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Abstract The use of wood products is often promoted as a climate change mitigation option
to reduce atmospheric carbon dioxide concentrations. In previous literature, we identified
longevity and recycling rate as two determining factors that influence the carbon stock in wood
products, but no studies have predicted the effect of improved wood use on carbon storage
over time. In this study, we aimed at evaluating changes in the lifespan and the recycling rate
as two options for enhancing carbon stock in wood products for different time horizons. We
first explored the behaviour over time of both factors in a theoretical simulation, and then
calculated their effect for the European wood sector of the future. The theoretical simulation
shows that the carbon stock in wood products increases linearly when increasing the average
lifespan of wood products and exponentially when improving the recycling rate. The emis-
sions savings under the current use of wood products in Europe in 2030 were estimated at
57.65 Mt carbon dioxide (CO2) per year. This amount could be increased 5 Mt CO2 if average
lifespan increased 19.54%or if recycling rate increased 20.92% in 2017.However, the combination
of both strategies could increase the emissions saving almost 5MtCO2more by 2030. Incrementing
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recycling rate of paper and paperboard is the best short-term strategy (2030) to reduce emissions, but
elongating average lifespan of wood-based panels is a better strategy for longer term periods (2046).

Keywords Cascade use . Climate changemitigation .Modelling . Carbon sequestration . Time
scale

1 Introduction

The reduction of greenhouse gas (GHG) emissions has become a global goal since the signing
of the United Nations Framework Convention on Climate Change (UN FCCC) in 1992. The
Intergovernmental Panel on Climate Change (IPCC 2013) identified anthropogenic GHG
emissions as one of the main drivers of climate change. Forests are large carbon pools that
sequester atmospheric carbon dioxide by photosynthesis. Harvested wood from forests, of
which about 50 % of the dry weight is carbon, is used to manufacture wood products that can
further store the sequestered carbon. During the first commitment period of the Kyoto Protocol
(2008–2012), carbon stored in forests was accounted for, but carbon in wood products was not.
However, after the 17th Conference of the Parties in Durban (COP17) in 2011, wood products
were recognized as accounted carbon pools for the second commitment period of the UN
FCCC Kyoto Protocol for Annex I parties. The Paris Agreement signed at 21st UN FCCC
Conference of the Parties in 2015 aims at keeping global warming within 2 °C thanks to the
Intended Nationally Determined Contributions. In that context, a smart use of wood products
can contribute to achieve the reduced emission goals.

Carbon stocks and fluxes in wood products are estimated using wood product models
(Brunet-Navarro et al. 2016). In 2000, carbon stock in European Union (EU) forest was
estimated to be 13.749 Gt. carbon (C) (Eggers 2002), distributed between trees (6.89 Gt C),
forest soils (6.086 Gt C) and wood products (0.769 Gt C). Among the whole forestry sector,
the carbon share in wood products varies between countries and regions (e.g. 5 % in the United
States of America (USA) (Smith et al. 2004), 6 % in Europe (Eggers, 2002; Karjalainen et al.
2003) and 13 % in Canada (Kurz et al. 1992)). As to the carbon flux, the carbon dioxide
sequestrated by wood products in Europe (EU-28) was estimated 44 Mt. per year (equivalent
to 12 Mt. C per year) (about 10 % of the carbon dioxide sequestrated by forests) (Pilli et al.
2015). The lifespan (Kohlmaier et al. 2007; Waterworth & Richards 2008; Garcia et al. 2010;
Wiesmeier et al. 2012) and recycling rate (Dewar & Cannell 1992; Kurz et al. 1992) of wood
products have been identified as two main factors influencing the amount of carbon in wood
products. In line with these results, strategies to reduce GHG emissions in the forestry sector
should aim at increasing products’ lifespan and recycling rate.

