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Abstract
Harvested wood products (HWPs) store a significant amount of carbon while long-lived 
products and wooden buildings can be among the most effective means for carbon stor-
age. Wood products’ lifetime extension and appropriate waste management, recycling, and 
reuse can further contribute to the achievement of climate goals. In our study we projected 
under 10 different scenarios the carbon storage, carbon dioxide and methane emissions of 
the Hungarian HWP pool up to 2050 in order to find the combination of wood industry-
related measures with the highest climate change mitigation effect. For the projection we 
used the country-specific HWP-RIAL model to predict emissions associated with the end-
of-life and waste management of wood products. The main conclusion is that without addi-
tional measures the Hungarian HWP pool would turn from a carbon sink to a source of 
emissions by 2047. To maintain the Hungarian HWP pool to be a continuous carbon sink 
it is essential to implement additional climate mitigation measures including cascading 
product value chains, and approaches of a circular bioeconomy. We find the most effec-
tive individual measures are increasing product half-life, increasing recycling rate and 
increasing industrial wood production through increased industrial wood assortments and 
increased harvest. With the combination of these measures a maximum average annual cli-
mate change mitigation potential of 1.5 Mt  CO2 equivalents could be reached during the 
2022–2050 period.

Keywords HWP · Climate change mitigation · Carbon storage · Half-life extension · 
Incineration · Solid waste disposal

1 Introduction

The forest industry can contribute to climate change mitigation efforts through four means: 
carbon storage in forests, carbon storage in long-lived wood products, material substitu-
tion of emission intensive products, and energy substitution of fossil fuels (Verkerk et al. 
2022). Wood is an energy efficient, low carbon construction material that if carefully man-
aged can contribute significantly to European climate policy goals (Sikkema et al. 2023). 
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Protective measures, such as biodiversity conservation or reduced harvest focus on storing 
carbon within forest ecosystems and require restricted wood use, while measures focusing 
on carbon storage in wood products or on substitution effects might have negative implica-
tions for carbon storage in forest ecosystems (Johnston and  Radeloff 2019; Churkina et al. 
2020; Verkerk et al. 2022). This contradiction can be resolved by the separation of forest 
functions (Kottek et al. 2023a). Forests with low level of naturalness can be regarded as 
carbon pumps, the role of which is not the storage of carbon but its sequestration and chan-
neling into the wood product carbon storage pool providing raw material for an innovative, 
prosperous, and climate-friendly forest industry (Kottek et al. 2023a).

With ongoing climate change forests face increasing disturbance risks (Verkerk et  al. 
2022). Tree species distribution modelling shows that, in the coming decades almost all 
main European tree species will experience reductions of their suitable areas, especially in 
eastern and southern Europe (Verkerk et al. 2022). Climate envelope analysis of nine tree 
species currently spread in southern and south-eastern Europe shows that  Fagus sylvat-
ica L. and Picea abies H. Karst could lose 58% and 40% of their current distribution range, 
while Quercus pubescens Willd and Quercus cerris L. may win areas equal with 47% and 
43% of their current ranges (Illés and Móricz 2022). This emphasizes the importance of 
innovation in wood industry as the use of drought tolerant species for industrial purposes 
seems inevitable in the future.

Many doubts accompany the resource potential of hardwoods and their softwood sub-
stituting potential within their material utilization (Auer and Rauch  2020). Recently the 
interest in heat treatment processes has been renewed due to the declining production of 
high-quality timber, and also attributable to the increasing demand for sustainable build-
ing materials (Boonstra 2008; Esteves and Pereira 2009). Numerous studies analyze meth-
ods for improving wood technological properties of drought tolerant tree species, and the 
need to provide further information on the characteristics and performance of species of 
less industrial use and lower durability timber is arising (Esteves and Pereira 2009; Todaro 
2012). Promising results have been reported concerning the possible improvement of Tur-
key oak (Quercus cerris) wood properties by hydrothermal treating and enabling new 
industrial applications (Todaro et al. 2012; 2013; Cetera et al. 2016). Besides innovative 
wood products, technological advancement can also promote wood processing efficiency, 
minimize waste generation (Li et al. 2022) and foster recycling (Wilson 2010; Király et al. 
2023).

