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ABSTRACT

This study investigates the climate change effects in terms of greenhouse gas emissions and radiative forcing
resulting from different pathways of processing wood materials when they reach the end-of-life stage. The shares
of combustion, landfill, recycling, and reuse, which vary with the pathways of post-use wood, influence the
material and energy production systems. The dynamics of CO, and CHy4 emissions, together with the cumulative
radiative forcing of each pathway, are evaluated from various regional system perspectives. The results show that
the choice of a treatment pathway for post-use wood could strongly influence the profile of greenhouse gas
emissions and, consequently, the global warming potential. Taking into account the situation of the reference
material and energy production systems, the post-use wood can have unfavorable consequences for the climate,
as in the case when the material and energy production systems are based on the low-carbon energy of natural
gas. However, from the perspective where the treatment of post-use wood influences the quantity of forest
biomass on the forest floor, the increased share of reuse and recycling contributes positively to the climate
change mitigation, but only during the early stage. Under such a context, options relying on carbon capture and
storage to handle biogenic CO; emissions at energy conversion facilities could cause a cooling effect on the

Earth’s atmosphere.

1. Introduction

To address the concurrent climate challenges, many countries have
made commitments to enhance natural capital, conserve energy, and
develop more sustainable pathways to meet material and energy de-
mands (IPCC, 2021). In this context, forest-based resources are consid-
ered vital, particularly for the European economy (De Rigo et al., 2016).
Presently, forest-based materials, chemicals, and fuels are seen as a part
of the solutions in numerous countries (Bioenergy Europe, 2020;
Swedish Energy Agency, 2021; Swedish Forest Industries, 2022).
Through various technological pathways of processing forest-based re-
sources, different materials, chemicals and energy services can be pro-
vided (Skogsindustrierna, 2018). However, forest-based resources are
limited, and their utilization in one sector affects their availability for
other sectors.

Among the various users of forest-based recourses, the building
sector is one of the largest consumers. This sector is also responsible for
almost 40% of global greenhouse gas (GHG) emissions (Global Alliance
for Buildings and Construction, 2019) and contributes the largest waste
stream to the total waste generation globally (Maier, 2022). The wider
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use of wood materials as a replacement for conventional construction
materials could greatly reduce GHG emissions (Sathre and O’Connor,
2010; Petersen and Solberg, 2005). In wood buildings, wood materials
normally have smaller climate change impacts than all the other mate-
rials (Negishi et al., 2019). Currently, mass timber construction, utiliz-
ing materials such as cross-laminated timber (CLT), laminated veneer
lumber, and glulam, is gaining attention due to its potentials to
replace concrete and steel to a significant extent in certain building
applications (Younis and Dodoo, 2022; UNECE/FAO, 2022). As a result,
wood can constitute up to 25% total material mass in buildings with
mass timber construction, compared to approximately 4% in concrete-
frame buildings (Gustavsson et al., 2017; Al-Najjar and Dodoo, 2022).
However, once a building is constructed with mass timber, substantial
amounts of post-use wood must be managed at the end-of-life stage
(Gustavsson et al., 2006).

The management of construction and demotion waste is crucial for
promoting sustainable development (Wu et al., 2020) and the end-of-life
stage of materials has gained importance in the life cycle analysis of
buildings (Dodoo et al., 2021). Regarding wood materials, there are
different options for handling them after their service life in a building,
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depending on their classification, which is influenced by the presence of
preservatives and chemical substances (Garcia and Hora, 2017). His-
torically and practically, large quantities of used wood have been
disposed of in landfills or incinerated without energy recovery
(Erlandsson and Sundquist, 2014; O’Dwyer et al., 2018; UNECE/FAO,
2018; Besserer et al., 2021). However, a shift from direct disposal to
landfills and incineration towards increasing reuse and recycling has
been acknowledged in several European member states (Erlandsson and
Sundquist, 2014). Today, recycling and reuse of materials are consid-
ered as key options for minimizing resource use and are integral to the
circular economy (European Commission, 2015). The cascading of
forest-based materials through the recycling of post-use wood has been
implemented especially for particleboard production in many countries.
The proportion of recycled wood in particle board production can reach
100% in countries like Italy, but it is still limited in different regions such
as Switzerland where no recycled wood is used (Zbiec¢ et al., 2022).
Nevertheless, there is still limited information available regarding the
reprocessing and reuse of wood materials for similar functions and
purposes as they were used before. In order to facilitate the reuse of
wood materials after deconstruction, specific requirements during the
design and manufacturing phases are needed (Cristescu, 2020).