Country targets for reducing GHG emissions are designed for the short to medium term.
For instance, the Intended Nationally Determined Contributions of the EU set a goal of
reducing GHG emissions by 40 % by 2030 compared to 1990 levels. It is therefore likely
that any selected strategy will have to demonstrate its effectiveness and efficiency in the short
and medium term, including for increasing carbon stock in wood products. The timing of
wood product carbon emissions under business-as-usual scenarios has been analysed for some
countries (Mason Earles et al. 2012). Other studies analysed the effect of alternative forest
management (Fortin et al. 2012; Klein et al. 2013; Knauf et al. 2015) or the effect of climate
change (Karjalainen et al. 2003) on wood product carbon stock. Höglmeier et al. (2014)
compared the impacts to produce particleboards using virgin wood or waste wood. However,
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studies predicting effects of improved use of wood products on carbon storage in a time-
explicit way are lacking.

In this study, we aimed at evaluating changes in lifespan and recycling rate as two options
for enhancing carbon storage in wood products for different time horizons. We performed two
different exercises. We first made a theoretical simulation exercise to explore the effect over
time of stepwise increasing the average lifespan and recycling rate of wood products on the
carbon stock. Secondly, we executed a more practical exercise with EU data to analyse how
average lifespan or recycling rate should increase to achieve a concrete target of GHG
emissions reduction at a certain moment.

2 Methods

We developed a model to estimate carbon stored in different categories of wood products at
time t. The model is simple, consisting of two parameters (average lifespan (li) and recycling
rate (ri)) and a single state variable (Cp) which represents the carbon content in an unique
product commodity (p) (e.g. sawn wood, wood-based panels or paper and paperboard). The
variable Cp is defined by the sum of sub-variables (ci), which represent the carbon stored in
products produced at different years (i) from harvested (Hi) and recycled wood (Ri) (Eqs. 1, 2
and 3). We used the distributed approach as described by Marland et al. (2010). The
parameters of average lifespan and recycling rate are time-dependent and define the removal
rate of the product produced at time t. We used time steps of 1 year.

Cp tð Þ ¼ ∑ci tið Þ ð1Þ

ci tið Þ ¼ Hi þ Rið Þ � 1−CDFi tið Þð Þ ð2Þ

Ri ¼ ri � ∑ c1→i ti−1ð Þ−c1→i tið Þð Þ ð3Þ

The product removal rate was defined using the cumulative distribution function (CDF) of a
normal distribution, also used in other studies (e.g. Muller et al. (2004)). The normal
distribution is defined with a mean and a standard deviation. The mean corresponds to the
average lifespan of the product under analysis produced at year i. The standard deviation was
arbitrarily defined as one third of the average lifespan (Eq. 4) (Supplementary Information 1).
The normal distribution was calculated using the function dnorm (in the package stats version
3.2.0) in R software version 3.0.1.

sdi ¼ li=3 ð4Þ
In the literature, besides using the normal distribution to define the cumulative distribution

function, other distributions have been used such as linear (Winjum et al. 1998), exponential
(Karjalainen et al. 1994) or gamma distributions (Klein et al. 2013). All of them have been
proposed using expert knowledge, but none of them have ever been validated due to lack of
data. We omitted linearly and exponentially distributed functions, because we assume a
maximum rate of decay over a product’s average lifespan, but not immediately after produc-
tion. In other words, most of the products designed to be in use, for example 25 years, will be
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removed around 25 years after production, but not the next year after their production. We
believe that gamma distribution is the closest to reality because it allows representation of
asymmetric behaviour. However, it was excluded because it is difficult to estimate the required
parameters for each average lifespan included in this study due to lack of data. Moreover,
wood products’ removal rates defined using normal distributions are similar to gamma
distributions because they are not very asymmetric as can be seen in studies that applied it
(e.g. Marland and Marland (2003) or Klein et al. (2013)).

Avoided emissions of carbon dioxide equivalents are assumed to be equal to carbon stocks
increments once they are transformed using a correction factor (1 t C equals 44/12 t CO2).

