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Abstract
Harvested wood products (HWP) may contribute to climate change mitigation 
by storing carbon and by replacing energy-intensive materials and fossil energy, 
reducing greenhouse gas (GHG) emissions. However, when assessing improved 
HWP utilisations, interactions between wood use pathways, the carbon stock dy-
namics, and the resulting effect on the GHG balance are still not well-understood. 
This research aims to assess the carbon sequestration effects of alternative wood 
product utilisations in four European Union (EU) countries. We conducted a 
material flow analysis of wood uses in France, Finland, Germany, and Spain for 
2017 taking into account national production, imports, and exports. Then, we 
quantified the future dynamics of carbon stock in the HWP through time, assum-
ing the same as in 2017 input and ignoring the forest sink. We then ran six al-
ternative scenarios: two energy-focused (Energy, Energy+), two material-focused 
(Cascading, Material), one with extended half-life of the wood products (HL) and 
one as business as usual. For the simulation period (2020–2050), the material 
scenario leads to the highest mitigation benefits with a cumulative HWP net CO2 
removals of −502 Mt CO2 for Germany, −290 Mt CO2 for France, −118 Mt CO2 
for Spain, and −116 Mt CO2 for Finland over the 30 years. The Energy+ scenario 
with an increase in wood usage for bioenergy generates a loss of the HWP pool 
of 351, 80, 77, and 6 Mt CO2 for the same countries, not accounting for energy 
substitution effects. Overall, our results suggest that the HWP carbon stock can 
be increased in the short-medium term by prioritizing the use of wood for mate-
rial purposes, while maintaining constant harvest. The HWP mitigation potential 
differed greatly according to national wood industry characteristics. Hence, tai-
loring the HWP mitigation strategies to the specific characteristics of the national 
wood chain would enhance the HWP climate benefits.
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1   |   INTRODUCTION

Forests play a crucial role in mitigating climate change due 
to their ability to absorb carbon dioxide (CO2) from the at-
mosphere and store it durably in the form of carbon (C) 
in the biomass. In addition, when trees are harvested, part 
of the C in the stems is transferred to the harvested wood 
products (HWP). The overall forest mitigation potential in-
cludes the sum of three effects: increasing carbon stocks in 
the forest, increasing carbon stocks in the HWP and using 
HWP to substitute other materials or fossil energy use 
(Johnston & Radeloff, 2019; Myllyviita et al., 2021).

While harvesting decreases the carbon stored in forests 
in the short term, part of the carbon is transferred to HWP 
and can remain sequestered for a certain time depending 
on the application, preventing it from being released into 
the atmosphere. In the European Union (EU), the increase 
in HWP C stock over the last two decades was on average 
40 Mt CO2 equivalent year−1, corresponding to about 10% 
of the entire EU forest CO2 sink (EEA, 2022). Changes in 
the C stock of HWP under the current use are reported 
annually to the United Nation Framework Convention on 
Climate Change (UNFCCC) under the Land Use, Land-
Use Change and Forestry (LULUCF) sector. However, 
the potential future climate benefits of the wood-based 
bioeconomy are uncertain (Verkerk et  al.,  2021). This 
is because the HWP mitigation varies depending on the 
amount of wood, its origin and its type of use, which affect 
the duration of the C storage. For example, it has been cal-
culated that construction of new wooden buildings could 
store 0.01–0.68 Gt C year−1 globally, compared to the ac-
tual C stock in long-lived wood products of 0.05–0.09 Gt 
C year−1 (Churkina et al., 2020; Nabuurs et al., 2022).

In addition, HWP may substitute more energy-inten-
sive materials, such as steel or concrete, or fossil energy. 
The benefits of using wood for material and energy sub-
stitution depend on the specific use of wood, as expressed 
by the wide range of displacement factors reported in the 
literature (e.g. ranging from 1.0 to 3.0 for material substi-
tution, Sathre & O'Connor, 2010a). An average displace-
ment factor of 2, for example, means that each tonne of C 
in wood that substitutes non-wood products, corresponds 
to an additional emission reduction of 2 tonnes of C. 
Given the uncertainty in displacement factors we focus in 
this study on the mitigation potential of C stored in wood 
products only as this is the one most tangible effect of the 
use of wood products.

There are many factors that may affect the estima-
tions of the C stock in HWP at national level, one is the 
C accounting approach (Brunet-Navarro et  al.,  2016; 
Jasinevičius et al., 2015). Carbon accounting is a method 
to measure, delineate and report in a standardised way the 
amount of carbon dioxide emissions and removals. The 

Intergovernmental Panel on Climate Change (IPCC) de-
scribes four C accounting approaches: stock-change, produc-
tion, atmospheric flow, and simple decay (Gitarskiy, 2019). 
These approaches differ for the boundaries they consider, 
that is, if and how import and export are included. In the 
production approach, which is the approach commonly 
used by the countries in the national greenhouse gas (GHG) 
reporting under the UNFCCC, the exported semi-finished 
products contribute to the national C stock, if they are fab-
ricated with domestic wood resources. In the stock change 
approach, the exported semi-finished products are not 
taken into account (Eggers, 2002; Karjalainen et al., 2003; 
Pingoud et al., 2009).

Two other factors that influence the amount of C in 
HWP are the lifespan (i.e. allocation of raw material shares 
to product groups) and shares of re-use of wood products 
(Brunet-Navarro et  al.,  2017; Budzinski et  al.,  2020). To 
this regard, several studies indicate that the cascading 
use of woody biomass can improve the climate impact of 
HWP (Bais-Moleman et al., 2018; Mair & Stern, 2017; Vis 
et al., 2016). Cascading wood utilisation has been defined 
as wood being processed into the highest quality product 
first, and re-used and recycled thereafter to lower quality 
uses with the aim to prolong the length of total use and 
thus extend biomass availability within a given system 
(Vis et  al.,  2016). Under this principle, wood is used in 
the following order of priorities: solid wood products, ex-
tended lifespan, re-use, recycling and bioenergy.

An improved use of wood and products can thus re-
duce the GHG emissions compared to the current situa-
tion and can increase the total carbon kept in the product 
pool. The many variations and effectiveness of these is lit-
tle researched. A thorough assessment and quantification 
of the intricate relationship between various wood utilisa-
tion pathways, approached dynamically through material 
flow analysis (MFA), and their consequent influence on 
carbon stock changes remains unexplored.

