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Cascading keeps wood in products for a longer duration and delays the embedded biogenic carbon emission.
Carbon is kept out of the atmosphere for longer, giving forests time to sequester equivalent amounts of carbon.
The storage period and time needed to sequester the same amount of carbon affect the GWP - an aspect often
overlooked in LCA. This study compares alternative wood cascading scenarios producing biochemicals and fuel —
to examine the influence of the rate of biogenic carbon flows on the net GWP of cascading systems.

GWP decreases with increasing cascade steps. Benefits are higher when considering the temporal information
- highlighting that current carbon accounting may underestimate the climate benefit of cascading. The GWP of
bio-refinery products depends on their feedstock. GWP is lower when using waste wood, which has served a long
time, instead of virgin wood. Benefits enlarge by extending the application lifetimes of these products.

1. Introduction

Wood plays a crucial role in climate change mitigation. Wood-based
products often have lower environmental impacts than functionally
equivalent fossil- or mineral-based products (Sathre and Gustavsson,
2009). Long-lived wood products act as carbon stock during their service
life. Additionally, wood can be burned for energy to substitute fossil
sources. Thus, the wood demand is increasing. Although it is a renew-
able resource, land availability and forest regeneration rates limit the
wood supply. In Europe, the wood demand is expected to exceed its
supply by 2030 (Mantau, 2012; Material Economics, 2021). Cascading
use of wood is thus gaining importance to tackle the possible resource
scarcity.

Cascading is the sequential use of a resource in multiple material
applications and using it for energy generation only when a material use
is no longer possible (Sirkin and Houten, 1994). Cascading use strategies
aim to extract the maximum value from the resource to reduce de-
pendency on primary resources and ease the pressure on the ecosystems
(Campbell-Johnston et al., 2020; Olsson et al., 2018). Several studies
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have evaluated the impact of wood cascading, and almost all observed
the environmental benefits of cascading. Fraanje (1997) examined the
use of pine wood in the Netherlands and found that cascaded use could
reduce the need for primary resources. Studies also proved that cascaded
use could improve resource use efficiency (Haberl and Geissler, 2000;
Risse et al., 2019; M. 2017) and reduce net greenhouse gas (GHG)
emissions (Bais-Moleman et al., 2017; Kim and Song, 2014; Rivela et al.,
2006; Sathre and Gustavsson, 2006; Sikkema et al., 2013; Taskhiri et al.,
2019) by replacing fossil-based resources (Sathre and Gustavsson, 2006;
Sikkema et al., 2013), increasing carbon stock (Brunet-Navarro et al.,
2018) and delaying emission resulting from incineration or decompo-
sition of wood at the end of products lifetime (Faraca et al., 2019; Mehr
et al., 2018).

1.1. Cascade use of wood in the bio-refinery

An increasing number of scientific studies have highlighted the po-
tential benefit of wood cascading. The concept is also becoming a po-
litical ambition in European bio-economy policy. However, in practice,
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the cascading use of wood is still in its infancy in Europe. In 2016,
around 49% of the recovered waste wood of EU28 was incinerated for
energy generation (European Commission, 2018; Eurostat, 2016). The
remaining was cascaded primarily for particleboard production (Man-
tau et al., 2010). Today, particleboard is one of the few established
practices for cascading post-consumer wood (Vis et al., 2016). Most of
the available studies also evaluated particleboard as the primary
cascading option for the recovered wood.

However, novel recycling technologies and applications for bio-
materials are emerging, which provide an opportunity to develop more
effective and efficient wood cascading pathways. Wood as feedstock for
chemical and fuel production is gaining traction and is seen as a solution
to tackle the environmental impact of fossil resources. Wood is carbon-
rich material composed of cellulose, hemicellulose and lignin. Various
compounds are produced already from the (hemi)cellulosic fraction -
prominent examples are paper, pulp and ethanol. But most of the lignin
fraction, currently recovered as a by-product of conventional wood
fractionation processes such as Kraft pulping, is in degraded form and
suitable only for incineration for energy recuperation. However, lignin is
an aromatic polymer made of interlinked phenolic units and a promising
feedstock to replace fossil aromatics.

Recent efforts in biorefinery research focus on lignin-first approaches
in contrast to conventional carbohydrate-centered biorefineries. In the
lignin-first refineries, wood is fractionated into lignin oil (ready to up-
grade to high-value chemicals) while retaining the pulp as a solid frac-
tion for further processing. A specific type of lignin-first strategy is
reductive catalytic fractionation (RCF) which yields a refined and stable
lignin oil and solid cellulose-rich pulp. During RCF, lignin is released
from the wood matrix and depolymerized by ‘cooking’ wood at elevated
temperatures in a solvent mixture. Given that the lignin fragments
formed during the solvolytic depolymerization are prone to re-
polymerize, a redox catalyst and hydrogen source (in the form of pres-
surized hydrogen gas or other donors) are added to the reaction mixture
to stabilize the lignin-derived phenolics (Arts et al., 2021; Liao et al.,
2020; Sheldon, 2020; Van Den Bosch et al., 2015). It is a promising
technology to valorize lignin. Refined lignin oil is a highly depoly-
merized mixture and can be functionalized to a large variety of bulk and
fine chemicals (Sun et al., 2020). It contains chemical substances that
have structural similarities to phenol and phenol-derived chemicals and
could, therefore, (directly or indirectly) substitute fossil-based phenol in
the production of downstream phenolic chemicals - such as bisphenols
(Koelewijn et al., 2018; S.F. 2017), polycarbonates (S.F. Koelewijn et al.,
2017), phenolic resins (Liao et al., 2020) and epoxy resins (Van Aelst
et al., 2021). Its applicability goes beyond the phenol value chains - for
example, in polyurethanes as polyols substitutes (Huang et al., 2018;
Vendamme et al., 2020). The co-product of RCF — the cellulose-rich pulp
- can be fermented to bio-ethanol, which is used as a fuel additive for
gasoline bio-enrichment today. Bio-ethanol can also substitute ethylene
currently produced by energy-intensive steam cracking of fossil
resources.