2.1 Theoretical simulation exercise

When selecting scenarios, the focus was placed on covering all possible combinations of
average lifespan and recycling rate. Recycling scenarios ranged from 0 to 95 %. Higher
recycling rates were avoided because they would be impossible to achieve in reality. Average
lifespan scenarios ranged from 5 to 100 years. The maximum average lifespan value of
100 years was selected from the list of half-life values (equivalent to the average lifespan
when using normal distribution) compiled in the review study of Pingoud et al. (2003).

Since the interval between minimum and maximum average lifespan and recycling rates
included 95 units each, we decided to split them with the same number of intervals (19), thus
using increments of 5 years and 5 %, respectively, which are obviously different units that
cannot be directly compared. The model was run for 400 combinations of scenarios (20
different recycling rates combined with 20 different average lifespan).

Special attention was placed on the three selected product commodities of sawn wood,
wood-based panels and paper and paperboard. According to the IPCC recommendations
(IPCC, 2014), the average lifespan of the selected products are 35, 25 and 2 years, respectively.
Since an average lifespan of 2 years was not included in this simulation exercise, we
represented the average lifespan of paper and paperboards with 5 years. The recycling
percentages estimated were 30, 10 and 70 % for sawn wood, wood-based panels and paper
and paperboards, respectively. These percentages were approximated from other studies: sawn
wood from Eggers (2002) and Schelhaas et al. (2004), wood-based panels from Eggers (2002);
Schelhaas et al. (2004) and Skog (2008) and paper and paperboards from Eggers (2002) and
Mantau (2012). However, these studies used different groups to classify products, which make
comparisons difficult.

In a first phase, we estimated carbon stock in wood products at steady state under the
assumption of constant production (Fig. 1). The total amount of carbon was the sum of carbon
stock in products produced in successive years. The steady state was achieved when the total
carbon stock increased less than 1 % of the input. This threshold was defined to avoid
excessive time with very low carbon stock increments.

In a second phase, we estimated the carbon stock oscillation during the switch from old
product characteristics to new ones (higher average lifespan or higher recycling rate) (Fig. 1).
We first estimated the carbon stock curve derived by the production stop of products with old
characteristics. Then, we estimated the curve representing the carbon stock of products with
new characteristics. The sum of both curves represented the total carbon stock of this product
commodity.

Finally, we calculated the difference between carbon stock at time zero of the second phase
and subsequent years to estimate the temporal development of carbon stock changes.
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2.2 Application to the European wood sector

We applied the same model approach with real data from Europe (EU-28). We used annual
production of the three selected products, their average lifespan and their recycling rate to
estimate the current carbon stock in wood products.

The annual production of a given product was estimated using the United Nations Food and
Agriculture Organization Statistics (FAOSTAT) online database (Food Agriculture
Organization of the United Nations 2014). Each product category used in this study is an
aggregate of different items as shown in Table 1. Information on annual production was
available from 1961 to 2014. The last value reported for fibreboard category was on 1994.
From 1995 onwards, this category was split into medium density fibreboards and hardboards.
We started running the model from year 1800 for the spin-up. At this year, the estimated
annual production was zero t C for all products. The production of successive years was
estimated with a linear increase until the first value reported by FAOSTAT was achieved at
year 1961. Future production was estimated using the forecast increases in percentages from
Mantau and Saal (2010). This report estimated that till 2020 wood consumption would
increase by 15.4 % compared to 2010 values. The last year of production estimations available
from FAOSTAT was 4 years later (2014). Therefore, we estimated a proportional increase for
the last 6 years (2014–2020) of 9.24 %. The same production increase from 2020 to 2030 of
17.2 % estimated by Mantau and Saal (2010) was used for the last simulated years of this study
(2020–2046). Conversion factors to estimate carbon content from volumes reported in
FAOSTAT were extracted from IPCC (2014) (Table 1).