The accuracy of the estimation of the HWP contribu-
tion to the carbon removals/emissions is strongly depen-
dent on data availability and level of detail and precision. 
Varying by country and commodity there is still quite an 
uncertainty in the statistics on production and trade of 
wood products (Buongiorno, 2018; Kallio & Solberg, 2018; 
Pettenella et  al.,  2021), in their rate of recycling and in 
their end-uses (Jonsson et al., 2021). The development of 
improved tracking and reporting tools could help to un-
derstand the potential benefits of cascading and optimal 
wood utilisations (Vis et  al.,  2016). To increase the con-
sistency of wood product statistics the MFA represents 
one of the most reliable tools (Bais-Moleman et al., 2018; 
Mantau, 2015). The MFA is quantitative approach to an-
alysing the flow of wood products and materials within a 
given system or industry. It involves tracking the sources 
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of wood raw materials, the production and distribution 
of wood products, and the disposal or recycling of wood 
waste and by-products.

In the literature, there are few studies employing 
MFA across various scales, ranging from country-level to 
the EU level, with varying degrees of detail concerning 
commodities (Avitabile et  al.,  2023; Layton et  al.,  2021; 
Mantau, 2015).On the other hand, some other type of inves-
tigations analyse the impacts of diverse portfolios on alter-
ations in national carbon stocks (Jasinevičius et al., 2017; 
Parobek et al., 2019; Pilli et al., 2017). However, there is 
a notable absence of studies that integrate dynamic MFA 
with dynamic modelling, especially those that incorporate 
the wood-to-energy sector into their analyses.

This study aims to assess the HWP carbon stock 
changes due to alternative HWP utilisations. To do so, 
we first performed a detailed MFA to obtain consistent 
estimations of wood flows across the wood chain of four 
country-level case studies: Finland, France, Germany and 
Spain. Then, we projected the carbon stock change of the 
HWP pool until 2050 under different wood utilisation sce-
narios, such as increasing the share of recycled wood and 
the share of wood used for material purposes.

2   |   MATERIALS AND METHODS

Four macro-ecozones were chosen to represent the differ-
ent climate regions in the EU. For each of them, we chose 
a representative nation as a case study, including Finland 
(boreal zone), France (temperate-Atlantic zone), Germany 
(temperate continental zone) and Spain (Mediterranean 
zone). We applied the same methodology, as described 
below, for all the case studies.

We analysed and quantified the wood flows at national 
level. To do so, we used different data sources: FAOSTAT 
data, JWEE database and industry conversion factors 
(Table 1).

Most of the values were extracted from FAOSTAT 
database, in particular for the production, import and 

export of industrial roundwood, fuelwood, sawnwood, 
wood-based panels (WBPs), wood pulp, paper and paper-
board. The bark is not taken into account in the primary 
source of roundwood from FAOSTAT, such as industrial 
roundwood and fuelwood. We utilised the UNECE's forest 
product conversion factors to determine the bark volume. 
Regarding the raw material input for the different indus-
tries, we used the sawlog volume from FAOSTAT for the 
sawmill sector. For the WBP and pulp industry, the input 
volumes are obtained by multiplying production data 
(from FAOSTAT) for the different wood-based commod-
ities with corresponding input coefficients (from Infro).

The volume of by-products resulting from the sawmill 
and WBP industries is obtained by subtracting the volume 
of semi-finished product from the volume of raw mate-
rial. The black liquor, which is the waste product from the 
kraft process when digesting pulpwood into paper pulp, is 
calculated through the Infro output table. All the values 
are converted in solid wood equivalent (swe), using the 
UNECE conversion factors.

For the energy uses, the main source is the Joint Wood 
Energy Enquiry (UNECE,  2017). From the “Aggregated 
data” section, we extracted the wood energy flows from 
the different sources (direct, indirect and recycled) to the 
different uses (co-generation, power plant and house-
hold). We used the report from 2017 since it was the latest 
version at time of the analysis. The JWEE is voluntarily, 
and it is carried out for odd years only. For Spain we ex-
tracted the information from the national statistic portal, 
as data in the JWEE were missing.

After that, the wood flows have been displayed using 
the Sankey diagram, a common tool to visualise the wood 
material fluxes at the national scale. The arrows indicate 
the main wood flows across the wood industry with their 
thickness representing volume in swe (Figure 1).

Next, the diagrams have been quantified into a phyton 
script. The parameters (i.e. arrow thickness) are country 
specific while the flow structure remains the same for all 
the countries. The model needs only two hard inputs: the 
volume of industrial round wood (IRW) and the volume 

T A B L E  1   Data sources used for the wood flow diagrams.

Data source Organisation Data References

FAOSTAT Food and Agriculture Organization (FAO) Production, imports and exports of 
forest products

FAO (2018)

Industry shares Infro Input/output coefficients for wood 
products industry

Mantau (2010)

Forest product 
conversion factors

United Nations Economic Commission for 
Europe (UNECE)

Conversion factors and bark factors UNECE (2020)

Joint Wood Energy 
Enquiry (JWEE)

UNECE/FAO Forestry and Timber Section Energy use of wood, conversion factors UNECE (2017)

National statistic portal Spanish government Energy use of wood Miteco (2021)
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of fuelwood produced annually per country. Once these 
two values are set, the model computes the volume of 
wood (converted to C) flowing into the main three HWP 
pools (sawnwood, WBP and paper and paperboard). A 
simplified example of the HWP carbon fluxes is provided 
in Figure 2. The yearly carbon inflow is based on apparent 
consumption, defined as production plus imports minus 

exports of the product. At this stage, the carbon stock is 
calculated by applying the first-order decay equation (the 
full descript in the paragraph below). The outflow is esti-
mated multiplying the amount of C stock by the decay rate 
derived for each commodity. The C outflow has been then 
allocated to the end-use according to the country param-
eters assessed from the MFA. In particular, the share of 

F I G U R E  1   Sankey diagram representing the wood industry fluxes for Germany (in 2017), with a relative process unbalance tolerance 
of 5%. The numbers show the volume of wood in m3. We selected green for the raw wood, orange for semi-finished products, yellow for the 
recovered fibrs and red for bioenergy. IRW, Industrial Roundwood; P&P, Paper and Paperboard; WBP, wood-based panels. Red flag near the 
process represents input/output unbalance greater than 5%.
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recovered wood is based on the amount of recovered-post 
consumer wood from FAOSTAT while the share allocated 
to bioenergy is based on the JWEE. Finally, to calculate 
the natural oxidation we subtract these two from the total 
C outflow (Figure 2). In this case, oxidation refers to the 
portion of HWP removed from the corresponding pools 
and neither recycled nor used for bioenergy.