RCF research has primarily focused on virgin biomass as a feedstock.
However, recovered wood (i.e. residues and post-consumer streams)
also forms an attractive alternative feedstock for RCF (Tschulkow et al.,
2020; Van Den Bossche et al., 2021). Following the cascading principle,
virgin wood should be used first for higher material value applications
(such as construction material); and could be used for chemicals after
losing its structural properties. A chemical application could add an
extra cascade step in the value chain before incineration, further
lengthening the cascaded chain and the carbon capture time. Refined
lignin oil could, in fact, be used to produce thermoplastics or thermosets
that form part of the ‘synthetic materials’ value chain, wherein it might
be further recycled multiple times before being incinerated.

However, waste wood is more heterogeneous than virgin wood. It is a
mixture of different types of wood (softwood and hardwood) and could
contain heavy and toxic metals (Van Den Bossche et al., 2021), which
impacts the overall bio-refinery yields. The recovered wood needs
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treatment (such as sorting and cleaning) to effectively use it in the RCF
without affecting the quantity and quality of the output chemicals
compared to virgin wood. The yields and treatment process influences
the environmental impact of the RCF process using the waste wood. This
study has included this novel technology as a potential cascading
pathway applied to waste woods to investigate whether it could be
environmentally beneficial to use current waste wood streams instead of
virgin wood for RCF.

1.2. Effect of carbon storage

Most studies evaluating cascading systems showcase the environ-
mental benefits of cascading use. However, the main focus is on the
cascade and substitution effect. The cascade effect is when recovered
wood is used instead of virgin wood for an application. The benefits are
because of the differences in the physical properties of the virgin and
recovered wood and the logistics needed to supply them. Virgin wood is
usually larger in size than recovered wood and has a higher moisture
content, resulting in higher energy demand for drying and treating it.
Also, growing, harvesting, and transporting virgin wood often require
more resources than recovering, sorting and treating waste wood. The
substitution benefit is when wood substitutes fossil- or mineral-based
materials that are often more energy-intensive (Sathre and Gus-
tavsson, 2009). However, cascading also contributes to climate benefits
by keeping the carbon stored in harvested wood products (HWP) for
longer and delaying the emissions resulting from the eventual inciner-
ation or decomposition of wood. The longer the wood remains in use in a
cascade chain, the further in time are the emissions delayed allowing the
carbon to be out of the atmosphere for at least the time it takes to
sequester an equivalent amount of carbon in the forest.

The effect of carbon storage and delaying emissions is often not
regarded while assessing the carbon balance of cascading systems. None
of the LCA studies mentioned above considered this temporal dimen-
sion, except Mehr et al. (2018) and Faraca et al. (2019). Sathre and
Gustavsson (2006), who categorized the factors affecting the carbon
balance of wood cascades into cascade, substitution, land-use and time
effects, also only analyzed the first three effects. The justification for
disregarding the time effect is that the stock of HWP will stabilize over
time. Then, the rate of virgin wood entering the wood products pool will
equal the rate of wood leaving the pool. In this case, the rate of carbon
dioxide (COy3) released into the atmosphere equals the rate of CO, up-
take by plant growth. At that point, the prolonged carbon storage in
wood-based products does not affect the atmospheric CO, concentration
any further. The carbon embedded in biomass, termed biogenic carbon,
is thus assumed to be carbon neutral.

This carbon neutrality assumption is not valid for evaluating wood
cascading, considering that the wood is cascaded precisely to increase
the stock of HWP. Pingoud et al. (2003) and Mason Earles et al. (2012)
show that the HWP stock is clearly growing in prominent
wood-producing countries like Canada, Finland, Germany, Sweden and
the United States. The rate of combustion or decomposition of wood will
be lower than that of harvesting virgin wood. So, accounting for the
temporal aspects of carbon storage and emissions becomes essential for
an accurate valuation of the climate impact of wood cascading.

Additionally, the rate of carbon uptake in the forests from where the
wood is sourced also influences the carbon balances. Biomass with a fast
growth rate can lead to a higher carbon reduction potential because the
carbon is sequestered more rapidly. Thus, CO5 stays in the atmosphere
for a shorter duration and lower cumulative radiative forcing is created
in the considered time horizon (Cherubini et al., 2011; Guest et al.,
2013).

1.3. Research objective

This study aims to evaluate the global warming potential (GWP) of
alternative wood cascading scenarios to produce lignocellulosic
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products and investigate if using waste wood instead of virgin wood
lowers the GWP of the bio-refineries. The study also examines the
contribution of carbon storage (and delaying emissions) to decreasing
the GWP. The biogenic carbon sequestration and emissions are consid-
ered using different carbon accounting methods: Firstly, using the
traditional accounting method that assumes carbon neutrality and sec-
ondly, including time and rate of carbon sequestration and emissions.
The objective is to evaluate whether there is a significant difference in
the GWP when calculated with two accounting methodologies and
consequently highlight the importance of considering the temporal in-
formation of biogenic carbon flows.