In Hungary, the ForestLab project (Borovics 2024) was initiated in 2022 as a compre-
hensive climate change mitigation endeavor, aiming to guide the national forest industry 
towards achieving net zero emissions. In this context modeling and carbon balance projec-
tions are essential to evaluate future effects of planned policies and measures. Wood prod-
uct models serve as valuable tools for estimating the future carbon dynamics of harvested 
wood products (HWPs), thereby enabling the evaluation of their potential contributions to 
climate change mitigation strategies (Brunet-Navarro et al. 2018, 2021; Király et al. 2023). 
In the framework of the ForestLab project a new wood product model, the HWP-RIAL 
model (Harvested Wood Product Recycling, Incineration and Landfill model) was devel-
oped (Király et al. 2023). This material flow model is based on IPCC methodology (IPCC 
2006; 2019) and it is parametrized for Hungarian circumstances and supplemented with a 
self-developed recycling and waste-route-selection submodule. The model can project the 
amount of carbon stored in wood products in use and wood products accumulated in land-
fills, as well as the carbon dioxide  (CO2) and methane  (CH4) emissions originating from 
products going out of use and disposed of via incineration or solid waste disposal (Király 
et al. 2023).
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In this study we used the HWP-RIAL model to estimate the impact of wood industry-
related mitigation measures at the country level. The aim of our investigation was to simu-
late the net emissions originating from the Hungarian HWP pool under different scenarios 
and find the optimal combination of measures to reach the largest climate change mitiga-
tion effect.

2  Materials and methods

In this study we intended to estimate the future inflow into the HWP pool and the net emis-
sions arising from the end-of-life treatment of HWPs for the 2022–2050 period under dif-
ferent scenarios. Ten scenarios were modeled to represent possible combinations of cli-
mate change mitigation measures in the Hungarian forest industry. First the historic HWP 
production was estimated. Then the amount of timber available for harvest under a BAU 
approach and under an increased harvest approach was projected. Afterwards the future 
assortment composition under a BAU approach and another approach where industrial 
wood assortments were increased was projected. Based on these projections the HWP pro-
duction was modelled under four approaches. Thus, in the 10 scenarios two different har-
vest projections, and two assortment composition projections were used. The combination 
of these resulted in four HWP production approaches. These four approaches were com-
bined with different half-life values and different recycling and waste management meas-
ures resulting in the 10 examined scenarios.

For the projection of end-of-life HWP emissions the HWP-RIAL model was used 
(Király et al. 2023, for detailed model description see also the Appendix) which was devel-
oped in the framework of the ForestLab project. We parametrized the model for 10 differ-
ent scenarios assessing the impact of individual and bundled mitigation measures related to 
HWP production, use and end-of-life treatment. The data, projections, methodology of esti-
mating emissions, and parameters used are described in detail in the subchapters 2.1‒2.6 
below.

2.1  Historic HWP production data

In our study the same historic HWP production dataset (Fig. 1) was used as described by 
Király et  al. (2022). These production data are also used in the Hungarian Greenhouse 
Gas Inventory (NIR 2023) and can be publicly accessed through the website of the United 
Nations Framework Convention on Climate Change (CRF 2023). However, in contrast to 
the study by Király et al. (2022) HWPs originating from imported wood were included in 
the estimation of the present study.

2.2  Projection of timber available for harvest up to 2050

For the parametrization of the scenarios, we used two different harvest projections 
(Fig.  2). In the first one it was assumed that the amount of timber harvested will be 
equal to the average harvest of the 2017–2021 years with the same tree species compo-
sition. In the second case we used the projection of Borovics et al. (2023). This latter 
one is a simple projection on the maximum amount of timber available for harvest for 
the period 2020–2100. It is based on the data of the National Forestry Database (NFD) 
and the cutting ages prescribed by the Forest Authority in the Forest Management Plans. 
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Fig. 1  Production data of semi-finished wood products in the 1964–2021 period including domestic pro-
duction based on imported roundwood (source NIR 2023 and Király et al. 2022)