2.1  |  Carbon stock calculations

The carbon stock has been calculated following the stock-
change approach suggested by IPCC. We used the stock 
change approach since it includes the import and excludes 
the export, resulting in a more realistic representation of 
the amount of carbon retained inside the country borders.

For each commodity (Paper and paperboard, sawn-
wood, WBPs) the annual C stock is calculated using a 
first-order decay equation:

where C(n) is the carbon stock at year n. Inflow(n) in year 
n is given by multiplying the volume allocated to the wood 
commodity by the C conversion factor (i.e. the carbon con-
tent in kg kg−1). k is the constant decay rate derived for each 
commodity by Equation (2).

where HL are the half-life values. We used 35, 25 and 2, respec-
tively, for sawn wood, panels and paper (Rüter et al., 2019).

The C stock change is then calculated

The net C sink of HWP is given by the sum of the 
annual stock change for each commodity. We then con-
verted the net C sink into CO2 removal by multiplying it 
by 44/12. Conventionally the CO2 removals are reported 
with negative sign, while emissions with positive one 

(Penman et al., 2003). In this paper, we use the same re-
porting method.

Turning now to the initialisation, we assumed a near 
steady state at the start of the time series. This is done 
by averaging the C stock value of the first 5 years of each 
commodity for which the statistical information was avail-
able, in our case 1961–1966 (Rüter et al., 2019). However, 
in Figure 3, we showed only the value from 1990, to make 
the graph more readable.

To test the model, we first ran it with the historical input 
values from FAOSTAT for the period 1990–2020, where we 
applied constant allocation values based on the wood flow 
distribution from 2017 (Figure 3). We then compared the 
output with the official country statistics reported in GHG 
inventories. Finally, we tested six scenarios to see which 
strategy yield the highest mitigation benefits.

2.2  |  Scenarios

We developed six different scenarios, which differ mainly in 
how wood is allocated to different wood industries from 2020 
to 2050 (see Table 2). In each scenario, we assumed a constant 
harvest, meaning that the input remains stable throughout 
the simulation period. The baseline scenario (BAU) kept the 
allocation and input values constant. In the half-life scenario, 
we increased the half-life values by 10%. This means that 
sawn wood produced from 2020 onwards had a half-life value 
of 38.5 years, the WBP of 27.5 years and paper of 2.2 years, in-
stead of the original values of 35, 25 and 2.

In the Cascade scenario, we gradually increased the por-
tion of recovered paper and recovered wood by 4% points 
per year for 5 years, reaching +20% points in 2025. After 
2025, we kept both at +20% points relative to the baseline.

The Material scenario is based on the Cascade sce-
nario, but in addition we redirected part of the wood as-
signed to fuelwood to the sawmill industry instead. This 
scenario involves reducing the flow of fuelwood to bioen-
ergy by 5% points per year from 2020 to 2030. From 2030 
to 2050, we reduced the annual amount of fuelwood by 
half compared to the initial values. This amount of wood 

(1)C(n + 1) = e−k × C(n) +

[
(

1 − e−k
)

k

]

× Inflow(n),

(2)k =
ln(2)

HL
,

(3)ΔC(n) = C(n + 1) − C(n).

F I G U R E  2   Scheme of the harvested 
wood product (HWP) C fluxes for the 
calculation of the C stock change.
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was redirected to the sawmill industry, which gained the 
additional amount of wood during the same period.

Finally, we developed two bioenergy-oriented scenarios. 
In the Energy scenario, we redirected the entire amount 
of by-products and post-consumer wood to bioenergy 

generation. The Energy+ scenario is the same as the 
Energy scenario, but we also redirected 50% of industrial 
roundwood to the bioenergy sector. The pulp and panel 
stream were initially utilised to get the raw wood required 
for increasing bioenergy production. We also sourced it 

F I G U R E  3   Net CO2 emissions and removals in HWPs. Projected emissions (positive values) and removals (negative values) of CO2. 
BAU = constant harvest; Cascade = cascade wood utilisation; Energy = all by-products and post-consumer wood to bioenergy; Energy+ = same 
of Energy scenario and 50% of material wood to bioenergy; GHG inventory = official country statistic; Half-life = increased half-lives; 
Material = cascade scenario and 50% of fuelwood to material. The zero line represents a steady state where emissions are equal to removals.
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from the sawmill industry stream if the supply of raw wood 
was insufficient to cover the increased share of bioenergy.

Among our six scenarios (BAU, half-life, Cascade, 
Energy, Energy+, and Material), four can be consid-
ered plausible, while the remaining two (Energy+ and 
Material) are more radical. Simulation studies of HWP 
frequently choose to extend the half-life of wood prod-
ucts and explore alternative management approaches for 
by-products. In our case, we assessed the potential influ-
ence of prolonged carbon storage in durable products. 
Although the Energy+ and Material scenarios might ap-
pear unlikely, we intentionally included them in our anal-
ysis to estimate the potential carbon removal or emissions 
in the event of extreme socio-economic conditions.

3   |   RESULTS

3.1  |  HWP CO2 emissions-removals

In the simulation, the net CO2 emissions and remov-
als associated with the use of HWP under different 

scenarios were estimated for the four case studies. Those 
estimations were based on the modelling exercise and 
were dependent on both the products utilisation along 
the chain and the end-use (e.g. recovering process). To 
analyse the effects of different scenarios on HWP pools 
through time, we summed the yearly amount CO2 emis-
sions/removals of HWP, and we compared it with the 
BAU scenario. In this paper we use negative values to 
represent CO2 removals while positive ones are CO2 
emissions (Table 3).

In the GHG inventory relative to 2020, countries re-
ported a HWP contribution of −8.6 Mt CO2 (Germany), 
−1.3 CO2 Mt (Finland), −0.8 CO2 Mt (France) and −1.6 
Mt CO2 (Spain). The model output for the same year was 
−8.6 Mt CO2 for Germany, −2.0 Mt CO2 for Finland, −2.2 
Mt CO2 for France and −2.1 Mt CO2 for Spain (Figure 3, 
historical scenario). Overall, the model seems to follow 
the general trend reported in the country statistics. The 
discrepancy between model output and GHG inven-
tory is rooted in the difference in C stock accounting 
approach between these two sets of values (discussion 
paragraph).

