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Abstract

:

The forestry and forest-based sector play a significant role in climate change mitigation strategies and can contribute to the achievement of a climate-neutral economy. In this context, the ability of harvested wood products (HWP) to sequester carbon is of significant importance. The objective of this work is to make a projection of climate change mitigation potential of HWP, under different scenarios of wood utilization in Slovakia. This study builds on the comparison of different scenarios of industrial wood utilization till 2035 and presents the resulting impacts on the national carbon balance. The results suggest that the development of timber supplies after 2020 in Slovakia will be influenced, in particular, by the future changes in the age distribution and tree species composition as well as the extent of future accidental felling. Consequently, a predicted structure and availability of wood resources in Slovakia will be reflected in a higher share of the production of products with shorter life cycle and thus will negatively affect the carbon pool in HWP. By comparing the results of the four designed scenarios, it follows that the scenario with the greatest mitigation potential, is the one assuming the optimal use of wood assortments and limitation of industrial roundwood foreign trade.
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1. Introduction


Global climate change is a serious issue influencing the whole planet. Due to the increasing release of greenhouse gases and global warming it has gained great attention in the world [1]. According to the European Commission (EC) [2], the impact of global warming is transforming our environment, increasing the frequency and intensity of extreme weather events. Therefore, immediate and decisive climate action is essential. At national and global levels, long-term climate change mitigation strategies must be adopted to contribute to a achieve prosperous and climate-neutral economy [2,3,4] and meet the sustainable development goals.



The forestry and forest-based sector can play a significant role in this area. The ability of harvested wood products (HWP) to sequester carbon can be seen as a factor contributing to climate change mitigation [5,6]. A significant share of carbon removed from the forest is moved and stored in HWP [5,7], despite that after forest harvesting immediate losses of carbon to the atmosphere arise as carbon dioxide (decomposition of harvest residues, stump extraction, biomass burning, etc.). Under a sustainable forest management regime, carbon stock in forests is stable over time and the forest remains carbon neutral. Carbon sequestered in products adds to the carbon sequestered in forests. Its volume increases with successive harvests and decreases as wood products reach the end of their lifecycle [8]. Nabuurs et al [9] estimated that that EU forests and the forest sector currently produce an overall climate mitigation impact that amounts to about 13% of the total EU emissions. Pilli at al. [10] concluded that the EU mitigation potential of HWP is about 10% of the sink forest pools. From this perspective, considering that the lifetime of wood products is variable, priority should be given to long-term applications such as wooden constructions. Carbon sequestering after the product lifecycle can be lengthened by product recycling and reuse. Using residues, recycling (utilization in production) resources or recovered (collected after consumption) resources can be defined as cascading use of wood from trees [11]. The concept of wood cascading can help to optimize the use of wood in the whole chain of its processing and utilization [12]. Sathre and Gustavsson [13] argue that wood cascading can affect the energy and carbon balances through direct substitution of recovered wood (e.g., recycled paper), instead of raw wood, use of wood instead of non-wood alternatives, and prolonging the time of carbon storage in products. The longer the product in a cascade chain the longer carbon stays out of the atmosphere. Gustavsson et al. [14] mentions three different ways of how use of wood products can mitigate greenhouse gasses emission: (i) carbon sequestration by wood; (ii) substituting wood for more energy-intensive materials; and (iii) a direct substitution of fossil fuels by woody biomass to generate energy. In particular, the contribution of HWP to climate change mitigation occurs when they substitute fossil-based resources, as production and application of wood products is related to lower emissions of CO2 [15,16]. Changes in the improved utilization of wood assortments may lead to the increased production of HWP with longer life cycle and consequently positively influence the existing HWP carbon pool [6]. Sikkema et al. [17] considered a comparison between the different scenarios of cascaded use of wood and the use of wood for energy and concluded substantially lower greenhouse gases emissions than the Intergovernmental Panel on Climate Change (IPCC) default scenario. Long-term forest management strategies aiming at the increased production of sawlogs could further favor the climate benefits. These benefits follow from the use of sawlog supply for the production of long-lived materials, substitution of fossil-emission and energy intensive materials by wood, and recycling after their useful life to bioenergy [18].



