,63E-08
SQP Pt 2,11E+02 2,19E+02 3,53E+02 3,04E + 02 2,99E + 02 3,15E+02
WDP m3 depriv. 1,44E+00 1,44E+00 2,09E+00 1,47E+00 —1,26E+00 —1,20E-01
ADP-fossil MJ 2,81E+00 3,12E+00 —3,81E+01 —5,12E+01 —8,58E+01 —5,82E+01
ADP-min&met kg Sb eq —3,68E-06 —3,73E-06 1,10E-05 —1,93E-05 —8,37E-05 —6,88E-05

Chem-Bit to —86 MJ/kgysp for S2-Chem-Phen. Finally, in the ADP-
min&met category, the importance of infrastructure construction
and materials used becomes apparent. In fact, in S1 the main impacts
are related to pulp mill production, while the benefits come mainly
from recovered electricity. Again, the benefits of replacing fossil-
based substances and the infrastructure for their transformation are
emphasized.

The contribution analysis shown in Fig. 4 allows us to observe the net
contribution associated with the processing of the extracted KL and the
impacts and benefits associated with the substitution scenarios. For the
S$2-Chem-CB, S2-Chem-Phen, and S2-Chem-BPA scenarios, this net contri-
bution is negative in almost all impact categories (i.e. leads to environmen-
tal benefits). In contrast, for the S2-Chem-Bit scenario, the net benefits are
limited to two impact categories (GWP-total and ADP-fossil). In fact, as
explained above, for the other indicators, the changes in the asphalt for-
mulation are critical and lead to an increase in the overall impact.

Comparison with the literature becomes more complex for impact
categories other than GWP-Total, as they have rarely been investigated
in previous studies. In addition, LCIA methods may have significant dif-
ferences. However, Culbertson et al. (2016), applying system expansion
considering phenol substitution and using TRACI LCIA method (Bare,
2002), obtained an overall improvement in all impact categories except
Non-Carcinogenics toxicity. Among the categories of the TRACI
method, there are no indicators attributable to SQP and IRP with
which to compare the identified trade-offs. Bernier et al. (2013) also
confirm that the results obtained for KL are lower than those for phenol
(based on 1 kg of substance) for all indicators in the IMPACT2002 +

LCIA method (Jolliet et al., 2003). For the substitution of bitumen in as-
phalts, in the study by Moretti et al. (2022b) the characterized results
are not available (except for GWP), but a reduction in the weighted in-
dicator can be observed for formulations containing lignin.

In conclusion, the use of KL as chemical feedstock can lead to overall en-
vironmental benefits. However, as already pointed out, the choice of appli-
cation plays a key role. In general, S2-Chem-Phen proved to be the best
alternative in four of the six main impact categories, while S2-Chem-Bit al-
ways emerged as the least performing scenario with lignin recovery. The
categories not shown in the main text also confirm similar trends compared
to those of the six main indicators. In fact, S2-Chem-Phen turns out to be the
best alternative in 8 of the 10 additional categories (Table S-7.2). Finally,
the use of lignin for energy production shows inferior or equivalent re-
sults to traditional production where energy is produced directly in
the recovery boiler (without the chemical and energy consumption of
the KL recovery process). However, these conclusions should be limited
to the geographical scope and associated energy mixes of Northern
Europe. The variability of these conclusions with changing energy
mixes is discussed in the following section.