Options for the treatment of post-use wood can have various eco-
nomic and environmental impacts, and the attractiveness of each option
also depends on its substitution effects (Morris, 2017). The combustion
of wood wastes for energy purposes can partially substitute fossil fuels
(Roder and Thornley, 2018). However, this process is considered the
final step in the biogenic carbon cycle. In contrast, recycling and reusing
post-use wood replace the original material and extend the biogenic
carbon cycle (Hoglmeier et al., 2014; Besserer et al., 2021). As a result,
these options modify the environmental footprint of wood materials
(Hoglmeier et al., 2014). Furthermore, the outcomes of the recycling
and reuse affect not only the value and the availability of materials but
also the associated energy system in which post-use wood can play
specific roles. Consequently, in terms of climate change effects, the
treatment options for post-use wood could have significant implications.

Combating climate change requires diverse efforts to use resources
efficiently and responsibly. The short-term effects of climate change
caused by the use of forest-based resources may differ from those in the
medium and long term (Cowie et al., 2021). Therefore, conducting a
long-term analysis that considers the entire system chain, from pro-
duction to use and end-of-life treatment, is crucial. Additionally,
considering the contingency of climate action (Naser and Pearce, 2022),
the dynamics of time-dependent emissions, including biogenic carbon in
wood materials, must be taken into account (Leturcq, 2020) as it may
takes decades to achive climate neutrality following carbon neutrality
(Wang et al., 2022; Gustavsson et al., 2017).

Currently, various studies have shown the impacts of wood-based
products and their end-of-life treatments on the climate to a certain
extent. Based on the dynamic life cycle assessment of wooden houses
over the long term, Negishi et al. (2019) demonstrated that wood ma-
terials have a smaller climate change impact compared to all the other
materials, and recycling of wood fibers at their end-of-life stage
exhibited a lower impact than the options of landfill and incineration. A
study by Head et al. (2020) demonstrated that the dynamic life cycle of
wood materials in buildings has an overall net negative climate change
impact due to carbon sequestration in most wood product cases,
depending on the product’s lifetime. Head et al. (2020) also established
that waste management scenarios can impact climate change scores.
However, their comparisons were focused on landfill and recycling
versus incineration. The works of Wang et al. (2022) considered the time
dynamics of GHG emissions of China-made wood-based panels from
poplar plantations, revealing that a forestry mitigation activity can
achieve carbon neutrality in decades or longer while increasing climate
warming. However, this study considered landfill and incineration as
options for the end-of-life of wood products. A life cycle assessment
utilizing system expansion to address recycled materials for particle
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board manufacturing conducted by Kim and Song (2014) demonstrated
that particle boards made from wood wastes reduce virgin materials and
reduce GHG emissions substantially, up to 428 kg COy, for each ton of
wood waste, in comparison to particle boards made from fresh woods.
However, the effects of the time-dependent emissions were not taken
into consideration. Studies by Shen et al. (2022; 2023) concluded that
cultivating trees in arable land for long-lasting products like CLT for
buildings could result in negative emissions in the long term. The uti-
lization of by-products and post-use materials for particle board pro-
duction and energy purposes contributes to achieving this outcome.
These studies, along with Cordier et al (2022) underscore the impor-
tance of material substitution and end-of-life applications of forest-based
materials for climate change mitigation.

From a climate change perspective, forest-based resources in the
future context may help offset and reverse GHG emissions through
different possibilities of short- and long-term carbon sequestration. The
prolongation and circulation of forest-based materials can have an
impact on biogenic carbon cycle over an extended period. Additionally,
utilizing renewable energy resources in conjunction with carbon capture
storage (CCS) technology can alter the carbon budget for material pro-
duction and energy use. Such contexts can fundamentally transform the
perception of resource utilization and end-of-life treatment options.
Therefore, investigating post use wood at its end-of-life stage, while
considering the long-term effects of post-use wood treatment pathways
is necessary prior to planning, designing, producing and using of such
forest-based materials.

In this study, we investigate and compare the effects of different
pathways in handling end-of-life wood materials in terms of COy and
CH4 emissions and cumulative radiative forcing (CRF). We analyze these
effects from various perspectives of material and energy production
systems. The current systems of material production and energy con-
version serve as a reference point. We then examine plausible pathways
involving varying proportions of combustion, landfill, recycling, and
reuse of post-use wood. We compare these pathways to reference ma-
terial and energy production systems to assess the time-dependent
climate change effects. Furthermore, we consider the processing of
post-use wood in the context of the future material and energy pro-
duction systems. From this perspective, the material and energy pro-
duction systems are independent of fossil fuels, and wind/solar energy,
together with forest fuels, are considered to play a marginal role.