2. Methodology
2.1. Goal, scope, functional unit and scenarios description

The GWP of alternative cascading scenarios is assessed using the life
cycle assessment (LCA) methodology, following the ISO 14,040/14,044
standards. The functional unit for the system chosen is the sequential
use of 1m® (450 kg) of virgin sawn wood harvested from the soft-
wood forest to produce refined lignin oil and bio-ethanol. The time
horizon considered for the assessment is 100 years. A short time horizon
is chosen because carbon storage in biomass is more crucial for short-
term climate mitigation goals and becomes less significant at a longer
time horizon of 500 years, as confirmed by Guest et al. (2013) and
Faraca et al. (2019). The system boundary of the cascading scenarios is
illustrated in Fig. 1 (Refer to annexe A for a detailed system boundary).
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In scenario 1, the sawn wood is used as a feedstock for RCF to produce
refined lignin oil and carbohydrate pulp. The carbohydrate pulp is
further hydrolyzed and fermented to bio-ethanol. The cascading sce-
narios are built upon scenario 1 to evaluate the environmental benefit of
wood cascading and the use of waste wood instead of virgin wood for
RCEF. In scenario 2, fresh (or virgin) wood is used initially for higher
material value application, and post-consumer wood is used for RCF.
The high-value application chosen is construction material (the repre-
sentative product under consideration is Glued Laminated timber [GLT]
with a lifetime of 50 years). The generated post-consumer wood is then
used as a feedstock for the RCF process. In scenario 3, another cascading
step is added. Fresh wood is used for construction material (GLT as the
representative product). The recovered wood from construction is used
as a feedstock first for particleboard production (with a lifetime of 10
years), and then the post-consumer particleboards are used as feedstock
for the RCF process. The system boundary is the cradle to the factory
gate of the individual sub-systems. The transport between the
sub-systems is not included.

The material functions provided by the various systems should be
equivalent when comparing their environmental impact. Multiple
sequential use of a resource is a characteristic of cascading - different
systems with increasing cascading steps often provide varying functions.
In the case under consideration, scenario 1 provides RCF products (i.e.
refined lignin oil and carbohydrate pulp, which is fermented to produce
bio-ethanol), scenario 2 provides GLT and RCF products, while scenario
3 provides GLT, particleboard and RCF products. Additionally, the
amount of each product is also different in the different cascading

Refined lignin oil &

Bio-ethanol
Phenol &
Bisphenol - A
Gasoline
Particleboard Refined lignin oil &
D|5carded Bio-ethanol

particleboards

Plasterboard

) Phenol &
Crude oil Bisphenol - A
Crude oil Gasoline

Fig. 1. System boundary of alternative cascading scenarios. Blue boxes represent the service life of wood in different products. Gray boxes represent the non-wood
products being substituted. The dashed boxes show the primary resource used for different products.
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scenarios. The material losses at each cascading step imply that the
amount of valuable products produced reduces the further downstream
the application is. For instance, in the case study under consideration,
the amount of refined lignin oil and carbohydrate pulp produced in
scenario 3 is lower than in scenario 2, which is lower than in scenario 1.
The ISO standard recommends system expansion to solve system in-
equalities. Each cascading scenario is given credit for the products
substituted as it avoids the environmental impact of the production of
those products.

The products produced in the cascading system are assumed to
substitute the functionally equivalent non-wood (fossil- or mineral-
based) products with the same service life. The assumption here is
that the wood availability is limited. So, in the absence of cascaded use
of wood, the material functions are fulfilled by non-wood materials
(gray boxes in Fig. 1). GLT substitutes reinforced steel beams, and par-
ticleboards replace plasterboard panels made of gypsum. The RCF pro-
duces refined lignin oil and carbohydrate pulp. Refined lignin oil
consists of phenolic monomers and oligomers. The monomer compo-
nents have structural similarities to phenol (i.e., the aromatic ring with
hydroxyl-group attached) and hence are assumed to substitute phenol
produced from fossil-derived benzene (and propylene) via the Hock
process. The oligomer components are assumed to be substitute
bisphenol A derived from benzene-originated phenol, as the chemical
structure of the oligomers resembles that of bisphenol A and the oligo-
mers could potentially serve in similar applications further downstream
of the phenol value chain. The carbohydrate pulp fermented to bio-
ethanol replaces gasoline from crude oil. The details of the products
and the amount of that product substituted are available in Annexe D.
The latter is determined by equating the amounts of the two products
required to provide the same function. However, the amount substituted
in reality is known only by analyzing market dynamics and performing
consequential LCA. But it was not considered in this study as functional
equivalency was sufficient to achieve the objective.

2.2. Life cycle inventory

The main processes within the life cycle of the three cascading sce-
narios are GLT and particleboard production (from fresh and waste
wood), RCF process and conversion of pulp to bio-ethanol. The data for
RCF were collected from laboratory experiments combined with process
simulation. Whereas, for the remaining processes, data was from the
scientific literature. Data for the secondary processes (such as waste
wood chipping and treatment and residue incineration) and production
of substituted products (such as steel beam and plasterboard) is from the
inventory databases (Ecoinvent). The sources of LCI data are summa-
rized in Table 1. LCI was modelled for the European context - back-
ground processes were specific to Europe as far as possible. But when the
dataset for the European context was unavailable, data on the global
scale had to be used. Table 7 in Annexe C specifies the geographical
applicability of each of the processes used for modeling the LCI.