3.3. Sensitivity analysis

The performed sensitivity analyses allowed the assessment of the model
stability with respect to the assumptions on the geographical location of the
pulp mill. The most significant variations were observed for S1 and S2-E,
with the average European scenario being more favorable. This effect can
be attributed to the higher emission factor of the average European energy
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Fig. 3. Life Cycle Impact Assessment relative results for S1, S2-E, S2-Chem-Bit, S2-Chem-CB, S2-Chem-Phen, and S2-Chem-BPA scenarios. Results are normalized respect the

maximum absolute value in the impact category.
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mix (0.218 kgCO-eq/kWh of electricity for the European scenario versus
0.070 kgCOxeq/kWh for the baseline scenario), resulting in higher ben-
efits from recovered energy. This trend is confirmed in the scenario
using KL as energy feedstock (S2-E). It can be inferred that the extrac-
tion of lignin for energy purposes can only lead to an overall reduction
in GHG emissions if energy mixes with a high fossil shares are replaced.
On the other hand, its use as a substitute for biomass, such as wood
chips, is deleterious. Culbertson et al. (2016) had previously observed
that in general KL had greater impacts than wood pellets and therefore
substitution would not be beneficial. It follows that the use of lignin as
an energy feedstock may be a viable solution in this transition period,
but with the increasing decarbonization of the energy system, other
areas of applications with a more highly added valued are predicted to
become advantageous.

A different trend was observed when KL is used as a chemical feedstock.
In these cases, the European scenario is characterized by slightly higher im-
pacts. This is due to the higher consumption (and lower recovery) of elec-
tricity resulting from KL recovery, which in the average European
scenario is characterized by a higher emission factor compared to Sweden
and Finland. However, in S2-Chem-i scenarios, the results are quite stable
with respect to geographical location, as the contribution of energy con-
sumption of the pulping process is limited, as shown in Fig. 5. For these sce-
narios, the variations due to different location assumptions are less than
5 % for S2-Chem-CB, -Phen, -BPA and 11 % for S2-Chem-Bit. Furthermore,

the ranking between alternatives in different locations is not affected. Thus,
the assumption of considering the two largest European pulp producers as a
proxy for the average European scenario does not undermine the conclu-
sions of the study.

The use of biogenic liquid CO, brings a benefit of 0.154 kgCO2eq/
kgysp, which lowers the impacts of all scenarios with lignin recovery, but
does not affect the conclusions of the study, as the ranking remains un-
changed. The use of a biogenic source (or even an internal recirculation
within the pulp mill) is thus a potential driver for further reduction in
the impacts of substances used for precipitation, as advocated by
Bernier et al. (2013). For instance, recuperating off gases from either
the recovery boiler or lime kiln are possible.

The absolute values for all the performed sensitivity analysis and all im-
pact categories are given from Tables S-7.3 to S-7.6.

4. Conclusions

Consequential LCA was successfully applied to determine impacts and
benefits related to the recovery of KL in a kraft mill. The scope of the conse-
quential LCA proved to be suitable for achieving its objectives. The mar-
ginal tonnage perspective is representative of the main incentive for KL
recovery, which is to increase USP production. The main highlights are:
(i) the recovery of chemicals used in lignin precipitation was beneficial
for all but two impact categories and the use of biogenic or off-gases instead
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of fossil-derived carbon dioxide could further reduce the GWP-total im-
pacts; (ii) the use of KL as an energy feedstock is not advantageous com-
pared to producing energy directly from the recovery boiler of the pulp
mill (for the same substituted energy mix); (iii) the use of KL as a chemical
feedstock proved to have better environmental performance and reduced im-
pacts than its use as energy source, particularly with respect to GHG emis-
sions, however the results are highly variable depending on the specific
application. Generally, the applied consequential approach confirmed the
main conclusions obtained from previous studies with attributional LCA.

The main limitation concerns the quality of the inventory data used to
characterize the substitution scenarios, which are all secondary and have
been extrapolated from various sources. Although the processes were sub-
sequently modeled homogeneously (e.g., based on the same database),
this could lead to discrepancies in the results. Furthermore, this study
only analyzes the environmental performance and does not address the eco-
nomic feasibility of the different applications.

Finally, the study contributes to the ongoing debate on the pulp produc-
tion system and lignin exploitation. Further research should investigate in
several directions: improving data quality through primary data on KL ap-
plications; investigating new alternatives for KL use; integrating social
and economic perspectives into the assessment; and prioritizing different
alternatives through multi-criteria analysis tools.
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