0
10

20
30

40

Years

A
cc

um
ul

at
ed

 c
ar

bo
n 

(t
im

es
 a

nn
ua

l p
ro

du
ct

io
n)

0 100 0 100 200

First phase Second phase

Fig. 1 Illustration of the method used to simulate carbon stock over time. In the first phase, the carbon stock in a
product category (here, wood-based panels as an example) is simulated for conditions of constant production
with an average lifespan of 25 years and a recycling rate of 10 %. The solid line represents the carbon stock
accumulation over time for this scenario, and the circle represents the time and carbon amount at steady state. The
second phase starts when conditions change to an increased average lifespan of wood-based panels from 25 to
30 years. The development of carbon stock in this second phase is represented by a solid line, which is the
resultant of the dashed-dotted line representing product removal of wood-based panels with 25-year average
lifespan (and a 10 % recycling rate) after production of phase 1 stops at time zero of the second phase, and the
upward sloping dashed line representing carbon stock development due to the constant production of new wood-
based panels with an increased average lifespan of 30 years (and a 10 % recycling rate) from time zero of the
second phase onwards. The cross represents the year and the amount of carbon at steady state
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FAOSTAT data includes recycled products. Therefore, we had to estimate the production
with virgin wood. This transformation was performed for each product type using its recycling
rate. The factor of virgin wood production over the total production was estimated by
extracting the recycling value to 100 %. For example, for wood-based panels with 10 % of
recycling rate, we estimated that only 90 % (100 minus 10) of the volume reported from
FAOSTAT was produced with virgin wood.

In this practical exercise, instead of simulating stepwise increments of average lifespan and
recycling rate as in the theoretical exercise, we defined a target of GHG emission reduction and
calculated how much the average lifespan or the recycling rate should increase to achieve it.
Product characteristics of average lifespan and recycling rate were assumed to improve abruptly
in 2017. Since a European target of GHG emission reduction for the land use, land use change
and forestry sector does not exist, we defined an arbitrarily one of additional reduction of 5 Mt.
of CO2 in 2030. The year 2030 was chosen because the targets in the Intended Nationally
Determined Contributions of EU are defined for this year. Average lifespan increments (incl)
were defined applying the same proportion to current values of all products (e.g. an increment
of 1.1 times on current average lifespan (lc) of wood-based panels will suppose a rise from 25 to
27.5 years) (Eq. 5). The increments on recycling rate (incr) were calculated differently because
of two reasons. Firstly, they are limited at 100%. Secondly, we assume that the effort to increase
it on a product with a high recycling rate is bigger than the effort to increase it on another
product with a low recycling rate. Thus, we added to the current value of recycling rate (rc) a
portion of the percentage needed to achieve 100% (e.g. an increment of 0.1 on current recycling
rate of wood-based panels will suppose a rise from 10 to 19 %) (Eq. 6).

ln ¼ lc � incl ð5Þ

rn ¼ rc þ 100−rcð Þ � incr ð6Þ
where ln and rn are new average lifespan and new recycling rate values, respectively. We also
estimated the climate change mitigation effect if both increases were combined. All calcula-
tions were performed using R software (version 3.0.1).

Table 1 Description of the FAOSTAT data used to estimate wood production

Product category Item name Item
code

Time series
available

Original
unit

Conversion
factor to t C

Sawn wood Sawn wood (coniferous) 1632 1961–2014 m3 0.225

Sawn wood
(non-coniferous)

1633 1961–2014 m3 0.280

Wood-based panels Veneer sheets 1634 1961–2014 m3 0.253

Plywood 1640 1961–2014 m3 0.267

Particle board 1646 1961–2014 m3 0.269

Hardboard 1647 1995–2014 m3 0.335

MDF 1648 1995–2014 m3 0.295

Fibreboard, compressed 1649 1961–1994 m3 0.315

Insulating board 1650 1961–2014 m3 0.075

Paper and paperboard Paper and paperboard 1876 1961–2014 Tonnes 0.386
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3 Results