The laboratory experiments for the RCF process were performed with
virgin softwood and recovered wood to produce refined lignin oil and
carbohydrate pulp. Fresh wood was the feedstock for scenario 1. Grade I
and II waste (or waste wood A) was considered the feedstock for scenario
2, and Grade III waste (or waste wood B) was feedstock for scenario 3.
Annexe E provides the details on the categorization of waste wood and
the reason for choosing them as feedstock for each scenario. The mass
balance obtained from these experiments was upscaled to an industrial
scale by the process simulation, from which a net mass and energy
balance of the RCF process was obtained (Annexe C - Table 5). This
simulation model was based on the earlier work of Liao et al. (2020) and
Bartling et al. (2021).

2.3. Assessment method

The environmental impact is examined using the global warming
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Table 1
The source of data for modeling LCI of different processes within the three
scenarios.

Source for the LCI of the
product

Products/process Details

GLT production (from Risse et al. (2019)
virgin wood)

Particleboard production
(from virgin and waste

wood)

Annexe C (Table 2)
Kim and Song (2014) Annexe C (Table 3
provides LCI for
particleboard production
from fresh wood and
Table 4 is for particleboard
production from waste
wood). Particleboard from
100% waste wood is
currently not produced in
Europe but is part of the
study to assess the
cascading effects.

Annexe C - Table 5
provides the net mass and
energy balance of the RCF
process used for LCI
modeling

Sebastiao et al. (2016)
provide the process
inventory of paper sludge
to bio-ethanol, which was
adjusted to suit the
conversion of pulp to
bio-ethanol. The
modification was based on
the comparative difference
in sugar content in the
carbohydrate pulp and the
sludge of the paper and
pulp industry. The
detailed mass and energy
balance for the process is
specified in Annexe C -
Table 6.

The datasets from the
Ecoinvent database,
selected for each
background process, are
documented in Annexe C
(Table 7).

RCF Process for the
production of refined
lignin oil and
carbohydrate pulp

Experimental work,
combined with process
simulation in Aspen
HYSYS.

Modelled based on a
Sebastiao et al. (2016)

Conversion of
carbohydrate pulp to
bio-ethanol by
hydrolysis and
fermentation processes

Ecoinvent Database
(version 3.7.1)

Secondary process (such as
waste wood chipping,
treatment and residues
incineration)

Background processes
(such as sawn wood
production and virgin
and waste wood
treatment)

Production of substituted
products (such as
reinforced steel beam
and plasterboard)

potential (GWP) midpoint indicators from the ReCiPe 2016 (Hierar-
chist). GWP is first calculated for the bio-refinery (scenario 1) to eval-
uate the environmental performance exclusively of the production of the
lignocellulosic products. Subsequently, the GWP is calculated for the
cascading scenarios (scenarios 2 and 3) to assess the benefits of wood
cascading and compare the environmental performance of bio-refinery
using waste wood instead of fresh wood. In each case, the GWP is
calculated from cradle to gate - with and without including the emission
of the carbon embedded in products. The assessment without embedded
carbon emission provides the impact of production processes itself and
isolates it from the benefit of using biomass in products. The analysis
including the embedded carbon emissions is performed to assess the
benefits of wood cascading. The embedded biogenic carbon is tradi-
tionally accounted for in LCA by completely excluding biogenic carbon
(known as the 0/0 approach) or giving a value of +1 to biogenic carbon
emissions and —1 to carbon uptake (known as the —1/+1 approach).
This study additionally assesses the impact of embedded carbon by
considering the rate of biogenic carbon uptake during tree growth,
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carbon storage period and delay in biogenic carbon emissions resulting
from cascaded use of wood and avoiding fossil-based emissions.

In summary, the different accounting methods considered in this
study are cradle-to-gate emissions excluding biogenic carbon (method
la), cradle-to-gate emissions including biogenic carbon with —1/+1
accounting (method 1b), cradle-to-gate and embedded carbon emissions
excluding biogenic carbon (method 2a), cradle-to-gate and embedded
carbon emissions including biogenic carbon with —1/+1 accounting
(method 2b) and cradle-to-gate and embedded carbon emissions
including biogenic carbon by considering the rate of carbon sequestra-
tion and time of emissions (method 2c).

2.3.1. Embedded carbon accounting

The fossil-based CO, emissions are a net addition to the atmosphere.
In contrast, the biogenic carbon is sequestered from the atmosphere
during plant or tree growth and is released back to the atmosphere later
when biomass decomposes or is combusted. These two biogenic carbon
flows — from and into the atmosphere — are assumed to be equal and
considered to cancel each other out. Hence, the biogenic carbon flows
are regarded as neutral and accounted for by completely excluding them
(0/0 approach) or assigning —1 for carbon uptake and +1 for carbon
emission (—1/+1 approach; Garcia and Freire, 2014; Hoxha et al.,
2020). However, these accounting methods do not consider carbon
sequestration and storage period. A theoretical example demonstrates
the influence of these temporal factors on the net carbon balance
(Fig. 2). The wood is harvested at year 0 and remains in HWP for a
certain period. At the end of this storage period, COs is emitted back to
the atmosphere as the wood in these products decomposes or is incin-
erated (represented by the orange, yellow and green lines in Fig. 2 for
three different storage periods). The forestland cleared for wood har-
vesting is assumed to be revegetated immediately after harvesting with
the same biomass species. The biomass regrowth starts sequestering
carbon, which creates a net debt in atmospheric CO, concentration
(Represented by the blue line in Fig. 2). By the end of the rotation
period, forest regrowth captures the same amount of CO; as that har-
vested from the forest. The dotted lines represent the net CO2 in the
atmosphere resulting from carbon emission and sequestration, and GWP
is proportional to the area under this curve.