2. Methodology

The effects of post-use wood materials are evaluated based on the
functional services provided by 1 ton of dry matter (tonpy) of post-use
wood in a reference material and energy production systems. Various
pathways, illustrating the distribution of different treatment methods
for this 1 tonpy of post-use wood, are taken into consideration. Two
perspectives are examined regarding energy and societal development,
including: i) the current perspective, when material and energy produc-
tion still predominantly relies on fossil fuels (IEA, 2021). We assume that
changes in the processing and use of post-use wood have a marginal
impact on the overall material and energy production system; and ii.) the
future perspective: aligned with commitments to achieve carbon
neutrality in advance economies in the long term (European Commis-
sion, 2019; IEA, 2021). We assume that changes in the processing of
post-use wood are offset by renewable energy resources, including
bioenergy with carbon capture and storage (BECCS). Additionally, in
this perspective, we consider a hypothetical case for the European en-
ergy system, where reducing biomass use could lead to a decrease in the
harvesting of forest slash. Consequently, the equivalent quantity of
forest slash remains on the forest floor to decompose naturally, enrich-
ing the soil and preserving biodiversity (Mishra et al., 2022) (Camia A.
et al., 2021) (de Jong et al., 2017).

The emissions of GHG caused by the post-use wood are time
dependent, depending on the specific pathway of uses and treatment
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options. Consequently, the cumulative GHG emissions during a specific
time frame may not accurately reflect the global warming effects and
mitigation contribution (Wang et al., 2022). To address this dimension,
the parameter of CRF is employed for comparing of the global warming
potentials among the pathways. This parameter captures the change in
the net radiative flux to the Earths atmosphere resulting from altered
atmospheric GHG concentrations (IPCC, 2014), thereby overcoming the
limitations of the method based solely on statistical GHG analysis (Wang
et al., 2022). In all the cases, to compare the effects of the different
pathways, we consider the starting time (year 0) when post-use wood is
available for the treatment.

2.1. Treatment pathways and substitutions

Post-use wood from the demolition stage of such buildings in the
building sector is considered from an overall system perspective. Four
different processing options of combustion, landfill, recycling, and reuse
are considered and compared taking into account the context of material
production and energy conversion to fulfill the same functional service
for end users. Fig. 1 shows the schematic diagram of material and service
flows that are considered within this study. Here, after the service life of
wood materials, recycling and reuse are assumed to no longer be
feasible.

Practically, different processing options together are applied to
handle the wood waste. The shares between options for processing post-
use wood are defined within the given context. As a reference case for
the analysis, the shares between combustion, landfill, recycling, and
reuse are assumed to be 30%, 37%, 33%, and 0% respectively, based on
European data in 2010 (Besserer et al., 2021). These shares are expected
to shift from direct disposal to landfill and incineration towards greater
emphasis on recycling and reuse, aligning with the circular economy
ambition of several European countries. In our analysis, we consider
various pathways where shares of treatment methods vary, as shown in
Table 1. These pathways reflect the status and trends in processing post-
use wood resources in several European countries (Erlandsson and
Sundquist, 2014).

In all the cases, the main targeted products account for similar
functional services, based on Cherubini et al. (2009). Changes in prod-
ucts resulting from the altered pathway are assumed to be offset by
products generated through conventional processing and/or production
methods. This system expansion approach allows the assessment of the
resource use and GHG emissions associated with each treatment method
and pathway in comparison to the reference pathway. This method is
considered relevant for systems involving coproduction, where marginal
changes occur in relation to the reference system (Azapagica and Cliftb,

Wood-based system
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1
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Table 1
Share of combustion, landfill, recycling and reuse of post-use wood materials in
the investigated scenarios.

Scenario Share (%) Notes
Combustion  Landfill Recycle  Reuse
e Business-as- 30 37 33 0 Reference
usual (BAU) scenario, based
on the European
scale (Besserer
et al., 2021)
e Less 1 23 76 0 The case of
Combustion Norway (
Erlandsson and
Sundquist,
2014)
e More 73 0 27 0 The case of
Combustion Finland (
Erlandsson and
Sundquist,
2014)
e More 8 2 90 0 The case of
Recycling Denmark (
Erlandsson and
Sundquist,
2014)
e More 8 2 40 50 Hypothetical,
Circulation based on the

case of Denmark
but with the
reuse option

1999; Gustavsson and Karlsson, 2006).