The application of the scenarios had different effects 
between countries, but we can identify recurrent pat-
terns. In all the simulations the Material scenario (green 
line) showed the lowest CO2 emissions. More in details, 
for the period 2020–2050 the CO2 emissions decreased 
by 456%, 158%, 176% and 179% respectively for France, 
Finland, Germany and Spain compared to Business as 
Usual (BAU; i.e. respectively −9.7, −3.9, −16.7, −3.9 Mt 
CO2 per year). On the other side, for the Energy+ scenario 
(bordeaux line) CO2 emissions remarkable increased. For 
the same period, emissions of CO2 increased by +293% 
for Germany, +253% for France, +114% for Finland and 
+281% for Spain, respectively, compared to the baseline of 
each country.

The variations between the BAU scenario and the 
cascade scenarios (blue line) are less extreme. For all the 
countries, we had a decrease of the CO2 emissions. The 
country which showed the highest emissions reduction 
for this scenario is Spain (110%) followed by France (85%), 
Germany (80%) and Finland (14%).

T A B L E  2   Scenarios summary. On the left side the name of the 
scenario and on the right side the characteristics.

Name Features

Business as 
usual

Constant harvest, constant allocation values

Half-lives Half-lives values increased by 10%

Cascade +20% points recycled paper
+20% points post-consumer wood

Material +20% points recycled paper
+20% points post-consumer wood
−50% points wood to Energy
+50% points wood to material

Energy All by-products and post-consumer wood to 
bioenergy

Energy+ All by-products and post-consumer wood to 
bioenergy

−50% points wood to material
+50% point wood to Energy

A

CO2 cumulative emission/removals HWP (Mt CO2) 2020–2050

Business 
as usual Half-life Cascade Material Energy Energy+

Germany −182.3 −249.3 −329.1 −502.4 54.3 351.4

France −52.3 −78.4 −96.6 −290.6 −4.6 80.2

Finland −44.7 −52.9 −50.8 −115.6 −32.8 6.2

Spain −42.4 −58.8 −89.1 −118.3 −5.5 76.7

T A B L E  3   Net CO2 cumulative 
emissions/removals of harvested wood 
product (HWP) per scenario per country. 
The values are in Mt CO2. Negative values 
represent CO2 removals while positive 
ones are emissions.
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3.2  |  Gross bioenergy and wood oxidation 
CO2 emissions

Regarding bioenergy and wood oxidation, in the BAU 
scenario for the period 2020–2050 we calculated a cu-
mulative gross emission of about 2364 Mt CO2 for 
Germany, 1512 for France, 1783 for Finland and 565 
for Spain. These estimations of gross emissions do not 
include the sink from the forest. From this baseline, the 
material scenario reported a notable emissions reduc-
tion which is estimated to be 22% for Germany, 16% 
for France, 13% for Spain and 9% for Finland. When 
Energy+ scenario was employed, the emission of CO2 
raised by 11% for Germany, 13% France, 38% for Finland 
and 17% for Spain respect to BAU (Table 4). In the cas-
cade scenario we had a reduction in the emissions for 
all the countries except Finland which recorded a mar-
ginal increase respect to BAU. Moreover, increasing 
the product lifetime had a negligible impact on Finland 
while having only a minor impact on Germany and 
Spain (−3% CO2 emission compared to BAU). Finally, 
for France we found that the gross emissions for bio-
energy and wood oxidation were lower in the half-life 
scenario (1376 Mt CO2) than in the cascade one (1462 
Mt CO2).

4   |   DISCUSSION

This study shows that, under the assumption that the 
wood utilisation has the ability to change, the HWP C 
stock can be increased significantly in the short-medium 
term by prioritising the use of wood for material purposes 
while maintaining constant harvest.

The material scenario has the highest mitigation ben-
efits in all the case studies. This is illustrated in Figure 3, 
representing the C stock change (converted to CO2) in 
HWP for each scenario and where the zero line represents 
the equilibrium between the CO2 removals and emissions. 
For the material scenario, values are significantly below 
the zero line, indicating a considerable increase in the car-
bon stock of HWP, surpassing even the growth observed 
in the BAU scenario. This is because, under this scenario, 
most of the roundwood is allocated to sawnwood, which 
is assumed to have a longer half-life value. Products with 
longer half-life may retain carbon for a longer time and 
thus postpone the release of CO2 into the atmosphere. On 
the contrary, bioenergy has a very short half-life value, 
hence it does not contribute to increase the C stock in 
HWP. Disregarding the substitution effect in the energy 
sector, the amount of C allocated to bioenergy leads to a 
loss from the HWP C stock compared to the BAU scenario, 
causing an additional direct CO2 emission to the atmo-
sphere. In Figure 3, this is particularly evident in the posi-
tive values of the Energy+ scenario, where a considerable 
portion of wood is allocated to bioenergy.

The initialisation of the different scenarios and as-
sumed sudden implementation is responsible for the dis-
continuity at the beginning of the scenario simulation 
(Figure 3). After 2040, the C stock levels off and tends to 
zero at the end of the time series (2050). As also found by 
Pilli et al. (2015), all the scenarios tend to saturate (i.e. to 
approach zero) when we apply constant harvest. In fact, as 
soon as the inflow of wood into the HWP pool is less than 
the year before, the pool starts to deplete, due to decay of 
the C stock. The material and cascade scenario show that 
it is possible to increase the C stored in HWP pool for at 
least the duration of the simulation period while keeping 

T A B L E  4   CO2 cumulative gross emissions over 2020–2050 from bioenergy and wood oxidation in Mt of CO2 ignoring forest sink (a). 
Relative difference in percentage between baseline (BAU) and other scenarios (b).

A

CO2 cumulative gross emission bioenergy and wood oxidation without substitution (Mt CO2)

BAU Half-life Cascade Material Energy Energy+

Germany 2364 2303 2097 1850 2267 2621

France 1512 1376 1462 1265 1587 1709

Finland 1783 1776 1792 1626 1892 2461

Spain 565 549 519 493 599 660

B

Relative difference in % between baseline (BAU) and other scenarios

BAU Half-lives Cascade Material Energy Energy+

Germany - −2.6 −11.3 −21.8 −4.1 10.8

France - −9.0 −3.3 −16.4 5.0 13.0

Finland - −0.4 0.5 −8.8 6.1 38.0

Spain - −2.7 −8.1 −12.8 6.0 16.8

Abbreviation: BAU, business as usual.
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harvest constant by redirecting the wood initially allo-
cated to energy to the material uses. We chose to main-
tain a constant harvest level to emphasise the impact of 
different HWP portfolios. However, it is worth noting that 
the utilisation of various portfolios may entail alterations 
in the log/pulpwood ratio within roundwood harvest-
ing. This could potentially influence forest management 
and subsequently affect the carbon sink within the forest 
ecosystem.