The biomass stored for a short life in HWP has a relatively higher
GWP because the emissions at the end of the life spend more time in the

(a) Rotation period 80 years

0.8 4
0.6
0.4 4

0.2 A

0 30 40 50 60 70 90 100

kg CO, equivalent
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!
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atmosphere within the considered time horizon (Represented by the
orange line in Fig. 2). The GWP of biogenic emissions from short-lived
products could be climate positive. The biomass must remain stored in
HWP for a certain time for the biogenic carbon emissions to be carbon-
neutral. The longer the biomass is stored, the higher the climate benefit.
So, the GWP (proportional to the area under the dotted curve) is nega-
tive for the long life cascade (i.e. green curve) in the theoretical example
in Fig. 2.

Additionally, biomass from a shorter rotation period forest (or fast
biomass growth rate, such as in Fig. 2b) will be carbon neutral earlier in
time as carbon is sequestered more rapidly. Cherubini et al. (2011) used
this reasoning and developed characterization factors (CFs) for biogenic
CO4 emissions considering the rotation period of biomass. These factors
are the impact of biogenic CO5 emissions relative to the same amount of
fossil CO, emissions. Guest et al. (2013) extended it by considering the
time delay in biogenic CO; emission due to carbon storage in the har-
vested wood products over a period before its eventual combustion.

This study used the CFs for GWP provided by Guest et al. (2013) to
account for the carbon storage and rotation period. The wood is assumed
to be harvested from the European softwood forests with an average
rotation period of 60 years (Biermayer, 2020; Nabuurs et al., 2014).
Table 2 lists the CFs for different storage periods corresponding to 60
year rotation period. The underlying assumption for these CFs is that the

Table 2
Biogenic carbon GWP characterization factor (CF) values corresponding to the
60 years rotation period (using a 100-year time horizon; Guest et al., 2013).

Embedded carbon storage period (in Characterization factor (rotation period 60

years) years)
0 0.25
10 0.17
20 0.09
30 0.01
40 -0.07
50 -0.16
60 —0.26
70 -0.36
80 —0.47
20 —0.59
100 -0.75

kg CO, equivalent

(b) Rotation period 20 years

0.8 -
0.6 A

0.4 A

40 50 60 70 90 100

00 e
o

Years

Fig. 2. Theoretical description of net biogenic CO, emissions when the wood is sourced from the forest with a rotation period of 80 years (a) and 20 years (b). Blue
represents the CO, accumulated by the forest regrowth. Solid lines represent biogenic CO2 emissions in the short (orange), medium (yellow), and long (green)
service-life cascades. Dotted lines represent the net CO, fraction remaining in the atmosphere for the short (orange), medium (yellow), and long (green) service-life
cascade. Note that this is a theoretical presentation of the net reduction of biogenic carbon emissions due to biomass growth. Uptake by oceans and terrestrial

biosphere is not included.
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tree is cut only at the end of its rotation period (i.e. at the optimal
harvesting age). The same species is planted in its place, which is also
allowed to grow until its rotation length. So, the net carbon in forests
remains constant over time. CFs are derived assuming only a single
rotation period, and a possible loss of carbon in forests after repeated
harvest is ignored.

The contribution of biogenic carbon to GWP for the three cascading
scenarios is calculated by multiplying the biogenic carbon emissions
occurring in a particular year by the CF corresponding to that year. A
disclaimer required here is that the CFs for GWP developed by Guest
et al. (2013) consider the storage of harvested wood for a particular
period and subsequent emission of biogenic carbon as CO. pulse.
However, the system boundary of this study does not include the
end-of-life of the final products. The biorefinery products are chemicals
(like refined lignin oil that are precursors for material applications) with
potentially varied end-of-life treatment options and fuel (i.e.,
bio-ethanol) combusted for energy production. A simplified assumption
made for the study is that all the biogenic carbon embedded in the
biorefinery products is emitted as CO3 in a single pulse at the end of the
cascade service lifetime. It is a conservative assumption, and the GWP
will only decrease with any possible delay in biodegradation of the
carbon embedded (in case the products are landfilled or further recy-
cled). The same assumption is made to the carbon-based substituted
products, i.e. gasoline, phenol and bisphenol A products. These emis-
sions are fossil-based and accounted for as a net addition of CO, to the
atmosphere (i.e. CF = 1).

In scenario 1, virgin wood is used as a feedstock for RCF to produce
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refined lignin oil and carbohydrate pulp. Refined lignin oil can poten-
tially substitute phenol-based products with wide final material appli-
cations with varying lifetimes. An average of these products’ lifetime, i.
e. 10 years (Geyer et al.,, 2017), is considered for this study. The
co-product of RCF, carbohydrate pulp, can be fermented to bio-ethanol
and used as a gasoline fuel additive. The fuel is combusted for energy, so
the biogenic carbon contained in the bio-ethanol is assumed to be
emitted at year O itself. The amount of biogenic carbon embedded in
these products is multiplied by the CF corresponding to their lifetime (i.
e. 0.25 for bio-ethanol and 0.17 for refined lignin oil). In scenario 2,
wood is used as construction material for 50 years. Residues produced
during GLT manufacturing are combusted for industrial heating. So the
biogenic carbon in the residues is considered emitted at year 0, applying
CF 0.25. The demolition waste is then used as feedstock for RCF to
produce the carbohydrate pulp and refined lignin oil. Similar to scenario
1, refined lignin oil is used in phenol-based products for another 10
years. Biogenic carbon is stored for 60 years in this scenario, so the CF
applied is —0.26. The service life of wood used in bio-ethanol from the
carbohydrate pulp ends at year 50 (CF = —0.16). Scenario 3 has an
additional service life of 10-year, because of the intermediate use of
wood as particleboard. Wood is initially used as construction material
(GLT) with a lifetime of 50 years. The demolition waste from the con-
struction industry is used for particleboard manufacturing with a life-
time of 10 years. The residues produced during GLT and particleboard
production are combusted for industrial heating. The combustion of
residues of GLT production is considered to be at year 0 (CF = 0.25), and
that of particleboard production is considered at year 50 (CF = —0.16).