2.1.1. Combustion

In the combustion option, the post-use wood is assumed to be
incinerated in dedicated facilities for energy purposes. Different energy
purposes and their substitutions are taken into account. Currently, the
European energy system heavily relies on fossil fuels for heat and elec-
tricity production in stationary conversion facilities. Therefore, we as-
sume that the use of post-use wood, if any, marginally replaces a portion
of fossil fuels in such facilities. Three alternatives are considered,
including: i.) using post-use wood to produce heat and replace coal in a
boiler; ii.) using post-use wood to produce electricity and replace coal
using steam turbines; and iii.) using post-use wood to produce electricity
in a steam turbine and replace electricity from a natural gas-based
combined cycle system. The conversion efficiencies of the considered
processes are based on state-of-the art technologies for the respective
purposes. Details of the conversion efficiency of these energy conversion

| R |
! Services ! Reference material- and
: RN 1 energy production system:
’ \ 1
\ K \ .
! ; Y I e Fossil-based:
1 H \ :
! ! ! ! - Coal
1 - |
! materials, : - Natural gas
heat,

Carbon neutral resources

Juels - Solar/wind energy + BECCS

- Solar/wind energy + forest
slash

—> flow of post-use materials

------ > flow of materials after it second life

Fig. 1. Material and service flows of post-use wood. Numbers indicate shares for the BAU pathway.
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technologies can be found in Annex 1. (Azapagica and Cliftb, 1999;
Gustavsson and Karlsson, 2006).

2.1.2. Landfill
Wood waste landfilled is assumed to be mixed with municipal solid
waste in sanitary landfill sites. The decay process of the wood fraction is
based on waste decay model suggested by IPCC (IPCC, 2019) with a
time-dependent generation rate of CH4 based on Eq. (1) (IPCC, 2019).
16

CHy = W x DOC x DOCy x MCF x ™ x F x e™™ x —

7 @

where: t is the considered year after the landfill, W is mass of wood
deposited, DOC is fraction of degradable organic carbon, DOCp is frac-
tion of DOC that is degraded, MCF is methane correction factor, F is
fraction of CH4 in landfill gas, and k is rate of reaction constant of
biodegradation.

The calculations of decay process are based on default values (Annex
2) suggested by the IPCC (2019) for the wood fraction in a managed
landfill for the cold-weather climate of Northern Europe.

The landfill gas (LFG) recovery rate from the landfill is assumed to be
80%, which is within a higher range of LFG recovery rates observed in
actual landfills (IEA Bioenergy, 2003; Duan et al., 2022). Various al-
ternatives using the recovered LFG are considered, including i.) flaring
the collected LFG to prevent CH4 emissions; ii.) utilizing the collected
LFG to produce heat and replace coal in a boiler; and iii.) utilizing the
collected LFG to replace natural gas in a gas engine for electricity gen-
eration. The conversion efficiencies of different technologies for utiliz-
ing LFG in the mentioned purposes are also provided in Annex 1. For the
transportation of wood waste to the landfill, we assume a transport
distance of 40 km, based on a reasonable distance between waste ter-
minals and landfills in Stockholm, Sweden (Clark, 2017).

2.1.3. Recycling

In this option, we assume that post-use wood materials are processed
into wood fibers and used as input for the production of wood composite
panels, specifically particleboard. Similar quantities of final energy and
emissions in processing post-use wood and wood chips to produce
particleboard are considered. However, certain emissions associated
with the preparation of wood chips are avoided when post-use wood
replaces virgin wood chips. Table 2 presents the key processes and pa-
rameters related to the preparation of wood chips for particleboard
production, which are circumvented through the use of post-use wood.

From the overall system perspective, the recycling of post-use wood
could result in a reduction of virgin wood chips used for particleboard
manufacturing and raw material drying. Consequently, the

Table 2
Key parameters for the production of wood chips from saw mill residues and CLT
from wood logs.

Parameter Value

Wood chip preparation (Puettmann et al., 2013)

o Wood waste for drying of wood chips, for self-generated heat (kg/m%) 27.0

e Raw material transportation, from saw mills to the material production 265
plant (km)

Lumber preparation and processing (Lan et al., 2020)

e Lumber yield in sawing (% by volume) 50

o Electricity consumption of sawing (kWh/m? log input) 24.4

o Electricity consumption of kiln drying and kiln heat generation (kWh/m®  26.9
lumber input)

e Lumber drying shrinkage (% by volume) 9.14

e Electricity consumption of planning (kWh/m® lumber input) 18.2

e Planing byproduct (% by mass) 17.8

e Lumber transportation (km) 265

CLT production (Lan et al., 2020)

o Resin for finger jointing and pressing (kg/m> lumber input) 6.1

o Planing shavings & end cutting waste (% by volume) 16.8

o Electricity consumption of CLT production (kWh/m? final CLT produced) ~ 113.8
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consequential effects vary depending on the alternative uses of virgin
wood chips. (European Commission, 2019; European Commission,
2022). In our analysis, we consider a service life of 40 years for the
produced particleboards, based on the average service life of conven-
tional particleboards (Skog, 2003). After this service life, the particle-
boards produced from post- use wood are assumed to no longer be
usable, and they are subsequently treated as inputs for combustion and/
or landfill options.