Carbon accounting models are a typical instrument for estimating and forecasting carbon pools. Since 2012, HWP carbon sequestration research has mirrored a new general accounting framework and reporting rules defined for the second Kyoto Protocol commitment period [5,6]. This methodology gives valuable techniques and good practice codes for assessing anthropogenic greenhouse gas emissions by sources and removals by sinks stemming from land use or its change and forestry. Accounting shall be based on the change in the harvested wood products pool, estimated using the first-order decay function with default half-lives values. Countries may also use country-specific data to replace the default values and account in accordance with the definitions and estimation methodologies in the most recently adopted IPCC guidelines [19]. Jasinevičius et al. [5] states that national carbon pools of HWP can be dynamic, as a result of the intensive trade and changing trade patterns of HWP among countries. Carbon stock changes in HWP depend on several factors such as harvesting amounts, the final products and their end use, the service life of products, and the disposal/recycling or use as fuel at the end of service life [18].



There are different approaches and methods available to account for carbon stock changes in the HPW pool [5]. Most commonly used are the methodologies of the IPPC production accounting approach [3,20] providing three tiers of methods for estimating annual carbon stock change. These have been applied to many national or regional studies [6,21,22,23,24,25,26]. Although there are several approaches and methods in place to evaluate the contribution of HWP in terms of climate change mitigation at a national level, the results of analyses may significantly differ depending on the data accessibility, level of their aggregation, and methods used [6,22]. Jasinevičius et al. [27] found out that the volume of carbon stored on HWP can be underestimated when simpler methods and default values (IPCC Tier 2 method) nonspecific to the country are applied. Findings of Aleinikovas et al. [28] show that carbon inflow into the HWP pool is higher after the application of wood flow analysis contrasted with the IPCC default method. An increase in carbon storage adds extra credits to reporting countries, and can advance the utilization of HWP with longer life cycle to mitigate climate change [27].



There were not many examinations concentrated on carbon balance changes in the HWP carbon pool in Slovakia. Raši et al. [29] estimated the total amount of carbon stored in HWP in Slovakia about 15 Tg. Moravčík et al. [30] presented the preliminary results of carbon changes in HWP in relation to the changes in the factors affecting domestic wood flows. Parobek et al. [6] made a comparison of different wood utilization scenarios in Slovakia and estimated the impacts on the carbon balance on a national level. In the suggested scenarios, optimizing of harvested wood assortments and foreign trade variants were considered. The findings indicated that, under the same level of wood harvesting, changing the structure of produced wood assortments can increase the level of carbon stored in HWP.



The objective of this paper is to make a projection of climate change mitigation potential of HWP following from various situations in utilization of wood in Slovakia. The study builds on the comparison of the development of different scenarios of industrial wood utilizations till 2035 and presents the subsequent effects on the national carbon balance. The first scenario (S0 scenario) represents the current situation, which respects the real structure of domestically supplied wood and the current situation in foreign trade. Three additional scenarios (S1, S2, and S3) assume combinations of an improved utilization of available resources and increased domestic consumption of domestically produced timber.




2. Materials and Methods


2.1. Scenarios Determination


Two main factors related to wood utilization were considered when defining the scenarios. The first factor regarded the differences between the production potential of forests and the utilization of domestically produced wood. The Green Report [31] and expert studies related to production potential of forests in Slovakia [31,32] point out the long-term differences in the quality grades structure of the growing stock and the structure of quality grades of timber assortments supplied to the market. The second factor regarded the volume of industrial roundwood foreign trade. In 2017, over 2 mil. m3 of roundwood was exported, accounting for more than 21% of the domestic roundwood supply. To eliminate the negative impact of both factors on the level of domestic wood utilization (in terms of the volume and structure) the main strategic documents [33,34,35] proposed measures to improve the qualitative structure of supplied timber as well as to eliminate the export of roundwood in favor of increased domestic consumption. Based on these assumptions, we defined 4 main scenarios (Table 1).



Scenario S0 denotes a basic scenario and reflects the real and forecasted volume and qualitative structure of timber grades produced in forestry in Slovakia including foreign trade. Scenario S1 is referred to as a real scenario excluding foreign trade and reflects the actual and forecasted domestic timber production (its aim is to demonstrate the economic, social, and environmental benefits following from the exclusion of industrial roundwood foreign trade). Scenario S2 (ideal) considers the optimal (available) timber assortment structure and volume that could be supplied by forest owners and utilized by the industry (this volume and structure is identical to the actual and projected forest potential). This variant also supposes the optimal use of wood in the wood processing including the recycling of wood residues (sawdust, chips, offcuts, etc.). The last scenario S3 represents the ideal variant excluding foreign trade (theoretical scenario linking the economic, social, and environmental benefits resulting from optimal utilization of available forest potential volume and structure as well as from the increased level of domestic timber consumption).