Fig. 2  Average 2017–2021 annual increment and harvest and the average timber anually becoming avail-
able for harvest in the 2022–2050 period
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The methodology of the projection does not count with tree species replacements dur-
ing forest regeneration, all forest stands subject to final harvest are regenerated with the 
same tree species and remain in the same yield class and preserve their same cutting 
age during the whole projection period. In our study we used the 2022–2050 average of 
the timber becoming availabe anually for harvest as projected by Borovics et al. (2023). 
This amount is defined as the maximum harvesting potential that can be achieved under 
sustainable forest management criterion in Hungary. As Fig. 2 shows the projected max-
imum harvesting potential is well below the average annual increment of the last five 
historic years. Considering this and the fact that the used harvest projection is derived 
from the cutting ages prescribed by the Forest Management Plans it is assured that this 
amount of timber could be harvested without compromising sustainability concerns.

2.3  Projection of the future assortment composition

We used two different assortment composition projections (Fig. 3) in the construction of 
the different scenarios. One was derived from the historic data of the National Statistical 
Data Collection Programme (NFK 2023). Whereas the modified assortment composi-
tion ratios were estimated using expert judgement (Börcsök et al. 2023). We assumed 
that targeted technological advancements would enhance the industrial use of drought-
tolerant tree species, thereby increasing the ratio of industrial assortments relative to 
firewood assortments.

The net volume of the sawlog, pulpwood and firewood assortments was projected 
based on the harvest projections and the two potential assortment compositions (Fig. 4). 
For both the average and increased harvest level the average historic assortment compo-
sition as well as the modified assortment composition was applied. By this way four dif-
ferent projections were created regarding the net volume of the wood assortments. The 
calculations were carried out by tree species groups and then the results were summed 
up by assortment types.

Fig. 3  Average 2017–2021 assortment composition and estimated potential for increased industrial wood 
assortment by tree species groups (‘i’ meaning increased industrial wood assortment; tree species groups: O 
oak, TO Turkey oak, B beech, H hornbeam, BL black locust, OHB other hard broadleaved, HP hybrid pop-
lars, IP indigenous poplars, W willow, OSB other soft broadleaved, P pines)
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2.4  Projection of HWP production

For the projection of future HWP production the projected assortment volumes (Fig.  4) 
were used. Equation (1) describes the method of the projection.

where:

HWPprodproj  projected production of the HWP commodity (sawnwood, particle board 
or paper and paperboard);

AVGHWPprod,dt  2017-2021 average production of the HWP commodity produced from 
domestically harvested timber;

Projia  projected volume of the industrial wood assortment (sawlog, pulpwood for 
boards or pulpwood for paper);

AVGia  2017-2021 average volume of the industrial wood assortment (sawlog, 
pulpwood for boards or pulpwood for paper);

AVGHWPprod,it  2017-2021 average production of the HWP commodity from imported 
timber raw material.

Figure  5 shows the projected amount of HWP commodities under the four different 
HWP production approaches examined in this study.

2.5  The HWP‑RIAL model

For modeling the impact of the different mitigation measures the HWP-RIAL model 
(Király et al. 2023) was used (Fig. 6, Appendix) which is a country specific material flow 
model calculating end-of-life HWP emissions as well as the impact of recycling.

(1)HWPprod proj =

(

AVGHWP prod,dt ×
Projia

AVGia

)

+ AVGHWP prod,it

Fig. 4  Average 2017–2021 and projected industrial wood assortments under four different approaches
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The equations describing the calculations carried out during model runs are presented 
by Király et al. (2023) and also described in detail in the Appendix. The initial HWP stock 
 (Ci t0) was calculated as described in Király et al. (2022) using the same carbon conversion 
factors (Appendix) and as recommended by IPCC (2019). The starting year of the HWP 
first order decay equations was 1964, and the initial stock was calculated for that year.