3.1 Theoretical simulation exercise

The purpose of this simulation exercise was to explore the climate change mitigation
potential of improved wood product use by analysing carbon stock changes in wood
products over time due to increases of average lifespan and recycling rate. The carbon
stock in a specific wood product needs between 10 years (for products with an average
lifespan of 5 years and a 0 % recycling rate) and 9062 years (for products with an
average lifespan of 100 years and a 95 % recycling rate) to achieve steady state
conditions from the start of its production (end of phase 1 and end of phase 2 with
new conditions according to Fig. 1) (Fig. 2a). The time required to reach steady state is
linearly dependent on the average lifespan and exponentially dependent on the recycling
rate. Carbon stock in short-lived products with a low recycling rate achieves the steady
state the earliest. The steady state was achieved after 69, 72 and 162 years for paper and
paperboard (with an assumed 5-year average lifespan and a 70 % recycling rate), wood-
based panels (with an assumed 25-year average lifespan and a 10 % recycling rate) and
sawn wood (with an assumed 35-year average lifespan and a 30 % recycling rate),
respectively (Fig. 2b). Once all products reached the steady state, the carbon stock was
compared among product categories. Carbon stored in different products showed a linear
increase when extending a product’s average lifespan and an exponential increase when a
rising product recycling rate was used (Fig. 2a), which logically reflects the same
behaviour as we observed for the time needed for the spin-up to the steady state.

The carbon stock needed time to reach a new steady state when the characteristics of
the use of wood products were improved, either by extending the average lifespan or
increasing the recycling rate (Fig. 3). During the first 22 years, the carbon stock
increased faster when extending average lifespan by 5 years than when increasing the
recycling rate by 5 % for all scenarios (Supplementary Video 1). An increased recycling
rate started to be a better strategy at year 9, but only for products with the highest
recycling rate (90 %). In following years, an increased recycling rate appeared to be a
better option also for products with high recycling rates. When simulating all scenarios
until reaching a new steady state, carbon stocks in long-lived products with high
recycling rates increased more due to raising the recycling rate than extending the
average lifespan (Fig. 3). In contrast, carbon stock in short-lived products with low
recycling rates increased more by extending the average lifespan.

3.2 Application to the European wood sector

Our results showed that the total carbon stock in European (EU-28) wood products
overall was estimated to be 0.819 Gt C in 2000, 1.055 Gt C in 2016 and 1.257 Gt C in
2030. The amount in 2016 was distributed between sawn wood products (0.653 Gt C)
with an assumed average lifespan of 35 years and a recycling rate of 30 %, wood-based
panels (0.330 Gt C) with an assumed average lifespan of 25 years and a recycling rate of
10 % and paper and paperboard (0.072 Gt C) with an assumed average lifespan of
2 years and a recycling rate of 70 %.

The annual reduction of emissions due to wood product use in 2016 was 46.93 Mt
CO2 (Fig. 4). The reduction of emissions in 2030 increased up to 57.65 Mt CO2 per year
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under the business as usual scenario. Average lifespan of wood products should increase
19.54 % (incl = 1.1954) to increase the reduction of emissions by an extra 5 Mt CO2 in
2030. Recycling rate should increase 20.92 % (incr = 0.2092) to achieve the same level
of emissions reduction. When both increments were combined, the reduction of emis-
sions in 2030 achieved 67.62 Mt CO2. The reduction of emissions after 2030 due to
elongation of lifespan was bigger than increments on recycling rate (Fig. 4). Each
product contributed differently to reduce European emissions (Fig. 5).
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Fig. 2 State variables of carbon
storage in wood products at the
steady state. Results of the
theoretical simulation exercise at
the end of the first phase. a Carbon
stock at the steady state. b Time
needed to achieve the steady state.
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4 Discussion

With the approach used in this study, which excludes industrial emissions and trade, the carbon
stock increment for a certain period of time is equivalent to the reduction of carbon emissions
from wood decomposition during the same period. Under a scenario of constant production,
wood products are neither a sink nor a source of carbon once they have achieved steady state.
When improving the product use characteristics in terms of lifespan or recycling rate, carbon
stock increments will lead to a new steady state where carbon stock increments are again equal
to the reductions of emissions from the wood product pool.