Refined lignin oil &
Bioethanol

Refined lignin oil

Bioethanol

Particleboard Refined lignin oil &
D|5carded Bioethanol

particleboard

Particleboard

RCF

Virgin wood Refined lignin oil

RCF

Virgin wood Bioethanol

Fig. 3. System boundary of alternative cascading scenarios. Blue boxes represent the service life of wood in different products. Gray boxes represent the use of wood
without cascading. The dashed boxes show the primary resource used for different products.
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The post-consumer particleboard is a feedstock for RCF, extending the
service life of a part of the biomass by 10 years as phenol-based prod-
ucts. The CFs applicable in this scenario for biogenic carbon in refined
lignin oil and bio-ethanol are —0.36 and —0.26 respectively. The values
are aggregated for each scenario to derive the net GWP.

2.3.2. Scenario analysis

The study also analyzed the case when wood supply from forests is
not constrained. So, in the absence of wood cascading, the products are
made from virgin wood (Fig. 3). The net GWP of each scenario is
assessed based on the impact of producing wood products in cascading
and the benefit of avoiding the production of equivalent material
functions from virgin wood. This analysis contributes to understanding
whether cascading of wood is beneficial even without taking substitu-
tion into account.

2.3.3. Sensitivity analysis

The data collected from scientific literature shows a high degree of
variability. Annexe G shows the values for the input parameter from
different sources. To choose a particular data set for building LCI, a
conservative approach was followed (Annexe B lists the assumed
values). The parameter value that results in the highest GWP is selected
so that the results showcase the worse situation. The GWP will be lower
than the LCA results of this study with any other data in the literature.
Additionally, sensitivity analysis is performed to see the effect of change
in input data on final LCA results.

Sensitivity analysis is performed on the two parameters for which
literature provides the most diverse values - substitution rate and stor-
age time. In addition to the variety in values for the lifetime of wood
products (i.e. GLT, particleboard), refined lignin oil also has wide final
material applications in diverse industries, further increasing the vari-
ability in lifetime values. The uncertainty and variability in substitution
rate and product lifetime could affect the LCA results. Hence, sensitivity
analysis is carried out on these parameters to test the robustness of the
LCA results to the variation in their values. The value of each parameter
is increased by 10% in a one-at-a-time approach - one parameter is
varied while keeping all other parameters fixed at their baseline values.
The sensitivity ratio is calculated for each parameter to determine the
degree of change in results with a variation in the parameter value.

Aresults
Initial _results
Aparameter
Initial parameter

Sensitivity ratio =

3. Results and discussion
3.1. Global warming potential of the bio-refinery (scenario 1)

Fig. 4 shows the net GWP for scenario 1 with different carbon ac-
counting methods. GWP is positive when the system boundary is cradle-
to-gate (method 1a) because the production of fossil-based fuel and
chemicals (i.e. phenol, bisphenol-A and gasoline) have a lower GWP
than the production of an equivalent amount of the bio-based products
(i.e. refined lignin oil and bio-ethanol) in the bio-refineries. The differ-
ence is partly because biorefinery processes are immature and unopti-
mized compared to the high technology readiness level of the Hock and
crude oil refining processes to produce phenol, bisphenol-A and gaso-
line. Biomass conversion technologies need to be monitored and
developed further to lower their GWP, which remains a challenge today.
So, substituting fossil-based fuel and chemicals with these biobased
products could be regarded as environmentally detrimental with the
current state-of-the-art technology.

However, when comparing bio-based chemicals and fuels with
petrochemical ones with a ‘cradle to gate system boundary’, the bio-
based alternatives must receive credit for embedded biogenic carbon -
as demonstrated by Pawelzik et al. (2013) and prescribed by European
Commission (2009). Since, at the end of life, petrochemicals emit CO5
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Global warming potential of the bio-refinery
(with different biogenic carbon accounting methods)

400 A 299

212
200 A
19 19 l
0 -

-200 A

-400
-425

GWP (in kg CO, equivalent)

-800 -
Method 1a Method 1b  Method 2a Method 2b  Method 2c

Fig. 4. The GWP of scenario 1 with different accounting methods (all values
rounded to the nearest integer) Method 1a: Cradle to gate emissions (excluding
biogenic carbon), Method 1b: Cradle to gate emissions (including biogenic
carbon: —1/+1 accounting), Method 2a: Cradle to gate and embedded carbon
emissions (excluding biogenic carbon: 0/0 accounting method), Method 2b:
Cradle to gate and embedded carbon emissions (including biogenic carbon: —1/
+1 accounting), Method 2c: Cradle to gate and embedded carbon emissions
(including biogenic carbon: with CFs).

that increases the net atmospheric GHGs, while bio-based materials do
not. They emit CO; already sequestered during plant regrowth (carbon
neutrality assumption). Net GWP of scenario 1 becomes negative
(method 1b) with this credit. The carbon embedded in the products for
the functional unit is 816 kg CO4 equivalent, resulting in the net GWP of
—425 kg CO4 equivalent (i.e., 299 — 816 = —517, the GWP is higher than
—517 because of the biogenic carbon emitted during the production
processes — refer Fig. 5). The bio-based materials — refined lignin oil and
bio-ethanol - are thus better than an equivalent amount of phenol and
gasoline in terms of GWP. This result is in line with earlier studies which
observe that bio-based products have a lower GWP than their
fossil-based counterparts (Bartling et al., 2021; Liao et al., 2020).
However, this assessment method is limited to the production processes
and omits the potential impact of the carbon embedded in the products.