2.2. Production and Trade Data


The following steps were taken to obtain the following types of data:




	
quantification of volume and qualitative production of timber divided into groups of coniferous and non-coniferous timber assortments I. - III. quality grade (mainly saw logs) as a basic input for timber production, IV. and V. quality grade (mainly pulpwood) as the basic input for the production of wood pulp and wood-based panels, and VI. grade (predominantly firewood),



	
quantification of export and import volumes of timber assortments according to the above-mentioned quality classes. The forecast for foreign trade (export and import volumes) for 2020-2035 was derived from the average volumes over the 5-year period 2013–2017,



	
calculation of the domestic consumption of timber assortments quality grades derived as according to the formula: domestic consumption = production + import − export,



	
calculation of volumes of semi-finished wood products (sawn wood, wood pulp, and wood-based panels) produced from the available input volumes of timber assortments,



	
calculation of the masses of carbon sequestered in the main categories of HWP: coniferous sawnwood, non-coniferous sawnwood, wood-based panels, and paper and paperboard.








Production and wood products trade data, used in the scenario to estimate carbon emissions and removals from HWP in Slovakia, originated from the FAOSTAT database [36]. For all input data (production of industrial wood and fuelwood, export and import of timber assortments, production of HWP) the historical time series for the period from 1989 to 2018 were used; development was forecasted until 2035. The aggregated data reported on each HWP category for Czechoslovakia (1989–1992) were split between Slovakia and Czechia using the data published by Parobek et al. [6].



The actual level of growing stock was derived from the Summary information on forests (SIF) in the Slovak Republic. To determine the quality structure of the production potential of forests, mathematical models based on domestic assortment tables were developed [37,38,39]. Based on the data of the SIF and National Forest Inventory and Monitoring [40], the total growing stock was divided into the timber quality grades as defined by the Slovak Technical Standards for classification of softwood and hardwood round timber [41,42] as follows: (a) logs of grades I., II. (veneer logs), IIIA. and IIIB. (sawlogs), (b) other industrial roundwood (IV. grade), (c) pulpwood (V. grade), (d) energy and fuelwood (VI. grade), and (e) waste. Other industrial roundwood was incorporated into the pulpwood category. A detailed description of this procedure is explained by Parobek et al. [6].



The forecasted production of wood products was determined on the basis of available resources, i.e., logging and deliveries of roundwood divided into individual quality grades based on the patterns of actual processing in the SR into the following 5 groups (Table 2):




	
production of coniferous sawnwood (85% of produced coniferous timber of quality grades I.–III. and 10% of produced coniferous timber of quality grades IV. and V.);



	
production of non-coniferous sawnwood (60% of produced non-coniferous timber of quality grades I.–III.);



	
panel production (5% of produced coniferous timber of quality grades I.–III. and 65% of produced coniferous timber of quality grades IV. and V.);



	
paper production (30% of produced non-coniferous timber of quality grades I.–III. and 90% of produced non-coniferous timber of quality grades IV. and V.);



	
other uses mainly for energy production (10% of produced coniferous and non-coniferous quality grades I.–III., 25% of produced coniferous timber of quality grades IV. and V. and 10% of produced non-coniferous quality grades IV. and V.).








For the sawnwood production, a conversion factor of 1.54 for coniferous timber and 1.82 for non-coniferous timber was considered. Conversion factors of 1.5 were considered for wood-based panel production and 3.6 for paper production, respectively. A conversion factor determines the volume of timber needed for the production of 1 m3 of a product.



The final sawmills production is divided into sawnwood (65% coniferous and 55% non-coniferous) and residues (35% coniferous and 45% non-coniferous) (Table 3).



Based on the relative distribution of products shown in Table 3, volume of residues from sawnwood production were used as feedstock for the production of wood-based panels and for energy production using the following proportions:




	
wood-based panels production (all residues from the production of coniferous sawn manufactured from saw logs, 50% of residues from the production of coniferous sawnwood manufactured from coniferous pulpwood and 44% of residues from the production of non-coniferous sawnwood manufactured from non-coniferous logs);



	
energy production (50% of residues from the production of coniferous sawnwood manufactured from coniferous pulpwood and 56% of residues from the production of non-coniferous sawnwood manufactured from non-coniferous logs).