The scenarios show a similar trend but the magnitude 
of the effects on the national carbon stocks differ greatly 
between countries because the forest sector in each is very 
different. When we compare the C stock change between 
countries for the same scenario, we find a major C stock 
increase for Germany and Spain but a relatively small one 
for Finland. The difference in magnitude is caused by the 
present-day wood utilisation path. For example, the cas-
cading scenario produces small differences for Finland 
mostly for two reasons. First, Finland already has a high 
paper recycling rate, so the recycling shares could not be 
increased much. Second, the panel production is a small 
part of the sector and thus the additional input to panels 
industry does not have a large effect.

In the half-life scenario, the increase of 10% of half-life 
values had in all the countries a corresponding increase 
in the C stock. What is more relevant is that, at the same 
time, the C oxidation decreased on average by 5% with re-
spect to the baseline due to the delay in the wood degrada-
tion. Concurrently, the extension of the product life-span 
induced a delay in the wood availability for bioenergy. 
The cumulative effects are particularly evident for France 
where in the period 2020–2050 the emissions are reduced 
by 50% (Table 5).

The historic scenario represents the application of the 
model to official data in GHG inventories. The mismatch 
between model output and GHG inventory is rooted in the 
difference in C stock accounting approach between these 
two sets of values (Figure 3). For the model C stock calcu-
lation, we used a stock change approach instead of the pro-
duction one commonly used in country reports. We used 
the stock change approach since it includes the import and 

excludes the export resulting in a more realistic represen-
tation of the amount of carbon actually retained inside 
the country's borders. The exclusion of the export, from 
the C stock calculation, has significant effect, especially in 
countries with strong export (i.e. Finland).

For the cascade scenario we assumed high recycling 
rates, although two important limitations to recycling 
needs to be mentioned: First, Finland already has reached 
a high paper recovery rate, so we did not increase it. 
Second, we assumed that more wood could be recycled 
under the assumption that attention is put to reducing the 
hazardous compounds used in the wood production chain. 
Nowadays, almost 50% of recycled wood is directly burned 
(Bais-Moleman et al., 2018; Van Benthem et al., 2007). The 
remaining half is almost all used for panels. More in de-
tail, from the total raw material used in the panel produc-
tion, 31% consists of woody industrial by-products, 48% 
are fresh raw materials and only 21% is post-consumer 
wood (EPF, 2023). It was shown however that these lim-
itations can be overcome considerably by efficient waste 
wood management including material recycling, in par-
ticular for high-quality wooden beams (Mehr et al., 2018).

In the Material scenario, we considered that 50% of the 
initial amount allotted to bioenergy may be utilised in the 
sawmill sector instead. The total use of woody biomass 
from all sources in the EU-27 was 947 Mm3 in 2017. Of 
this total, 45% (424 Mm3) was used for energy, while 55% 
(523 Mm3) was used for material (Camia et al., 2018). In the 
same year, the non-coniferous roundwood was 163 Mm3 of 
which 83 Mm3 was fuelwood (FAOSTAT, 2023). The hard-
wood industry and by-products utilisations are undevel-
oped, especially in central Europe if compared with the 
softwood (Teischinger,  2017). For example, the German 
timber industry uses 85% softwood, 13% hardwood and 2% 
tropical wood (Krtschil et al., 2022). In addition, stand spe-
cies diversification due to the application of climate-smart 
forestry strategies will also result in a reduction of softwood 
produced and an increase in hardwood (Gregor et al., 2022). 
With this Material scenario, we want to show the poten-
tial added value of innovative hardwood utilisation which 
currently is underestimated within the forest-based sector. 

T A B L E  5   Relative difference in percentage between baseline (BAU) and the other scenarios. A minus percentage meaning an additional 
sink.

B

CO2 cumulative emission/removals harvested wood product compared with BAU (%)

BAU Half-life Cascade Material Energy Energy+

Germany - −37 −80 −176 130 293

France - −50 −85 −456 91 253

Finland - −18 −14 −158 27 114

Spain - −39 −110 −179 87 281

Abbreviation: BAU, business as usual.
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Although wood industry technologies are improving (e.g. 
CLT, Espinoza & Buehlmann, 2018; Verkerk et al., 2021) 
the use of different types of tree species and of lower qual-
ity, assume that large amount of fuelwood can actually be 
used for material purposes, which is questionable. Finally, 
the fuelwood saved from burning should ideally be sub-
stituted by other renewable energies for the generation of 
heat and power. Although the use of clean energy sources 
has grown a lot in the last years (Matuszewska-Janica 
et al., 2021), it might not be fast enough to cover the gap of 
a rapid decrease in fuelwood utilisation.

These findings broadly support the results of other 
studies in this area. For example, at the EU level cascading 
wood utilisation returned an increase of C stored in HWP 
from 34 Mt CO2 eq to 40 Mt CO2 eq, in the period 2010–
2030 (Rüter et al., 2016). Others found a reduction of 52% 
of CO2 emission (35 Mt CO2 -eq year−1) compared to the 
reference scenario, when the recycling rates of post-con-
sumer wood and paper were increased (Bais-Moleman 
et al., 2018). A similar study estimated an increase of 5 Mt 
of CO2 year−1 when average HWP lifespans were increased 
by 19.54% or if recycling rates were raised by 20.92% for 
the period 2017–2030 (Brunet-Navarro et al., 2017). Mehr 
et al. (2018) found that future Swiss wood utilisation can 
be further improved in terms of environmental impact by 
the implementation of wood cascading. In addition, they 
found that waste wood processing efficiency and wood 
storage effects were the most important driving factors 
for the environmental impact of wood use scenarios. A 
recent study also confirmed our results that shifting sec-
ondary wood flows e.g. industrial side streams and end-
of-life wood-based products from energy uses to material 
uses, results in increased climate benefits (Kunttu, 2020). 
We also found that the level of carbon stored in HWP can 
be increased by changing the wood assortment structure 
while maintaining the same level of volume felled, which 
is consistent with existing literature (Parobek et al., 2019; 
Pilli et al., 2015).