2.1.4. Reuse

In this treatment option, post-use wood is reprocessed and utilized
for similar purposes as the original wood products. Consequently, it
becomes possible to avoid using an equivalent quantity of new wood
materials for such new products, leading also to a reduction in the
associated final energy consumption. This analysis takes into account
different types of resources and final energy requirements for the pro-
duction of CLT (Table 2). In all cases of reuse, the demolished wood is
assumed to be reprocessed and locally reused within a 100 km radius.
The electricity required for reprocessing is assumed to be 6% of the total
electricity used for the production of new materials. This value corre-
sponds to approximately 50% of the electricity used during the panel
finishing stage of the production of new CLT (Chen et al., 2019).

2.2. Dynamic GHG emissions and global warming potentials

In this analysis, the net annual emission fluxes of GHG from both
fossil- and bio-based sources within the post-use wood system and the
corresponding reference system are accounted for on a yearly and cu-
mulative basis. Equation (2) and (3) show the calculation of cumulative
emissions of CO5 and CHy.

n

(CO)s, =Y (CO),

t=1

(2)

n

(CHy)s, = Z (CHy),

=1

3)

where: n represents number of years being considered, (CO2)s, and
(CHy)sn are cumulative emissions of CO, and CH4 during n years,
respectively, and (CO2); and (CH4), represent the CO, and CH4 emissions
in year t, respectively. The accounted yearly CO5 emissions also include
the CO; produced by the decay of the wood fraction in the landfill and
the oxidized CH,4 at the landfill cover, as well as at the facility processing
the recovered LFG.

The global warming potentials in terms of CRF are calculated based
on time profiles of net biogenic- and fossil CO5 emissions along with CH4
emissions to the atmosphere and their decay in the atmosphere. The
natural removal of released CO5 and CHy in the atmosphere is estimated
using Equation (4) and (5) (Joos et al., 2013) (Myhre et al., 2013). The
breakdown of CHy4 in the atmosphere produces CO,, thereby, contrib-
uting to the CO; concentration in the atmosphere.

(COy), = (CO), x [0.217 +0.224€515 4 0.282¢%5 + 0.276¢734

4

=

(CHy,), = (CHy), X e 5)
where: t is the number of years since the emission occurred, (CO2)p
represents the mass of CO, that is initially emitted, (CO2); is the mass of
CO4 that remains in the atmosphere at year t, (CH4), represents the mass
of CHy that is initially emitted, and (CHy), is the mass of CHy4 that re-
mains in the atmosphere at year t.

The yearly changes in CO, emissions from all sources including that
produced by the breakdown of CHy, along with the remaining CO5 in the
atmosphere, contribute to marginal changes in instantaneous radiative
forcing, and Equation (6) is used to estimate this change (IPCC, 2007;
Myhre et al., 2013).
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CO,

A
COyep

where: ACO; is the change in concentration of CO5 in the atmosphere
(ppmv), COgf is the reference concentration of CO, (ppmv), and Fco, is
the instantaneous radiative forcing caused by the changed concentration
of CO5, on the Earth’s surface (W/m?).

Furthermore, changes in instantaneous radiative forcing caused by
the changed CH4 emissions in the atmosphere are included, based on
Equation (7) (IPCC, 2007; Myhre et al., 2013).

Feo, = 5.35 x ln{l + (6)

Fep, = 0.036 x (\/ACHy + CHy,yy — v/CHayy ) —f (M, N) @
where: ACHy is the change in atmospheric concentration of CH4 (ppbv),
CH yef is the reference atmospheric concentration of CHy4 (ppbv), f(M,N)
is a function to compensate for the spectral absorption overlap between
N0 and CHy, and F¢py is instantaneous radiative forcing on the Earth’s
surface (W/mz).

In this analysis, the representative concentration pathway of RCP2.6,
following the 2015 Paris climate agreement (OECD, 2017), is used as a
reference. This pathway represents the context when the radiative
forcing level on the Earth’s surface reaches 2.6 W/m? by 2100 (van
Vuuren et al., 2011). The reference atmospheric concentration of 1900
ppbv and 335 ppbv for CH4 and N»O, respectively, based on measured
data in 2021 (Dlugokencky, 2022), are used throughout the studied
period. The aggregation of radiative forcing caused by the changes of the
GHG emissions are accounted yearly and cumulatively over the total
surface area of the Earth’s troposphere.