The recycling module of the HWP-RIAL model is redirecting one part of the out-
flow from the HWP first order decay equations to the inflow. The share of the recy-
cled amount is regulated by the recycling rate. In this study the recycled wood waste 
was reiterated for the production of sawnwood (20%), particle board (50%), MDF (20%) 

Fig. 5  Average 2017–2021 and projected HWP production under four different scenarios

Fig. 6  Flowchart of the HWP-RIAL model (HL: half-life, SWDSs: solid waste disposal sites)
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and other board (10%). This means that in the recycling loop not the original prod-
uct category was used to imitate cascading effects. For the estimation of the recycling 
rate, we used the expert judgement of Börcsök et al. (2023). The half-life of the recy-
cled HWP commodities was set the same as the half-life of the particular HWP com-
modity when produced from virgin material. The waste sub-model of the HWP-RIAL 
model was modified as in this study the impact of HWPs in unmanaged solid waste dis-
posal sites (SWDSs) is also considered. The waste model for managed and unmanaged 
SWDSs was parametrized consistently with the Hungarian Greenhouse Gas Inventory 
(Table 1). In order to get a realistic initial stock for HWPs in SWDSs the starting year 
of the waste sub-models was set to 1940, and a constant HWP waste outflow to SWDSs 
was assumed for the years 1940–1964 which was set equal to the average historic out-
flow from 1965–1969.

2.6  Scenario parametrization

In this study 10 different scenarios were examined (Table 2 and 3). For the parametrization 
of the BAU scenario country specific data derived from the Hungarian National Environ-
mental Information System (OKIR 2023), the Hungarian Greenhouse Gas Inventory (NIR 
2023), and the National Waste Management Plan (2021) was used as described by Király 
et al. (2023). In the model parametrization, unmanaged SWDSs without methane recovery 
were also taken into account which resulted in a smaller methane recovery rate as com-
pared to Király et al. (2023). Half-life values were taken from IPCC (2019).

Scenarios were created to assess the impact of individual mitigation measures (HL, 
Recycl, W, IncInd, IncH) and their combination (IncH-IncInd, C1, C2, C3). Table  2 
contains the description of the scenarios. The parametrization of the scenarios was car-
ried out based on the National Waste Management Plan (2021) and expert judgement 
(Börcsök et al. 2023).

Table 1  Parameters used in the waste sub-model (source: Hungarian GHGI and IPCC 2006)

Waste Model Parameters

DOCf (fraction of DOC dissimilated) 0.5
k (methane generation rate constant,  years−1) wood 0.02
k (methane generation rate constant,  years−1) paper 0.04
Half-life of wood waste (years) 35
Half-life of paper waste (years) 17
OX (oxidation factor, fraction), managed SWDS 0.1
OX (oxidation factor, fraction), unmanaged SWDS 0
MCF (methane correction factor for aerobic decomposition in the year of deposition, fraction), man-

aged SWDS
1

MCF (methane correction factor for aerobic decomposition in the year of deposition, fraction), 
unmanaged, shallow

0.4

MCF (methane correction factor for aerobic decomposition in the year of deposition, fraction), 
unmanaged, deep

0.8

F (fraction of methane in developed gas) 0.5
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3  Results

According to our calculations between the period from 1964 to 2021 the carbon stock of 
the HWPs in use increased from 13.2 Mt carbon (C) to 17.5 Mt C. Under the BAU sce-
nario the projected carbon stock of the HWPs in use is 19.8 Mt C by 2050 (Fig. 7). The 
long-term stored non-decomposable carbon accumulated in SWDSs and the decomposable 
degradable organic carbon (DDOCm) is also gradually increasing under the BAU scenario 
(Fig. 7) as the share of landfilled wood and paper waste is unchanged during the whole 
projection period.

Figure 8 shows annual historic and projected inflow to the HWP pool as well as annual 
 CO2 emissions from end-of-life combustion of HWPs, and  CO2 and  CH4 emissions 
(expressed in  CO2 equivalent units) originating from landfilled HWPs as well as total net 
 CO2 equivalent (eq) emissions. Under the BAU scenario HWPs are turning into a source of 
emissions in 2047, and their projected annual emission for 2050 is 33 kt  CO2 eq.

The projected net emissions under the 10 different scenarios are shown in Fig. 9. While 
under the BAU scenario HWPs turn into a source of emissions by 2047, in all other sce-
narios HWPs remain a carbon sink in the projection period. The BAU scenario results in 
the least carbon sequestered in the HWP pool up to 2050 (Fig. 10). The scenario with indi-
vidual waste management measures (W scenario) has smaller emission reduction effect, 
while scenarios with increased recycling rate (scenarios Recycl and C1), increased half-life 
values (scenarios HL and C1) or increased HWP production (scenarios IncInd, IncH, IncH-
IncInd, C2 and C3) result in less emissions and more carbon sequestered in the HWP pool. 
Half-life extension has a faster effect in emission reduction while recycling has a more 
prolonged effect. Increasing the inflow itself (through increased harvest or increased indus-
trial assortments) has a one-time effect in carbon sequestration that gradually decreases in 
time. In contrast increasing half-life, increasing recycling rates and increasing  CH4 recov-
ery in SWDSs and decreasing the landfilled amount have prolonged effects that gradually 
increase in time.