2.3. Calculation of Carbon Emissions and Removals from HWP


In order to account for carbon in the HWP pool we followed the 2013 Revised Supplementary Methods and Good Practice Guidance Arising from the Kyoto Protocol [43]. For scenario S0 we applied the Tier 2 method with the default first order decay (FOD) function (see e.g., [44]). To estimate the carbon stock and the annual changes for each of the HWP categories: sawnwood (coniferous/non-coniferous), wood-based panels, paper and paperboard we used the following FOD function with default half-lives of 35, 25, and 2 years, respectively (IPCC [43], Equation 2.8.5):


   C  i + 1   =  e  − k   ×  C i  +  [    1 −  e  − k    k   ]  × I n f l o  w i   



(1)






  Δ  C i  =  C  i + 1   −  C i   



(2)




where:




	
i—index for year



	
Ci—the carbon stock in the particular HWP category at the beginning of year i, Gg C



	
k—decay constant of FOD for each HWP category (HWPj) given in units year-1 (k = ln(2)/HL, where HL is the half-life of the HWP pool in years



	
Inflowi—the inflow to the particular HWP category (HWPj) during year i, Gg C yr−1



	
ΔCi—carbon stock change of the HWP category during year i, Gg C year−1








The initial carbon stock in the HWP pool at t = t0 was estimated using the Equation (2) (IPCC [43], Equation 2.8.6):


  C  (   t 0   )  =   I n f l o  w  a v e r a g e    k   



(3)






  I n f l o  w  a v e r a g e   =   ∑   i =  t 0    t = 4   I n f l o  w i  / 5  



(4)







The estimates of the HWP carbon pool starts with i = 1990 and C(1990) = 0.



For the conversion of wood volume or weight (in case of paper and paperboard) into carbon the default conversion factors and half-lives stipulated by IPCC shown in Table 4 were used.



By multiplying by −44/12 the carbon stock change is converted into Gg CO2 year−1. Resulting values of annual carbon stock changes and the HWP emissions and removals of CO2 from pool were calculated individually for each of the scenarios. This allowed us to evaluate the impact of different use of available wood potential on HWP carbon balance over the forecasted period.




2.4. Projection of Timber Felling


The conditions for forecasting the future development of timber felling are currently very complicated, mainly because of the development of accidental timber felling due to harmful factors (dominated by bark beetle), especially in coniferous forests dominated by spruce. To determine the timber felling development till 2035, the data of summary forest management plans and the results of permanent forest inventory since 1985 were used. Using the ratio of actual and planned felling during the last 20 years, the volume of expected actual felling was determined and allocated to age classes based on the calculated intensity of extracting wood stock in age classes. The increment was calculated using the growth tables data and the volume of growing stock was moved one age class up (increasing the age by 10 years). This was used for determining the expected felling plan for the next decade. These steps were repeated for the whole forecasted period (up to 2035).





3. Results


Timber felling forecast is shown in Table 5. The volume of total felling by 2035 should range from 8.8 mil. m3 to 9.0 mil. m3, peaking around 2030. The volume of regeneration felling is expected to increase while tending felling should slow down. Non-coniferous felling will have an increasing tendency. By contrast, coniferous felling (mainly spruce) will be reduced due to its high level of accidental felling. The resulting rate of reduction of timber felling after 2030, the time of actual start of its reduction, as well as the future age composition of forests, will be influenced especially by the extent of future accidental felling and the way of regulation of timber felling in times of increased logging possibilities.



Individual scenarios were defined considering different assumptions regarding the utilization potential and wood production structure and the level of industrial roundwood foreign trade. Based on this underlying information, the development of each scenario is described in terms of trends in the structure and volume of produced timber assortments and final wood products, and the changes in carbon stocks and HWP emissions and removals of CO2 for the projection period are quantified.



3.1. Scenario S0–Basic Scenario


This scenario is based on the real structure of domestically supplied wood and real level of industrial roundwood foreign trade. The quantified values resulting from this scenario serve as reference frameworks for comparison with the results of other scenarios. Within this, the wood production is dominated by non-coniferous timber, namely non-coniferous pulpwood and non-coniferous sawlogs. In the forecasted period, the production of non-coniferous pulpwood will increase from 2.5 mil. m3 to over 3 mil. m3 and non-coniferous sawlogs from 1.3 mil. m3 to 1.65 mil. m3. In contrast, the production of coniferous sawlogs will decrease by 0.38 million m3 and coniferous pulpwood by 0.5 million m3 after 2020 (Table 6).