In all the cases, the full fuel cycle of energy is considered for all the
fuels involved (Annex 3), based on Gode et al. (Gode et al., 2011). The
saved forest products resulting from the increased share of the recycling
and reuse options are considered from different perspectives of material
and energy production. We assumed that the saved forest resources leads
to a similar quantity of wood chips being used for energy purposes, in
line with the strategy towards achieving energy security, fossil fuel in-
dependence and carbon neutrality in Europe (European Commission,
2019; European Commission, 2022). The consequences of this substi-
tution are taken into account based on the scenarios presented in the
combustion option described in Section 2.1.1.

2.3. Sensitivity analysis

In a carbon-neutral society, renewable and clean energy will play a
vital role, and BECCS is regarded as a pivotal technology for limiting
global warming (Karlsson et al., 2021; Shahbaz et al., 2021). The
application of BECCS could give a timely net carbon removal (IPCC,
2018). We assume that the processing of post-use wood influences the
expansion of non-fuel-based resources such as solar- and wind power.
Data of life-cycle emissions are taken into account for the increased- or
decreased use of these resources (UNECE, 2021) (Pehl et al., 2017).
Additionally, BECCS is assumed to be used for the conversion of forest
fuels, including wood waste, to energy products including biomotor
fuels for related transport and logistics in stationary facilities. In all the
cases involving BECCS, a CO2 capture efficiency of 90% is assumed
(Nohlgren et al., 2014).

Furthermore, since forest residues play an important role in the
forest ecosystem (Nettles et al., 2015), we assume a case where the saved
forest resources result in a similar quantity of forest slash, currently used
for energy proposes, being left on the forest floor. This also leads to a
reduction in GHG emissions associated with the utilization of this
resource.

The forest products are assumed to be derived from the south of
Sweden, and if forest slash is present on the forest floor, its decompo-
sition is assumed to follow the Q-decay model (Annex 4) (Gustavsson
et al., 2015). According to this model, the yearly emissions of biogenic
CO3, from forest slash gradually increase and peak in the 6 year before
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gradually reducing to a minor level after approximately 50-60 years of
being left on the forest floor. Taking into account this active decay
period, and considering the service lifetime of the reuse option, we use a
duration of 120 years to analyze and compare all the cases involving
post-use wood.

3. Results
3.1. Fossil-based energy as a reference

3.1.1. BAU pathway

The complete combustion of 1 tonpy post-use wood releases 1.83 ton
of biogenic CO3 and 5.21 MWh of heat instantaneously. As a result, the
cumulative emissions remain constant over time for this option (Fig. 2.a
- left). The extent of CO, emissions being avoided by the combustion
option depends on the utilization of the combustion process and its re-
placements. Among the various alternatives for replacing combustible
fuels, using post-use wood for heat production instead of coal yields the
highest range of avoided fossil emissions, while substituting natural gas
for electricity production results in the lowest range (Fig. 2.a - right).

In the case of landfill option, Fig. 2.b illustrates the cumulative
emissions of 1 tonpy of post-use wood in a landfill and the corre-
sponding impacts in terms of avoided CO; emissions though the recov-
ery of LFG. The decay process occurs over a long period, causing the
GHG emissions and substitution effects to vary with time.

In both combustion and landfill options, utilizing the produced en-
ergy to replace coal for heat production and natural gas for electricity
production results in the highest- and lowest range of avoided CO,
emissions, respectively. Consequently, these applications are presented
as the upper and lower limits within the range of post-use wood treat-
ment pathways when fossil fuels are considered marginal for the ma-
terial and energy production systems.

Fig. 2.c illustrates the high and low ranges of cumulative COge
emissions and CRF resulting from the processing of 1 tonpy of post-
usedwood according to the BAU pathway and the reference material
and energy production system. For illustration, the presented COge
emissions represent both CO, and CHy, considering the relative global
warming potential of CH4 to be approximately 26 times that of CO,
(Myhre et al., 2013). The sudden change in cumulative emissions at year
40 reflects the effects caused by the combustion of the wood material
portion after it service life when it is recovered and combusted. In an
energy system that coal has a marginal role, following the BAU pathway
for handling post-use wood leads to an immediate and long-term
reduction of COy. emissions. However, in a system when natural gas is
considered marginal for materials- and energy production, the BAU
pathway results in a net increase in emissions immediately. This is due to
a siglificant lower stack emissions of natural gas compared to wood
materials at energy conversion facilites.