When considering the emissions of carbon embedded in the products,
the net GWP of the system decreases from 299 to 19 kg CO2 equivalent.
The system receives credit for avoiding fossil-based carbon emissions
(Fig. 4& 5 method 2a). The inclusion of biogenic carbon content does
not affect the results when the system boundary includes the end-of-life
emissions (Fig. 4& 5 method 2b). This accounting still ignores the rate of
carbon sequestration and emission, which is accounted for in this study
by multiplying the carbon embedded in bio-based products with the CF
corresponding to the lifetime of those products, viz. 0.25 for bio-ethanol
with a lifetime of O years and 0.17 for refined lignin oil with a lifetime of
10 years (method 2c). The net GWP increases to 212 kg CO3 equivalent,
suggesting that the carbon neutrality assumption (0/0 or —1/+1)
approach underestimates the GWP of short-lived products.

3.2. Comparing GWP for the cascading scenarios

Fig. 6 shows the net GWP for the different scenarios with the three
accounting methods (1) cradle-to-gate process emissions — method 1a,
(2) embedded carbon emission with carbon neutrality assumption —
method 2a and (3) embedded carbon emission with CFs — method 2c.
Method 2b is discarded from subsequent analysis because method 2a (0/
0 approach) and 2b (—1/+1 approach) give the same results when the
end of life emissions are included. The GWP is highest for scenario 1 and
decreases with the increasing number of cascading steps. Annex H
provides the detailed calculations, and Fig. 7 illustrates the contribution
of individual stages and processes to the net GWP for each scenario.
Negative GWP for scenarios 2 and 3 in method 1a are primarily due to
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Fig. 5. Waterfall diagram illustrating the contribution of individual processes to the overall GWP in different accounting methods (a) Method 1a: Cradle to gate
emissions excl. biogenic carbon (b) Method 1b: Cradle to gate emissions incl. biogenic carbon: —1/+1 accounting (c) Method2a: Cradle to gate and embedded carbon
emissions - 0/0 accounting (d) Method 2b: Cradle to gate and embedded carbon emissions - —1/+1 accounting (e) Method 2c: Cradle to gate and embedded carbon

emissions with biogenic carbon CFs.

Global warming potential of the different cascading
scenarios

400 299
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200 A
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Method 1a: Process emissions
M Method 2a: Process & embedded carbon emissions (carbon neutrality assumption)

M Method 2c: Process & embedded carbon emissions (with biogenic carbon CFs)

Fig. 6. The GWP of the three cascading scenarios when wood substitutes non-
wood material (all values rounded to the nearest integer).

the savings from substituting the energy-intensive products (steel beams
and gypsum fiberboard) with the wood-based products (GLT and
particleboard). The residues (e.g. sawdust, wood chips) produced during
GLT and particleboard production are burned for industrial heating,
adding to climate benefit by avoiding the need for natural gas for in-
dustrial heating, which has a substantial GWP. Wood use in cascading
increases the availability of wood for other functional applications,
thereby increasing opportunities to substitute more energy-intensive
materials and adding to the substitution benefit.

The net GWP for the three scenarios decreases in method 2a; because
the systems avoid fossil carbon emissions embedded in substituted
products (i.e. gasoline, phenol and bisphenol-A). In method 2c, the
comparative results do not change, but the difference between the sce-
narios increases. The GWP of scenario 1 is higher when considering the
CFs because of the short lifetime of the cascade. For scenario 2, with a
cascade lifetime of 60 years, the GWP decreases. In this scenario, wood is
used first for construction material. Residues produced during GLT
manufacturing are burned for industrial heating. The residues are
climate-positive as they reach the end of their life already at year 0. But
the wood contained in the construction material remains in the product
for 50 years and is further used as feedstock for the RCF process,
resulting in negative GWP. Scenario 3, with an additional 10-year life-
time extension, provides further CO, savings. The climate benefit of
biogenic carbon storage increases with an increased lifetime of the
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Fig. 7. Waterfall diagram illustrating the contribution of each cascading stage and process to the overall GWP considering cradle to gate and embedded carbon

emissions with biogenic carbon CFs (Method 2c).
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Sensitivity of GWP to change in substitution rate
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Fig. 9. The change in the GWP of the three cascading scenarios with the increase in substitution rate by 10% (circle - bio-ethanol, square — monomer, star — oligomer,

triangle — GLT and rhombus - particleboard).

cascade.