This trend will be reflected in the structure of HWP production, where wood-based panels will dominate. However, their production will decrease from around 1.2 mil. m3 to 0.75 mil. m3 in 2035 (total decrease by 37%). A similar trend can be seen in the production of coniferous sawnwood, volume of which will decrease from 0.94 mil. m3 to 0.52 mil. m3 by 2035 (by 45%). Subsequently, the production of non-coniferous sawnwood is expected to increase by 32.5% and paper and paperboard production by 22% (Table 7).



The projected values of production are finally converted into the volumes of carbon sequestration in the different HWP. It follows from scenario S0 that roughly 3.7 mil. tons CO2 was sequestered in HWP. Simultaneously, 2.2 mil. tons were emitted to the atmosphere from consumption of HWP in 2017. Wood-based panels stored 1.21 mil. tons CO2 with the balance more than 0,77 mil. tons CO2. The overall HWP balance is positive as the volume of CO2 stored in HWP has increased by 1.5 mil. tons in 2017 (Table 8). Due to the changes in wood assortments by 2035, we expect that the amount of CO2 stored in HWP will be reduced to 0.547 mil. tons. At the same time, wood-based panels will still store the highest CO2 volume among HWP (0.84 mil. tons) with a positive balance (0.74 mil. tons). Overall, the amount of CO2 stored in HWP will decrease by 0.99 mil. tons compared to 2017 (Table 8).




3.2. S1–Real Scenario Excluding Foreign Trade


The next theoretical scenario S1 excluded the foreign trade and assumed the use of the real timber assortment structure. In this scenario the domestic wood supplies of coniferous sawlogs will be 52% higher on average compared to the reference scenario S0, although the production of coniferous sawlogs will gradually decrease (by 22% by 2035). The second largest volume is represented by the supplies of non-coniferous pulpwood. Their volume is lower by 12% compared to scenario S0; however, they show an upward trend with an increase of 0.5 mil. m3 by 2035. A similar trend can be observed in the case of non-coniferous sawlogs with an increase of 0.34 mil. m3 (Table 6). In this scenario, coniferous sawnwood is the most important HWP; however, its production will decrease from 1.36 mil. m3 to 0.97 mil. m3 in 2035. A similar trend is projected in the production of wood-based panels (decrease by 32%). On the other side, non-coniferous sawnwood, paper and paperboard production will have an increasing trend (more than 20%) (Table 7).



In 2017, CO2 stored in HWP increased to 4.7 mil. tons, CO2 released into the atmosphere was approximately 2.2 mil. tons and the CO2 balance reached 2.5 mil. tons in 2017. As in the case of reference scenario, wood-based panels still stored the highest volume of CO2 (1.68 mil. tons) with the carbon balance almost 1.23 mil. tons, followed by non-coniferous sawnwood, which stored 1.62 mil. tons CO2 with the carbon balance 1.05 mil. tons (Table 8). In 2035, it is projected that this situation will change, with the highest volume of CO2 being stored by non-coniferous sawnwood (1.28 mil. tons). Over the analyzed period, the CO2 stored in HWP will be gradually decreased to about 4.33 mil. tons and CO2 released into the atmosphere will markedly increase to 3.18 mil. tons. Owing to the above-mentioned changes in the structure of HWP, the CO2 balance will decrease to 1.15 mil. tons. Compared to the reference scenario S0, the CO2 balance of HWP was higher by 0.98 mil. tons (64%) in 2017 and will increase by 0.61 mil. tons (111%) by 2035 (Table 8).




3.3. S2–Ideal Scenario


Scenario S2 represents the combination of the modelled structure of assortments and the actual level of foreign trade. It assumes a relatively balanced consumption of sawlogs and non-coniferous pulpwood in the forecasted period between 2020 and 2035. As in the previous scenarios S0 and S1, a downward trend in the supply of coniferous wood and an increase in non-coniferous sawlogs and pulpwood supplies can be observed. S2 scenario also assumes higher domestic consumption of more valuable assortments of coniferous (by 32%) and non-coniferous (by 43%) sawlogs. In contrast, it predicts lower supplies of coniferous (by 44%) and non-coniferous (by 21%) pulpwood till 2035 (Table 6). According to this scenario, the ideal utilization of coniferous roundwood is reflected in the increased production of coniferous sawnwood and wood-based panels. Nevertheless, their production will experience a downward trend, while the production of other products (non-coniferous sawnwood, wood-based panels, and paper) will show a rising trend (Table 7).