Fig. 7  Historic and projected carbon stock of HWPs in use and HWPs deposited in SWDSs under the BAU 
scenario
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Figure 10 shows total carbon stock of HWPs in use as projected under the different 
scenarios. The projected amount of carbon stored in HWPs by 2050 under the BAU sce-
nario is 19.8 Mt C, whereas under C3 scenario it is 31.2 Mt C. This means that a great 
difference (up to 11.4 Mt C) exists between the scenarios in the magnitude of the carbon 
storage in products used. Carbon storage in SWDSs (Fig. 11) varies between 2.9 Mt C 
(IncH-IncInd scenario) and 3.8 Mt C (C1 scenario) by 2050.

Fig. 8  Historic and projected inflow and  CH4 and  CO2 emissions (expressed in kt  CO2 eq units) under the 
BAU scenario

Fig. 9  Total net emissions (including  CH4 and  CO2 emissions) under the examined scenarios up to 2050
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Figure 12 shows the magnitude of average (2017–2021) annual historic net removals of 
the HWPs and the projected net annual average removals under the examined scenarios. 
Scenarios linked to individual mitigation measures had smaller average projected carbon 
removals than the average of the last five historic years. Scenarios with increased harvest or 
combined mitigation measures are characterized with larger removals as compared to the 
historic five-year average. Combining all the examined mitigation measures (C3 scenario) 
would result in -1.6 Mt  CO2 net average annual removal in the projection period which 
is 3.5 times higher than the average removals of the last five historic years. Even without 
increasing the harvest -853 kt  CO2 net average annual removal could be reached (C2 sce-
nario) when combining half-life extension, increased recycling, increased industrial wood 
assortment with favouralbe solid waste disposal measures. This amount is 1.9 times higher 
than the average removals of the HWP pool of the last five historic years.

The average annual climate mitigation potential of each scenario is the difference 
between the average annual net emissions associated with that scenario and the average 
annual net emissions of the BAU scenario (Fig. 13). The mitigation potential associated 
with increasing half-life, recycling rates or industrial wood assortments had the same 
order of magnitude. Mitigation measures related to solid waste disposal had the smallest 

Fig. 10  Total carbon stock of the HWPs in use as projected under the examined scenarios up to 2050
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mitigation effects. While increasing harvest or combining individual measures had the 
largest mitigation effect.

4  Discussion

In this study we examined the effect of individual and bundled climate change mitigation 
measures related to the Hungarian wood industry. This was the extension of our investi-
gation described in Király et  al. (2023), which dealt with modeling mitigation measures 
related to the end-of-life treatment of particleboard produced in one single year. We came 
to similar conclusions on the country level as on the product level: the optimal is the com-
bination of individual measures as these reinforce the effects of each other. Wood product 
half-life extension and recycling have proven to keep wood products longer in the pool thus 

Fig. 11  Total carbon stock accumulated in SWDSs as projected under the examined scenarios up to 2050
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prolonging the effects of increased HWP inflow (through increased harvest and changed 
assortment composition).

However, it is important to stress that scenarios assuming increased harvest as compared 
to the historic harvest of the last five years are to be interpreted with caution as in these 
cases additional carbon sequestered in the HWP pool implies less carbon stored in for-
ests. Thus, these scenarios (i.e., IncH, IncH-IncInd and C3 scenarios), at least in the short 

Fig. 12  Average historic net annual carbon sequestration in HWPs in the 2017–2021 period and the pro-
jected average annual net emissions for the period 2022–2050 under 10 different scenarios. (Green coloumn 
indicates historic data whereas orange coloumns indicate projected data. Darker orange coloumns indicate 
the scenarios where the harvest is increased as compared to the average annual harvest of the 2017–2021 
period.)