In analysing the results, the following limitations 
and assumptions should be taken into account. First, 
the model is based on a MFA that includes some data 
gaps. Although we have made an effort to gather all the 
information to close the wood flows across the countries 
analysed, some data gaps remain. In some processes, 
such as industrial residues (Figure  1), the sum of the 
input/output volumes were not corresponding. In this 
analysis, we accepted a 5% tolerance for the unbalanced 
processes. When this threshold was exceeded, it was 
indicated in the diagrams with a red mark (Figure  2; 
Appendix A). Most of the unbalanced processes are as-
sociated with the recovery processes and industrial resi-
dues. These gaps are probably caused by the discrepancy 
between reported consumption and sources of woody 

biomass. In a similar study at EU level, the energy sec-
tor has been recognised as the primarily responsible for 
this discrepancy (Jonsson et  al.,  2021), which also ap-
plies to our situation where gaps were found in all of the 
countries mainly for industrial residues and recovering 
processes.

Second, the model framework is based on a single 
year MFA (2017), and most likely it will not represent 
the average wood material flow for the late 1990 and 
early 2000. Although the allocation of raw material 
input to the different commodities seems relatively sta-
ble through time, this may not be the case for the recy-
cling processes.

Third, the way the cascade scenario approach has been 
implemented in other studies may have led to an overes-
timation of the C stock in the HWP pool. Some studies 
erroneously allocate recycled wood to the same product 
categories, which created infinite loops that can lead to 
an overestimation of the carbon stock in wood products 
(Brunet-navarro et al., 2018). We believe that the “infinite 
loop” problem has a small effect in our calculations since 
we followed the downcycling process, where only a part 
of the recovered wood is redirected back to the system and 
always for a lower wood class utilisation (i.e. sawnwood to 
panels, panels to energy).

Four, in this study we excluded the landfills as carbon 
pools. At EU level, the amount of wood waste allocated to 
the landfill decreased from 710,000 tons in 2010 to 130,000 
tons in 2020 (Eurostat, 2023). Although the statistics on 
wood waste generation and treatment are still very scat-
tered, we assume that only a small amount of wood waste 
is sent to landfills and we expect that this percentage will 
continue to decline over the next years.

Finally, this study does not estimate the potential cli-
mate benefits of wood material and energy substitution 
(Sathre & O'Connor,  2010b), also due to the complexity 
and the uncertainty of the assumptions associated with 
these estimates (Hurmekoski et al., 2021). This omission 
may alter the market dynamics between different sectors, 
for example if the use of wood for short-lived products or 
energy is reduced, probably some other material or energy 
carrier is used to fill the gap in demand, which reduces 
the benefit of changing product portfolios. For many of 
the short-lived products, such as textiles or packaging, 
the substitution impact can be greater than for long-lived 
products, so the overall net climate effect of changes in the 
product portfolios is more complex than presented here.

5   |   CONCLUSIONS

The climate change mitigation benefits of HWP vary 
greatly according to the use of harvested wood along the 
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wood chains in all the forest industry sectors. This study 
used a consistent methodology to determine, for four EU 
nations, the carbon benefits resulting from alternative 
uses of wood products, involving a constant input of har-
vest but different shares of material and energy use and 
different proportions of wood cascading and recycling.

Our results show that, in all scenarios, the carbon stored 
in the HWP tends to reach an equilibrium in a few de-
cades, with no additional mitigation benefits. By contrast, 
a significant mitigation effect arises when more wood is 
employed for material uses, particularly for construction 
purposes. For the simulation period (2020–2050), the sce-
nario with the greater allocation to material use leads to 
a net HWP CO2 removals of −502 Mt CO2 for Germany, 
−290 Mt CO2 for France, −118 Mt CO2 for Spain and −116 
Mt CO2 for Finland. Furthermore, we found potential di-
vergences in mitigation potentials based on the nuanced 
characteristics of the individual national wood industry. 
Countries that use a large share of fuelwood have the 
highest potential to increase the carbon stored in HWP, 
under the assumption that the wood sector has the abil-
ity to change toward a greater use of wood for materials. 
Both the energy scenarios show an evident increase in 
CO2 emissions for most of the case studies, which means 
that the HWP pool loses carbon. In general, we found that 
most of the case studies already use the by-products effi-
ciently, while the recovery process of post-consumer wood 
can be increased. However, data on recovered wood were 
limited and more research is needed to increase the un-
derstanding of this sector.

In conclusion, to increase the carbon stored HWP, 
while maintaining the same level of volume felled, har-
vested wood should be increasingly allocated to a material 
use and in particular to long-lived products. Furthermore, 
if HWP mitigation strategies are designed according to 
the national wood chain characteristics, they can achieve 
greater climate benefits. However, prioritizing material 
use and long-lived products may generate a demand gap 
for energy carriers and short-lived products, whose cli-
mate impact depends on the materials that fill this gap, 
if any.

The methods and the results on HWP carbon storage 
from our study may contribute to future and broader as-
sessments of the overall forest-sector mitigation benefits, 
which should involve analyses of both material and en-
ergy substitution and assess markets dynamics between 
different sectors.
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APPENDIX A

Sankey diagrams
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APPENDIX B
Values of the Sankey for Germany 2017.