Timber supply changes will affect the HWP carbon sequestration. For the S2 scenario, HWP stored over 2.4 mil. tons of CO2 in 2017, but due to changes in wood supply and structure of the HWP, the overall carbon balance will gradually decrease by 1.29 mil. tons (53%) of CO2 by 2035. Coniferous sawnwood stores the highest volume of CO2 amounts with 1.69 mil. tons in 2017 and 1.19 mil tons in 2035 (Table 8).




3.4. S3–Ideal Scenario Excluding Foreign Trade


Scenario S3 combines the advantages of the two previous scenarios by considering the optimization of the quality of the harvested timber (scenario S2) and increasing domestic consumption resulting from the elimination of foreign trade with industrial roundwood (scenario S1). This is the most appropriate theoretical variant, considering the economic, environmental, and social benefits of efficient production. In the forecasted period, the timber supplies will be dominated by coniferous sawlogs (more by 84% compared to the scenario S0), non-coniferous sawlogs (more by 54%), and non-coniferous pulpwood (32% less than the scenario S0). At the same time, the supply of coniferous timber will have a downward trend. In particular, the supplies of sawlogs will decrease by 29% till 2035. On the other side, the supply of non-coniferous sawlogs and pulpwood will increase (both by 28%) (Table 6).



In 2017, the production of coniferous sawnwood was 3.79 mil. m3 (3.5 times higher compared to the scenario S0), non-coniferous sawnwood was 2.1 mil. m3 (2.3 times higher), and the production of paper and paperboard production was approximately 3% lower compared to scenario S0. As in the previous scenarios S1 and S2, the production of coniferous HWP will have a downward trend. In particular, by 2035 the production of coniferous sawnwood (1.64 mil. m3 in 2017) will decrease by 29% and production of wood-based panels (1.35 mil. m3 in 2017) by 23%, respectively. On the other hand, the production of non-coniferous sawnwood, paper, and paperboards will increase by 28% (Table 7).



Within scenario S3, the total balance of CO2 stored in HWP was 3.6 mil. tons in 2017. The production of coniferous sawnwood stored an even higher volume of CO2 (2.31 mil. tons in 2017 and 1.73 mil tons in 2035) compared to the previous scenario S2 (Table 8). When analyzing the development in the forecasted period, there is a significant difference in the balance of CO2 stored in coniferous sawnwood between 2017 and 2035, which dropped by 57% from 1.73 mil. tons to 0.75 mil. tons. By 2035, the total balance of CO2 stored in HWP will gradually decrease to the volume around 1.87 mil. tons. Nevertheless, the scenario S3 assumes that the total balance of CO2 stored in HWP was 2.3 times higher (2.07 mil. tons) in 2017 and will be 3.4 times higher (1.32 mil. tons) in 2035 compared to the volumes in the reference scenario S0 (Table 8).





4. Discussion


Under the auspices of the United Nations Framework Convention on Climate Change, the world’s leading forums in the fight against climate change and global warming promote the production of timber and wood products produced in a sustainable and environmentally friendly way. They protect the Earth’s atmosphere by sequestering carbon in forests, binding it in HWP, and replacing non-renewable raw materials that are produced with a larger carbon footprint. Ensuring sustainable forest management and continuing environmentally positive innovations in the sectors of wood processing and utilization are crucial to meeting these objectives.



This study aims to project a future development of volumes and structure of wood supplies and their utilization in Slovakia, based on the defined modelled situations and to estimate the contribution of produced HWP to mitigate climate changes in terms of their potential to store carbon.



The proposed scenarios try to respond to the current problems of the forestry and forest-based sector in Slovakia, which mainly include high exports of roundwood in connection with the insufficient domestic consumption and low value added in wood value chains [33,34]. Therefore, these scenarios focus on better utilization of available wood resources in terms of improving the structure of quality grades of wood supplies as well as the prospect of a domestic market to increase timber consumption from domestic sources. The improved patterns of wood utilization are reflected in the changes in structure of HWP production, as well as the availability of HWP to sequester carbon.