Fig. 13  Average annual climate change mitigation potential of the examined scenarios as compared to the 
BAU scenario. (Darker green coloumns indicate the scenarios where the harvest is increased as compared 
to the average annual harvest of the 2017–2021 period.)
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term, have a greater mitigation effect considering the HWP pool only, whereas they have 
a smaller mitigation effect considering the whole Land Use Land Use Change and For-
estry (LULUCF) sector. It is important to underline that the maximum harvesting poten-
tial assumed in this study is higher than the value set under the ’Increased logging rate’ 
scenario of the National Energy and Climate Plan of Hungary (Hungary 2019). However, 
it must also be emphasized that even in the scenarios where we calculated with increased 
harvest levels the criterion of sustainable forest management was still met. This as only 
those forests were regarded available for harvest, which reached their prescribed cutting 
age (Borovics et al. 2023), and the average projected harvest remained below the average 
annual increment.

To assess the climate change mitigation potential of the HWP carbon storage from a 
system perspective, the biogenic carbon implications in the forest, as well as fossil GHG 
emissions from the forest industry, and substitution effects would have to be included in 
the analysis (Grassi et al. 2021). Fortin et al. (2012) built a set of models to represent the 
whole forest-wood product chain and estimate the carbon balance of the HWPs in use and 
landfilled together with emissions from HWP processing and substitution effects. Indeed, 
quantifying substitution effects in the case of Hungary may further support the importance 
of HWPs in mitigating climate change.

We consider the most important result of our research the fact that even without increas-
ing harvest an additional annual mitigation potential of 721 kt  CO2  year−1 could be reached. 
This annual mitigation potential is equal to the 12% of the average annual LULUCF car-
bon removals of the 2017–2021 period (NIR 2023), and it means in total 20.9 Mt  CO2 eq 
additionally sequestered carbon in the 2022–2050 period as compared to the BAU sce-
nario. Considering the scenarios associated with increased harvest a maximum of 1.5 Mt 
 CO2 eq mitigation potential could be reached which is well above the current annual car-
bon sequestration of the Hungarian HWP pool, and which is equal to the 25% of the aver-
age annual LULUCF carbon removals of the 2017–2021 period (NIR 2023). This means 
that with increased harvests in total 42.7 Mt  CO2 eq additional carbon removal could be 
reached in the HWP pool up to 2050. On the other hand, a joint modelling of the forestry 
and wood industry sector would be necessary in order to evaluate the mitigation potential 
of each scenario against the EU land-based sink target established for Hungary, set at -5.7 
Mt  CO2 eq for 2030 (EU 2018). Additional afforestation may be required to align increased 
harvest levels with climate targets.

Regarding the impact of the individual mitigation measures we can state that measures 
related to SWDSs have the smallest impact. This is attributable to the rate of landfilled 
wood waste being currently 6% and the rate of landfilled paper waste being 10% according 
to the data of the Hungarian National Environmental Information System (OKIR 2023). 
As the share of landfilled waste is that low the emission reduction effect of decreasing this 
rate further is only marginal. However, methane recovery for energy generation is a useful 
measure to mitigate the negative environmental impacts of solid waste disposal.

We found the impact of recycling and wood product half-life extension to hold a similar 
magnitude for climate change mitigation. These measures are the basis of a circular bioec-
onomy (EC 2020) and they can help keeping carbon sequestered in long-lived wood prod-
ucts as long as possible (IPCC 2022; Verkerk et al. 2022). This can be complemented by 
increasing industrial wood assortments which is favourable over the immediate energetic 
utilization of wood (Verkerk et al. 2022; Li et al 2022). However, the energy demands of 
society must not be compromised by increasing industrial wood assortments. In Hungary, 
the use of firewood is notably high (NFK 2023), with many rural households relying solely 
on wood-based heating systems. Consequently, the utilization of firewood remains virtually 
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unavoidable in the country today. Despite the importance of wood in industrial applica-
tions, firewood remains a crucial component of the Hungarian bioeconomy. As a renewable 
source of bioenergy, wood can substitute for the use of fossil fuels thus bringing additional 
climate change mitigation potentials (Leskinen et al. 2018). Biomass for bioenergy is one 
of the most flexible sources of renewable energy as it is storable and can be used for pro-
duction of electricity and heat (Sartori et al. 2006). When industrial wood assortments are 
increased new sources of firewood may be required when energetic wood use levels remain 
constant. In the case of the scenarios with increased harvest the amount of firewood is not 
decreasing as compared to the average 2017–2021 firewood extraction (Fig. 4). In contrast 
in the case of increased industrial wood assortments and unchanged harvest the projected 
firewood extraction is below the 2017–2021 average (Fig. 4). In order to maintain current 
firewood levels, long or short rotation forest plantations can be a source to provide addi-
tional firewood (Searchinger et al. 2008; Djomo et al. 2011). Following the concept of cas-
cading systems (Budzinski et al. 2020) wood products reaching their end-of-life can also 
be energetically utilized if they are not appropriate for reusing, or recycling as raw materi-
als (Verkerk et al. 2022). In addition, the use of more efficient combustion appliances in 
households can decrease the demand for firewood.