For a full view on the carbon balance of the forest sector, besides carbon stock change and
industrial emissions, the substitution effect should be included. The substitution effect refers to the
reduction of emissions from industries producing alternative products due to their reduction of
activity because demand is covered for an increased production of wood products. Emissions of

Fig. 3 Carbon stock increment after improving wood product use characteristics. Carbon stock increase is
represented 10, 20 and 30 years after extending the average lifespan by 5 years (upper figures in yellow) and
increasing the recycling rate by 5 % (lower figures in green). The carbon stock increment is also represented at
reaching a new steady state. The circle, square and triangle represent carbon stock increases of paper and
paperboard (5-year average lifespan and a 70 % recycling rate), wood-based panels (25-year average lifespan and
a 10 % recycling rate) and sawn wood products (35-year average lifespan and a 30 % recycling rate). Red grids
and black grids indicate respectively scenarios where the carbon stock increase is lower or higher than the
alternative scenario of extending the average lifespan or increasing the recycling rate. White grid indicates
increments lower than 0.01 times annual production
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Fig. 4 Atmospheric CO2 removals in Europe (EU-28) due to wood product use under different scenarios
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wood processing industries can be compared with emissions for the production of equivalent
alternativematerials by applying a life cycle analysis (Werner et al. 2010). Climate changemitigation
options regarding the use of wood products may be different when including industrial emissions
and substitution effects besides carbon stock change.

Due to the approach used in this work, changes in product characteristics have only been
applied to new products. In reality, this situation is true for some but probably not all cases.
Changes in product characteristics could also affect products already in use. For instance, from the
moment when recycling rate improves, any removed products could be already recycled at the
new rate. In this case, carbon stock changes would occur more quickly than estimated here. On the
other hand, changes in product characteristics could require a transition period before they are
fully implemented, with a consequently slower effect on carbon stock. The abrupt changes
assumed in this study simulate a scenario in between these two cases of faster and slower effects
on carbon stock. In addition, changes in product characteristics could derive on a reduction of
demand of virgin wood and keep the same carbon stock levels as in the business as usual scenario.

Our simulation allocated recycled products to the same product category. This is a
simplification of reality. In the real world, recycling leads to degradation, so recycled products
are often of lower quality, including in terms of life expectancy. Thus, recycling effects may be
overestimated with our model approach.

This study has compared the carbon storage capacity of products with different character-
istics, first in the theoretical exercise with an equal and constant amount of production among
products, and after that with a differentiated input between products and changes over time in a
real case for Europe. In both cases, long-lived products were identified as having the greatest
capacity to store carbon. Other studies using the second approach only have also identified
long-lived products as the best option for storing carbon (Harmon et al. 1996; Werner et al.
2006; Eriksson et al. 2007; Fortin et al. 2012). Moreover, Klein et al. (2013) and Werner et al.
(2010) highlighted the rate of recycling as one important characteristic for increasing carbon
stock in wood products. Our results confirmed the relevance of the recycling rate effect on the
carbon stock, especially when products achieved high rates like paper and paperboard did.
However, since both strategies are compatible and there is no trade-off between them (as Fig. 2
shows), it is logical to combine both. In addition, according to studies such as Höglmeier et al.
(2015), recycling wood has additional benefits for climate because harvested wood is used
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more efficiently. Thanks to this higher efficiency, more products can be produced from a
limited forest area and increase the total carbon stock.