3.1.2. Effects of post-use wood treatment pathways

Fig. 3 depicts the differences in cumulative CO2e emissions and CRF
between the BAU pathway and the other pathways when processing 1
tonpy of post-use wood. When coal-based energy is considered marginal
for material and energy production, an increased share of combustion
leads to an immediate reduction in CO,. emissions and a subsequent
decrease in CRF from the start (Fig. 3.a). However, when natural gas is
the marginal energy source, an increased share of combustion yields
opposite results, and a reduction of post-use wood for combustion results
in a reversal of the climate change effects compared to the BAU pathway
(Fig. 3.b).

3.2. Renewable-based energy resources as a reference
3.2.1. Systems with solar/wind energy and BECCS

Fig. 4.a illustrates the profile of CO5. emissions and CRF resulting
from the processing of 1 tonpy of the post-use wood according to the
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BAU pathway when the material and energy production systems are
based on wind/solar energy, as well as when the forest fuels are pro-
cessed in a BECCS facility. Fig. 4.b shows the changes in COy. emissions
and CRF for different post-use wood treatment pathways compared to
the BAU pathway when the material and energy production systems rely
on wind/solar power and BECCS technologies. With the except of the
pathway having a higher share of combustion, which leads to immediate
positive CO2. emissions, all the considered pathways result in immediate
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reductions in COq. emissions. However, the trends change over time,
and in a long term, only the pathway with a higher share of landfill
causes accumulated positive COg. emissions due to the gradual release
and utilization of LFG. The consequential CRF demonstrates that all
these pathways cause a cooling effect on the Earth’s atmosphere, except
for the pathway with a high share of combustion, which yields a positive
CRF in both the short- and long terms.
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Fig. 3. Difference of cumulative CO5. emissions (left), and CRF (right) of different treatment pathways compared to BAU pathway for 1 tonpy of post-use wood when

fossil fuels are the marginal for material- and energy production.

3.2.2. Post-use wood influences the decomposition of forest slash

Similar quantities of emissions and profiles are accounted for the
combustion and landfill of the post-use wood. However, the changed
reference material and energy production systems influence the resource
utilization for the recycling and reuse of post-use wood. As a result, the
profiles of CO,, emissions and CRF caused by the processing of 1 tonpy,
of post-use wood according to the share in the BAU pathway are altered
(Fig. 5.a). Processing post-use wood according to the BAU pathway leads
to stable long-term reduction of GHG emissions and, therefore, results in
a cooling effect on the Earth’s atmosphere.

Fig. 5.b illustrates the effects in terms of COy, emissions and CRF of
different post-use wood treatment pathways in comparison to the BAU
pathway when the material and energy production systems influence the
quantity of forest slash on the forest floor. The considered pathways
result in a certain reduction of COg emissions immediately. However,
the increased cumulative COy. emissions are observed due to the
emissions from the decay of the unused forest slash. Consequently, these
pathways cause a cooling effect in the early period of approximately 60
years, depending on the pathways, before transitioning to a heating
effect over a longer period.

Fig. 6 summarizes and display the time-dynamic effects of cumula-
tive CO. emissions and CRF from various post-use wood treatment
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pathways compared to the BAU pathway under different reference
scenarios of the material and energy production systems. The cumula-
tive COy emissions to the Earth’s atmosphere, which vary with the
reference material and energy production systems, depend on the time
interval. Consequently, these changes in cumulative CO2. emissions
gradually influence the CRF. The pathway with an increased share of
combustion appears favorable in a long term, but only when the material
and energy production systems are based on high carbon content re-
sources such as coal. Additionally, pathways with an increased share of
recycling and reuse have a cooling effect on the Earth’s atmosphere as
long as the remaining biomass from such efficient resource use does not
lead to an increased quantity of forest slash left to decay. In all the cases,
the changes in cumulative COy. emissions have a significant impact.