It is important to note that in this study emissions from end-of-life HWP combustion 
and emissions from HWPs disposed at SWDSs were aggregated, and HWPs produced 
from imported wood were included in the calculation. This means that the total net emis-
sions calculated in this study are not completely comparable to emissions reported in the 
Hungarian National Greenhouse Gas Inventory (GHGI). The current methodology of the 
Greenhouse Gas Inventory is assuming instantaneous oxidation of the total outflow from 
the HWP pool, and Hungary does not account for emissions and removals originating from 
wood products produced from imported wood (NIR 2023). In the BAU scenario of this 
study the total net removals for the year 2021 are -571 kt  CO2. According to the Hungar-
ian GHGI the net removals of the HWP pool amount to -933 kt  CO2 in 2021 (NIR 2023), 
this value however does not include emissions from SWDSs, nor does it include emissions 
from products produced from imported wood. Emissions from SWDSs are accounted for 
in the waste sector of the GHGI and they are not linked to the HWPs, but a combined 
waste category is applied including wood, wood waste and part of bulky waste together. 
In line with the methodology of the IPCC (2019) emissions from imported raw materials 
are not accounted for in the GHGI. As Király et al. (2022) point out the HWP subcategory 
which is produced from imported wood is a source of emissions since 1989, which implies 
that omitting imported wood from the HWP accounting results in higher net removals. In 
this study emissions from landfills and emissions from imported wood were considered in 
order to get a more holistic picture on the intersectoral effects (i.e., to examine trade-offs 
between the LULUCF and the Waste sector) and to assess the impact of the total produc-
tion of the Hungarian wood industry.

Borovics et al. (2023) foresee decreasing industrial wood assortments after 2050 due to 
the age-class structure of the Hungarian forests and due to the substitution of hybrid poplar 
stands with indigenous poplars and the obligatory transformation of black locust (Robinia 
pesudoacacia) stands into native forests in nature conservation areas. On the other hand, 
climate change has an increasing effect on tree species distribution and future wood assort-
ments (Illés and  Móricz 2022; Verkerk et  al. 2022). Nowadays European beech (Fagus 
sylvatica) and Norway spruce (Picea abies) are the species most negatively affected by 
global warming in Hungary, and a large part of low-elevation beech forests is projected to 
disappear due to the warming temperatures in the second half of the century (Mátyás et al. 
2010). In Hungary increasing damage to Norway spruce forests has been reported recently 
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(Mátyás et al. 2018; Ujvári-Jármay et al. 2016; Lakatos 1999) and the species is projected 
to vanish from low and mid-elevation areas (Verkerk et  al. 2022). Beech and Norway 
spruce forests in Hungary are continuously converted to forests with more stable species 
like oaks mixed with hornbeam, and the importance of associate species in oak forests is 
also increasing (Borovics et al. 2023). In the future drought tolerant species with currently 
low industrial wood assortments like Turkey oak (Quercus cerris) and indigenous pop-
lars are likely to gain large areas and become dominant species in timber production (Illés 
and Móricz 2022; Borovics et al. 2023). These facts underline the importance of increasing 
industrial wood assortments in the case of those species which are likely to gain more areas 
in the future. The IncInd, IncInd-IncH, C2 and C3 scenarios were set up in this study to 
model the effect of wood industry innovation and changing wood assortment composition. 
Our results showcase that it is possible to maintain or even increase carbon sequestration 
levels of the HWP pool under a changing climate and changing species composition using 
appropriate production technologies and producing long-lived wood products from drought 
tolerant species as a result of an innovative wood industry.