Product class Value Unit Year Based on

Industrial roundwood 43.32 Mm3 rw 2017 FAO

Import IRW 8.7 Mm3 rw 2017 FAO

Export IRW 4.2 Mm3 rw 2017 FAO

Net import 4.5 Mm3 rw 2017 FAO

Sawlogs 32.7 Mm3 rw 2017 FAO

Pulpwood 10.5 Mm3 rw 2017 FAO

Sawmill industry residues 9.6 Mm3 sw 2017 CAL

Sawnwood 23.1 Mm3 sw 2017 FAO + Convers

IMP 4.8 Mm3 sw 2017 FAO + Convers

EXP 9.5 Mm3 sw 2017 FAO + Convers

AC 18.4 Mm3 sw 2017 FAO + Convers

Pulpwood 10.5 Mm3 rw 2017 FAO + Convers

Wood pulp primary 8.7 Mm3 sw 2017 FAO + Convers

IMP 19 Mm3 sw 2017 FAO + Convers

EXP 4.5 Mm3 sw 2017 FAO + Convers

Wood fibre recovery industry 41.0 Mm3 sw 2017 CAL

Wood 15.1 Mm3 sw 2017 FAO + Convers

Paper 25.9 Mm3 sw 2017 FAO + Convers

Secondary PULP IMP rec. Paper 8.2 Mm3 sw 2017 FAO + Convers

Secondary PULP EXP rec. Paper 4.9 Mm3 sw 2017 FAO + Convers

Secondary PULP NET IMP rec. Pap 3.3 Mm3 sw 2017 CAL

Output domestic pulp 52.4 2017 CAL

Out of balance pulp 4.6 2017 CAL

Paper and paperboard 57 F Mm3 2017 CAL

IMP 16 F Mm3 2017 CAL

EXP 19.3 F Mm3 2017 CAL

APP 53.7 F Mm3 2017 CAL

Panel industry INPUT row material 7.9 Mm3 sw 2018 INFRO

Panel industry INPUT residues 7.5 Mm3 sw 2018 INFRO

Wood based panel 16.6 Mm3 sw 2017 FAO + convers

IMP 5 Mm3 sw 2017 FAO + convers

EXP 8.5 Mm3 sw 2017 FAO + convers

AC 13.1 Mm3 sw 2017 FAO + convers

Wood fuel 22.3 Mm3 rw 2017 FAO

IMP 0.4 Mm3 rw 2017 FAO

EXP 0.1 Mm3 rw 2017 FAO

Net import 0.3 Mm3 rw 2017 FAO

Household 27.2 Mm3 2017 JWEE

Household direct 19.5 Mm3 2017 JWEE

Household indirect 6.4 Mm3 2017 JWEE

Household recovered 1.2 Mm3 2017 JWEE

U1 Power and heat 15 Mm3 2017 JWEE

U1 Power and heat direct 3.4 Mm3 2017 JWEE

U1 Power and heat indirect 3.2 Mm3 2017 JWEE
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Product class Value Unit Year Based on

U1 Power and heat recovered 7.8 Mm3 2017 JWEE

U2 Industrial 10.5 Mm3 2017 JWEE

U2 Industrial direct 1.4 Mm3 2017 JWEE

U2 Industrial indirect 5.7 Mm3 2017 JWEE

U2 Industrial recycled 3.2 Mm3 2017 JWEE

U4 Other 7 Mm3 2017 JWEE

Bark 4.7 Mm3 sw 2017 UNECE

Black liquor 3.7 Mm3 sw 2018 INFRO

Sankey values for France 2017.

Product class Value Unit Year Based on

IRW 25.3 Mm3 rw 2017 FAO

Import 1.9 Mm3 rw 2017 FAO

Export 3.8 Mm3 rw 2017 FAO

Bark 3.2 Mm3 rw 2017 UNECE

Sawlogs and veneer 16.7 Mm3 rw 2017 FAO

Residues 8.6 Mm3 2017 CAL

Panel industry 4 Mm3 sw 2018 INFRO

Residues 0.72 Mm3 2018 INFRO

Pulpwood 8 Mm3 rw 2017 FAO

Residues 4.2 Mm3 rw 2017 CALC

Sawnwood 8.1 Mm3 sw 2017 FAO + Conve

IMP 2.7 Mm3 sw 2017 FAO + Conve

EXP 1.4 Mm3 sw 2017 FAO + Conve

AC 9.4 Mm3 sw 2017 FAO + Conve

Wood based panel 8.2 Mm3 sw 2017 FAO + Conve

IMP 3.2 Mm3 sw 2017 FAO + Conve

EXP 4.2 Mm3 sw 2017 FAO + Conve

AC 7.2 Mm3 sw 2017 FAO + Conve

Paper and paperboard 23.3 Mm3 sw 2017 FAO + Conve

IMP 8.1 Mm3 sw 2017 FAO + Conve

EXP 11.6 Mm3 sw 2017 FAO + Conve

APP 19.8 Mm3 sw 2017 FAO + Conve

Wood pulp 6.1 Mm3 sw 2017 FAO + Conve

Import pulp 7.2 Mm3 sw 2017 FAO + Conve

Exported 2 Mm3 sw 2017 FAO + Conve

App con wood pulp 11.3 Mm3 sw 2017 FAO + Conve

Wood fiber recovery industry 27 Mm3 sw 2017 FAO + Conve

Recovered wood 14.6 Mm3 sw 2017 FAO + Conve

Recovered paper 
converted

12.4 Mm3 sw 2017 FAO + Conve

Import 0.7 Mm3 sw 2017 FAO + Conve

Export 2.9 Mm3 sw 2017 FAO + Conve

Wood fuel 24.9 Mm3 rw 2017 FAO + Conve

Wood fuel Import 0.2 Mm3 rw 2017 FAO + Conve
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Product class Value Unit Year Based on

Export 0.5 Mm3 rw 2017 FAO + Conve

Household 27.4 Mm3 sw 2017 JWEE

Household direct 19.9 Mm3 sw 2017 JWEE

Household indirect 7.4 Mm3 sw 2017 JWEE

Household recovered 0.0 Mm3 sw 2017 JWEE

U1 Power and heat 5.1 Mm3 sw 2017 JWEE

U1 Power and heat direct 2.3 Mm3 sw 2017 JWEE

U1 Power and heat indirect 2.0 Mm3 sw 2017 JWEE

U1 Power and heat recovered 0.8 Mm3 sw 2017 JWEE

U2 Industrial 7.7 Mm3 sw 2017 JWEE

U2 Industrial direct 1.6 Mm3 sw 2017 JWEE

U2 Industrial indirect 5.8 Mm3 sw 2017 JWEE

U2 Industrial recycled 0.4 Mm3 sw 2017 JWEE

U4 Other 0.0 Mm3 sw 2017 JWEE

Panel industry wood recovery input 1.92 Mm3 sw 2018 CALC

Panel industry residuals input 3 Mm3 sw 2018 INFRO

Pulp industry input residuals 2.3 Mm3 sw 2018 INFRO

Sankey values for Spain 2017.