4. Discussion and conclusions

This study examines the climate change impacts of various treatment
pathways, including combustion, landfill, recycling, and reuse methods,
for wood materials at the end-of-life stage. The results demonstrate that
the effects of GHG emissions and radiative forcing can be significantly
influenced by the distribution among different treatment methods and
the underlying material and energy production systems. In the current
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context, where fossil-based resources still dominate the material and
energy production systems, the extent of these effects depend on the
type of fossil fuel being used. When post-use wood replaces high carbon
intensity fossil fuels like coal, the pathway with an increased share of
combustion appears attractive for immediate and long-term GHG
emission and CRF reduction, reaching approximately 0.22 ton of COg¢
and 118 MWh, respectively, per ton of treated post-use wood over a 120-
year period. However, if a lower carbon-intensive resource like natural
gas is marginal, this conclusion changes due to the higher stack emission
of COy when post-use wood is used instead of natural gas for the same
energy service. This aligns with evaluations regarding the use of forest
residues in the fossil-based energy system (Gustavsson et al., 2017;
Gustavsson et al., 2021). Nevertheless, pathways that prolong the
biogenic carbon life cycle in wood fibers prove to be a better choice for
mitigating global warming when the material and energy production
systems are based on fossil fuels.

In a future context where the bioeconomy is expected to expand
(Skogsindustrierna, 2018), the material and energy production systems
will alter the life cycle of biogenic carbon. The high share of combustion
currently employed for the post-use wood treatment in countries like
Sweden and Finland (Erlandsson and Sundquist, 2014) may not be
suitable in the long term. Under these circumstances, understanding the
short- to long-term effects of using forest-based materials and energy
becomes crucial for developing relevant resource utilization strategies.
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The use of wood as materials, particularly for building construction
applications (Ahmed and Arocho, 2020) can be considered as a short- to
medium- term carbon storage option within a circular bioeconomy
(Kazulis et al., 2017; Erlandsson and Sundquist, 2014).

While this study compares and contrasts different pathways with
varying shares of various treatment methods for post-use wood, it is
limited to a single cycle of recycling and reuse. Exploring the possibil-
ities and effects of reusing and recycling forest-based materials after
their second service life, which further delays the release of biogenic
carbon, is important within the circular economy. This area could be a
subject for further analysis. Furthermore, this study centers its focus on
wood materials that are managed at the end of their service life, and it
does not consider the derivation, utilization, and contributions of these
materials during their previous service life. Analyzing the entire supply
chain of forest-based materials, encompassing the complete processes
from inception to the conclusion of the biogenic carbon cycle, is crucial
and should be taken into account in future analyses.

Additionally, this study highlights that if post-use wood influences
the quantity of forest slash on the forest floor, an increased share of
combustion leads to a gradual global warming effect. The delayed
emissions of biogenic carbon through increased recycling and reuse
initially have a cooling effect. However, in the long term, they result in a
warming effect due to the decay process of unused forest biomass. The
duration of the cooling effect also depends on the progression of the
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based resouces.

decay, influenced by the characteristic of the leftover forest-based re-
sources and associated weather conditions. Nevertheless, the escalating
demand for biomass resources driven by various sectors to reduce fossil
carbon emissions is expected (Reid et al., 2020). Therefore, the
perspective of allowing this resource to naturally decay within the forest
ecosystem seems implausible.

Adopting a suitable strategy to enhance the contribution of forest-
based resources can accelerate progress towards carbon neutrality,
reduce reliance on other resources, and thereby increase the overall
value chain of this locally available resource. In a context where the
material and energy production systems are carbon neutral, treating
post-use wood in CCS facilities to permanently break the biogenic car-
bon cycle of forest-based resources is favorable for global warming
mitigation, leading to the long-term CRF reduction. However, systems
relying on CCS, even though they reduce CO5 emissions, require addi-
tional primary energy to compensate for the process of capturing,
transporting, and storing COs. Therefore, as long as there is an energy
deficit, the energy system is especially prone to challenges when
implementing CCS. Nevertheless, considering the sustainability of
forest-based resources and the temporal maintenance of biogenic carbon
in living trees may be crucial within such contexts and should be sub-
jects for further investigation.

In conclusion, different economies offer various options for
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processing wood materials after their primary uses. Despite some
quantities being treated and recycled (Alakangas et al., 2015; US EPA,
2022), significant untapped potential remains. This study emphasizes
the importance of exploring additional uses for end-of-life wood mate-
rials to contribute to climate change mitigation. The anticipated in-
crease in mass timber construction (Leszczyszyn et al., 2022) will lead to
greater availability of this end-of-life resource in the future as the ma-
terial and energy production systems evolve. Therefore, it is necessary to
plan and design wood materials in a way that facilitates their circulation
and aligns with the material and energy production systems. Addition-
ally, recycling post-use wood to replace virgin materials can lead to cost
reduction, as observed in particleboard production where wood chips
ranked as the second most costly element after resin (Lee et al., 2022).

Overall, this research underscores the need for a comprehensive
approach to maximize the value of post-use wood and minimize its
environmental impact. By optimizing the treatment and utilization of
wood materials, greater sustainability can be achieved, contributing to
global efforts to mitigate climate change.
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