According to the model results, the most effective measures are extending product 
half-life, increasing recycling rates, and enhancing industrial wood production through 
improved assortments and increased harvesting. Therefore, innovation in the wood indus-
try and the inclusion of new drought-tolerant species in producing high-quality wood prod-
ucts are essential. New wood-based product types should be designed to prioritize reuse 
and recycling. Additionally, it is important to ensure that at the end of their life cycle, the 
waste generated can be composted or incinerated cost-effectively and with low emissions 
(Borovics et  al. 2023). Developing environmentally friendly coatings and preservatives 
could enable the energetic end-of-life utilization of wood products. Producing new innova-
tive wood-based products in large quantities at competitive prices or developing a subsidy 
system for their introduction is also crucial (Borovics et al. 2023). Additional harvesting 
potential could be unlocked by offering professional integration, and technological assis-
tance to forest managers and wood industry enterprises, using GIS applications to provide 
precise and geographically explicit information on the amount and value of wood stocks 
available for harvest in the country (Borovics et al. 2023).

Based on our study, we can state that the HWP-RIAL model proved to be suitable for 
predicting  CO2 and  CH4 emissions associated with the end-of-use and waste management 
of wood products at the country level, and to estimate the impact of wood-industry-related 
climate mitigation measures. The major limitation of our study is the lack of information 
on the forest carbon balance related to the modelled scenarios, especially in the case of 
increased harvest levels. Another weakness of the modelling approach is the fact that no 
country-specific half-life or carbon fraction values are available for the examined HWP 
commodities. Despite widespread recognition of the importance of cascade chains within 
the wood product lifecycle, several existing models employ recycling parameters that may 
inaccurately assign recycled wood to the same product category, potentially leading to 
overestimations of HWP carbon stocks (Schelhaas et al. 2004; Krankina et al. 2012; Fortin 
et al. 2012; Brunet-Navarro et al. 2018). In our modeling approach we use cascading recy-
cled wood allocation, however we have not developed different halflife values for recycled 
wood products, which may lead to overestimation of carbon stocks. In the framework of 
the ForestLab project, we are planning to further improve our modelling approach in order 
to model the joint impact of forest and wood industry related climate change mitigation 
measures using the HWP-RIAL model and the DAS forest model (Kottek 2017; Kottek 
et al. 2023b) to project net emissions or removals arising from Hungarian forests and wood 
products up to 2050.
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5  Conclusions

Here we projected under 10 different scenarios the carbon storage and the  CO2 and  CH4 
emissions of the Hungarian HWP pool up to 2050. The purpose of this investigation 
was to identify the most climate-beneficial practices and find the combination of wood 
industry-related climate mitigation measures with the highest climate change mitigation 
effect. The first conclusion is that without additional mitigation measures the Hungar-
ian wood product pool (including HWPs in use and HWPs in SWDSs) would turn from 
a carbon sink to a source of  CO2 emissions by 2047. It is thus essential to increase the 
inflow to the pool or decrease the outflow in order to achieve continuous or increasing 
carbon sinks in the HWP pool. To achieve this the most effective measures found are 
increasing product half-lives, increasing recycling rates and higher industrial wood pro-
duction through extended industrial wood assortments and increased harvest.

The second conclusion is that even without increasing harvests an additional annual 
mitigation potential of 721 kt  CO2 eq could be reached when combining half-life exten-
sion, increased recycling, and extended industrial wood assortments with improved 
solid waste disposal measures. This annual climate change mitigation potential is equal 
to 12% of the average annual LULUCF carbon removals of the 2017–2021 period and 
amounts to a total additional 20.9 Mt  CO2 eq being sequestered up to 2050. Ultimately, 
this indicates that even without increasing harvest rates the Hungarian wood industry 
has large climate change mitigation potentials by well-planned wood industry related 
measures thus contributing to reach climate goals set by 2050.
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