The results highlight that the current accounting of biogenic carbon
(assuming carbon neutrality) underestimates the GWP for short-life
cascades and overestimates it for long-life cascades. More importantly,
in this study, the bio-based chemicals and fuel have a net positive GWP
when produced from fresh wood (scenario 1) and negative when pro-
duced from waste wood (scenarios 2 and 3) because of their respective
service lifetimes. In other words, bio-based products from virgin wood of
long rotation period forests can only outperform their fossil-based
counterparts in terms of GWP if their lifetimes are sufficiently long.
So, virgin wood use is justified only for long-life chemicals and not for
fuels or short-life chemicals such as single-use plastics. Furthermore,
bio-based chemicals and fuels produced from waste wood (which has
already served a long life) are always better than those made from virgin
wood and are likely to outperform their fossil-based counterparts.
Therefore, considering the service life and rotation time is crucial for
accurately evaluating the GWP of bio-based products.

Sensitivity of GWP to change in product lifetime (a)

400 1~
on
200 4

0 '

-200 A

emA®
-400 A

-600 o

GWP (in kg CO, equivalent)

-800 -

Scenario 1 Scenario 2 Scenario 3

Method 1a: Process emissions

3.3. Scenario analysis

Fig. 8 shows the climate benefit when the waste wood substitutes
virgin wood to provide the same material functions. The GWP of sce-
nario 1 is zero because the wood is not cascaded in any case in the
baseline scenario. For the other two scenarios, similar to the results
when substituting non-wood products, scenario 3 has a lower GWP than
scenario 2. Particleboard production from waste wood instead of fresh
wood is the primary contributor to decreasing the net GWP. Waste wood
is smaller in size and has lower moisture content than virgin wood,
which lowers the energy required for chipping and drying processes in
particleboard production. The GWP of RCF is comparable in the three
scenarios. However, the absolute GWP value of the RCF process in sce-
nario 3 is lower than in scenario 2 because the amount of wood available
reduces the further downstream the process is in the cascading chain due
to material losses in the intermediate stages. So, lower CO- is emitted in
RCF in scenario 3 than in scenario 2 (Refer to Annex I for the GWP of
individual stages and processes).

The results highlight that the substitution effect is more significant
than the cascading effect, confirming the findings of Sathre and

Sensitivity of GWP to change in product lifetime (b)
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Fig. 10. Change in GWP of the three cascading scenarios with the increase in the lifetime of products by 10% (a) when wood substitutes non-wood products (b) when
wood substitutes wood-products (circle — monomer, square — oligomer, triangle — GLT and rhombus - particleboard).

10



K. Navare et al.

Gustavsson (2006). However, this analysis also demonstrates that
cascading use could be beneficial by itself - even without substituting
wood products for non-wood products, supporting the findings of
Hoglmeier et al. (2014).

The contribution of carbon storage to net GWP is relatively much
higher when waste wood substitutes virgin wood (Fig. 8 blue bar) -
primarily because cascaded systems avoid multiple short-life cascade
chains with a net positive climate impact. The effect is highest for sce-
nario 3; because producing particleboard & RCF products from virgin
wood is avoided, which has a net positive climate impact because of the
short product lifetime. Cascading can thus accumulate climate benefits
as the production of short-life products from virgin wood is avoided with
each cascading step.

3.4. Sensitivity analysis

The GWP for each scenario is recalculated after increasing the sub-
stitution rates of the products by 10% (Fig. 9). GWP decreases with an
increase in the substitution rate. The overall comparative results and
ranking of scenarios are not affected. The LCA model appears robust to
the change in substitution rates of bio-ethanol, refined lignin oil
monomer, and particleboards, as the difference in GWP is not signifi-
cant. It increases by less than 1% (Annexe L - Table 11 provides the
sensitivity ratios). The results are sensitive only to the change in the
substitution rate of GLT and refined lignin oil oligomer components, for
which the sensitivity ratio is greater than 1%. Hence, the precise value of
the substitution rate for these products should be known to accurately
estimate the GWP for the different scenarios of the case study under
consideration.

Similar to the sensitivity analysis results for the substitution rate, the
GWP (including the biogenic carbon) decreases with an increase in the
product lifetime (Fig. 10). The overall comparative results and ranking
of scenarios are unaffected. The LCA results appear robust as the dif-
ference in GWP is not significant in most cases, except in scenario 1
when wood products substitute non-wood products (Annexe L - Table 12
&13 provides the sensitivity ratios).

4. Conclusion

The LCA results comparing different wood cascading scenarios
confirm that cascaded use is advantageous - the GWP of the system
decreases with an increasing number of cascading steps. When assessing
the GWP excluding biogenic carbon, the climate benefits are primarily a
result of substituting energy-intensive materials with wood. Wood
cascading provides an opportunity to replace more non-wood products,
every time adding to the substitution benefit. The analysis also affirms
that cascading use is beneficial by itself even without considering the
effect of substituting non-wood products — lowering the GWP when the
material functions are provided by cascaded use of wood instead of from
fresh (or virgin) wood. These results are more pronounced when
including the temporal aspect of biogenic carbon, i.e. the time of
biogenic carbon emissions and the rate of biogenic carbon uptake. This
conclusion is valid in both cases — with and without considering the
substitution effect. The study highlights that, although the ranking of
scenarios remains the same, the climate impacts of cascading are
underestimated without accounting for the temporal details of biogenic
carbon flows. Hence, the GWP of bio-refinery products depends on the
feedstock - fresh or waste wood. When comparing the bio-refinery
products to their fossil-based counterparts, the total carbon storage
time and the rotation period (of the forests from which the wood is
sourced) could influence which of the two performs better in terms of
GWP. It might always be better to use waste wood that has already
served a long time instead of fresh wood to produce bio-based fuel or
chemicals if the bio-refinery process efficiency is the same irrespective of
the feedstock. Additionally, bio-refinery products for long lifetime ap-
plications rather than single-use or energetic purposes may further
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