Product class Value Unit Year Based on

IRW 14.6 Mm3 rw 2017 FAO

Import 0.6 Mm3 rw 2017 FAO

Export 1.4 Mm3 rw 2017 FAO

Sawlogs and veneer 5.5 Mm3 rw 2017 FAO

Residues 2.7 Mm3 2017 CAL

Pulpwood 8.15 Mm3 sw 2017 FAO

Residues 3.2 Mm3 sw 2018 INFRO

Sawnwood 2.8 Mm3 sw 2017 FAO + Conver

IMP 1.1 Mm3 sw 2017 FAO + Conver

EXP 0.3 Mm3 sw 2017 FAO + Conver

AC 3.6 Mm3 sw 2017 FAO + Conver

Wood based panel 6.5 Mm3 sw 2017 FAO + Conver

IMP 1 Mm3 sw 2017 FAO + Conver

EXP 1.6 Mm3 sw 2017 FAO + Conver

AC 5.9 Mm3 sw 2017 FAO + Conver

Paper and paperboard Mm3 sw 2017 FAO + Conver

IMP 4.2 Mm3 sw 2017 FAO + Conver

EXP 3.5 Mm3 sw 2017 FAO + Conver

APP 0.7 Mm3 sw 2017 FAO + Conver

Wood pulp 6.3 Mm3 sw 2017 FAO + Conver

Import pulp 3.9 Mm3 sw 2017 FAO + Conver

Exported 3.4 Mm3 sw 2017 FAO + Conver

Apparent + recovered wood pulp 14.5 Mm3 sw 2017 FAO + Conver

Wood fibre recovery industry - Mm3 sw 2017 FAO + Conver

Recovered wood 0.7 Mm3 sw 2017 FAO + Conver

APPENDIX B  (Continued)
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Product class Value Unit Year Based on

Recovered paper 
converted

7.7 Mm3 sw 2017 FAO + Conver

Import rec paper 2.5 Mm3 sw 2017 FAO + Conver

Export rec pap 1.8 Mm3 sw 2017 FAO + Conver

Wood fuel 2.3 Mm3 rw 2017 FAO + Conver

Wood fuel Import - Mm3 rw 2017 FAO + Conver

Export - Mm3 rw 2017 FAO + Conver

Household - Mm3 sw 2017 JWEE

Household direct - Mm3 sw 2017 JWEE

Household indirect - Mm3 sw 2017 JWEE

Household recovered - Mm3 sw 2017 JWEE

U1 Power and heat - Mm3 sw 2017 JWEE

U1 Power and heat direct - Mm3 sw 2017 JWEE

U1 Power and heat indirect - Mm3 sw 2017 JWEE

U1 Power and heat recovered - Mm3 sw 2017 JWEE

U2 Industrial - Mm3 sw 2017 JWEE

U2 Industrial direct - Mm3 sw 2017 JWEE

U2 Industrial indirect - Mm3 sw 2017 JWEE

U2 Industrial recycled - Mm3 sw 2017 JWEE

U4 Other - Mm3 sw 2017 JWEE

Panel industry raw wood input 3.4 Mm3 sw 2018 INFRO

Panel industry wood recovery input 0.7 Mm3 sw 2018 INFRO

Panel industry residuals input 2.3 Mm3 sw 2018 INFRO

Panel industry wood recovery output 0.3 Mm3 sw 2018 INFRO

Pulp industry input residuals 0.3 Mm3 sw 2018 INFRO

Bark 1.8 Mm3 sw 2017 UNECE

Black liquor 3.2 Mm3 sw 2018 INFRO

Sankey values for Finland 2017.

Product class Value Unit Year Based on

IRW 55.3 Mm3 rw 2017 FAO

Import 4.8 Mm3 rw 2017 FAO

Export 0.9 Mm3 rw 2017 FAO

Bark Mm3 sw 2017 UNECE

Sawlogs and veneer 24.4 Mm3 rw 2017 FAO

Residues 12.6 Mm3 2018 CALC

Panel industry 3.2 Mm3 sw 2018 INFRO

Residues 1.9 Mm3 2018 INFRO

Pulpwood 30.8 Mm3 rw 2017 FAO + Convers

Residues 19.9 Mm3 sw 2018 INFRO

Sawnwood 11.8 Mm3 sw 2017 FAO + Convers

IMP 0.6 Mm3 sw 2017 FAO + Convers

EXP 9.4 Mm3 sw 2017 FAO + Convers

AC 3 Mm3 sw 2017 FAO + Convers

Wood based panel 1.4 Mm3 sw 2017 FAO + Convers

IMP 0.4 Mm3 sw 2017 FAO + Convers

APPENDIX B  (Continued)
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Product class Value Unit Year Based on

EXP 1.1 Mm3 sw 2017 FAO + Convers

AC 0.7 Mm3 sw 2017 FAO + Convers

Paper and paperboard 13.4 Mm3 sw 2017 FAO + Convers

IMP 0.5 Mm3 sw 2017 FAO + Convers

EXP 12.7 Mm3 sw 2017 FAO + Convers

APP 1.2 Mm3 sw 2017 FAO + Convers

Wood fiber recovery industry Mm3 sw 2017 FAO + Convers

Recovered wood 0.8 Mm3 sw 2017 FAO + Convers

Recovered paper 
converted

1.1 Mm3 sw 2017 FAO + Convers

Import 0 Mm3 sw 2017 FAO + Convers

Export 0 Mm3 sw 2017 FAO + Convers

Wood fuel 7.9 Mm3 rw 2017 FAO + Convers

Wood fuel Import 0 Mm3 rw 2017 FAO + Convers

Export 0 Mm3 rw 2017 FAO + Convers

Household 6.3 Mm3 sw 2017 JWEE

Household direct 5.4 Mm3 sw 2017 JWEE

Household indirect 0.6 Mm3 sw 2017 JWEE

Household recovered 0.2 Mm3 sw 2017 JWEE

U1 Power and heat 11.4 Mm3 sw 2017 JWEE

U1 Power and heat direct 4.9 Mm3 sw 2017 JWEE

U1 Power and heat indirect 5.7 Mm3 sw 2017 JWEE

U1 Power and heat recovered 0.7 Mm3 sw 2017 JWEE

U2 Industrial 22.8 Mm3 sw 2017 JWEE

U2 Industrial direct 0.5 Mm3 sw 2017 JWEE

U2 Industrial indirect 22.2 Mm3 sw 2017 JWEE

U2 Industrial recycled 0.05 Mm3 sw 2017 JWEE

U4 Other 0 Mm3 sw 2017 JWEE

Panel industry wood residues output 1.9 Mm3 sw 2018 INFRO

Panel industry wood recovery input 0.2 Mm3 sw 2018 INFRO

Panel industry residuals input 0.1 Mm3 sw 2018 INFRO

Panel industry wood recovery output 2 Mm3 sw 2018 INFRO

Pulp industry input residues 11 Mm3 sw 2018 INFRO
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