4.1 Theoretical simulation exercise

In the theoretical exercise, we observed that carbon stock in wood products has a linear
dependence on its average lifespan and an exponential relationship to its recycling rate. The
linear dependence after increasing the lifespan is explained by the fact that it affects the total
amount of carbon only once. On the other hand, when the recycling rate increases, the effect is
repeated every time the product is recycled, triggering an increment of the increase; this is
translated into exponential behaviour. Thus, products storing the maximum carbon stock are
those with the highest recycling percentages, mainly when these are higher than 70–80 %, in
combination with long average lifespan. Unfortunately, in reality, it is difficult to achieve these
high recycling rates due to logistics. In addition, the time required to increase carbon stocks in
wood products by increasing the recycling rate up to these high levels is much longer than by
increasing the average lifespan. The fastest increments in the increase of carbon stock resulted
from extending the average lifespan of short-lived products such as paper and paperboard.
However, increasing the lifespan of paper and paperboard products is maybe the least likely
outcome due to current common uses and production processes of paper products.

4.2 Application to the European wood sector

The spin-up time period used to estimate the current carbon stock in European wood products
was 217 years (1800–2016), which was long enough to reach the steady state for the three
selected product types (see Fig. 2b). When using products with different characteristics, or
models with different distribution functions, the minimum time series should be adjusted
accordingly.

The amount of carbon stored in European (EU-28) wood products that we simulated (0.819
Gt C in 2000 and 1.055 Gt C in 2016) is comparable to the 0.769 Gt C estimated by Eggers
(2002) for the EU-27 in 2000. This is a smaller amount of carbon, but still relevant, compared
to the 11.153 Gt C stored in European forest biomass (EU-27) (Barredo et al. 2012). Although
the production of paper and paperboard was the highest in terms of tonnes of carbon, this
commodity does not store more carbon than others due to its short average lifespan. The
highest emission reduction by 2030 happened when recycling rate of paper and paperboard
products was increased (Fig. 5). However, improving average lifespan of wood-based panels is
the best option for the longer term (by 2046). We observed that carbon stock in products with
low average lifespan reacted fast to parameter changes, but have a lower effect at the long
term. We also identified that increments in recycling rate are a better option than increments in
lifespan when high recycling rate can be achieved, as it is for paper and paperboard. Thus,
efforts to improve the use of paper and paperboard should be prioritized to achieve short-term
targets (by 2030). However, to achieve more significant mitigation effects in the longer run
(e.g. by 2046), efforts should be focused on products with longer average lifespan, especially
on improving average lifespan of wood-based panels. This is the same behaviour as observed
in the theoretical simulation exercise. Notice that strategies to increase average lifespan and
recycling rate are not exclusive, and they can be combined to achieve higher mitigation
benefits (Fig. 4). Notice also that the general conclusions can be applied in other continents
with similar proportions of products production.
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We observed a strange behaviour of emissions saving when average lifespan of paper and
paperboard was extended (Figs. 4 and 5). This strange behaviour disappeared when the
standard deviation increased (e.g. sdi = li/1), and it increased when the standard deviation
decreased (e.g. sdi = li/5). We think this chaotic behaviour is due to the approximations applied
in the cumulative distribution function of short-lived products with average lifespan close to
the time steps of 1 year utilized in this study.

4.3 Policy recommendations

First, recommendations by the IPCC (IPCC 2014) suggest starting spin-up simulations at
1900. However, this interval may be too short, possibly leading to underestimation of the
current amount of carbon stored in long-lived wood products. Next, although strategies of
increasing average lifespan and recycling rate are compatible, we recommend policy-makers to
focus their efforts on working to increase the recycling rate of short-lived products, because
global objectives of reducing atmospheric carbon concentrations are calculated according to
short- to medium-term needs. However, extending lifespan of all wood products will reduce
GHG emissions in longer terms.

Increasing the allocation of harvested wood to long-lived products could be one effective
strategy to increase the average lifespan of wood products in general. High recycling rates
could be achieved in the future if new categories of engineered wood, such as cross laminated
timber (which is not treated with chemical preservatives), may be recycled several times over
long periods. In view of this, the design of new products should implement a cascade concept,
focusing on reducing the costs of wood waste collection and processing. This would facilitate
the re-use of recycled material and the manufacture of new products.
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