All projections were based on the forecasted volumes of felling by 2035, determined on the comprehensive historic data available from domestic inventory, methods of continuous surveys, and evaluation of forest resources. Allowable cut is primarily based on the level of standing volume and harvesting capability. In 2018, standing volume was 481.8 mil. m3 under bark [31] and is currently peaking. It is expected that in the coming years and decades the total timber stock will decrease as a result of a gradual change in the age structure of forests. However, at this stage of climate change, an increase in temperatures, carbon dioxide in the atmosphere, and an increase in the amount of nitrogen in the soil may also have some impact on the observed development of standing volumes. The acceleration of forest growth in Central and Northern Europe in the second half of the 20th century was documented, e.g., by Spiecker et al. [45] and Pretzsch et al. [46]. The current factors, like climate change, intensity and volumes of accidental felling, as well as political and socio-economic factors, have a significant impact on the structure of future wood resources and tree distribution. Forecasted changes will also be reflected in the volumes and structure of future felling. The current above-allowable felling level in coniferous stands, caused by the accidental felling (spruce and pine), and below-allowable felling in broadleaves stands, in particular due to postponing regeneration of beech and oak, will result in decreasing volumes of felled coniferous timber and higher felled volumes of non-coniferous timber [47,48].



The forecasted production of HWP is determined on the basis of development of available wood resources divided into individual quality grades following the patterns of actual wood processing in Slovakia [33]. Projected changes in timber supply structure will have a significant effect on future wood material flows and the structure of HWP markets. At the present time, the sawmilling industry can be considered as one of the most important domestic wood processing sectors. In Slovakia, sawmills are mainly focused on the production of coniferous sawnwood, dominated by spruce sawnwood for construction purposes [49]. Besides several large sawmills, there is a large number of small- and medium-sized businesses with outdated technologies, insufficient financial resources, investments, and innovations [50]. Based on the results of this study, this sector will be the most negatively affected by the changes in tree species composition and felling structure, as it will face a shortage of available raw material. In contrast, the production of pulp and paper, which is mainly focused on the consumption of domestic non-coniferous pulpwood and is characterized by more homogeneous structure in terms of production [51] is expected to be positively influenced by the changes in the structure of forests. Furthermore, a growing trend of harvested volumes is expected to be stopped and the total amount of carbon stored in the HWP in Slovakia will decrease by 0.28 Gg in 2035.



The study was aimed at the estimation of the influence of changes in utilization of available wood resources on the level of carbon balance in HWP. It was based on the comparison of results of the basic scenario, represented by the reference scenario S0, with other alternative scenarios represented by the scenarios S1, S2, and S3. Scenario S0 represents the real structure of domestically supplied wood assortments and actual situation on the wood market with a starting level of 1.54 Gg carbon balance in 2017 and final carbon balance 0.55 Gg in 2035. This minimalistic scenario reflects the current and forecasted situation without any improvement in wood utilization. Additional scenarios S1 and S2 represent the state where either the wood quality structure has improved or the wood resources are utilized for domestic consumption. The proportion of longer half-life products would have increased, if the forest industry would be able to efficiently utilize wood resources respecting the growth potential of forests and changes in tree distribution in Slovakia. According to scenario S1, in 2017 the carbon balance was estimated at the level 2.51 Gg and decreased to 1.15 Gg in 2035. The scenario S1 represents the situation where the domestic wood consumption would increase due to the exclusion of industrial roundwood export. A higher consumption of domestic wood would arise from the development in the capacity and structure of the wood processing industry encouraged by the expansion of the existing production potential and implementation of innovation related mainly to value added products. The additional production of HWP would increase the carbon stock to 4.71 Gg in 2017 and 4.33 Gg in 2035. However, it has to be acknowledged that the exclusion of exports has no effect on the carbon balance from a global perspective as it can be assumed that exported timber will be used for the production of HWP abroad in a similar way. Therefore, scenario S1 emphasizes the importance of domestic wood resources in terms of carbon balance in Slovakia and can be used for demonstrating the economic, environmental, and social benefits. These benefits consist mainly of generating added value, sequestering carbon in domestic wood products, creating jobs, and investing in expanding the processing capacity with regard to the volume and structure of wood resources available.



Under scenario S2, carbon sinks of 2.45 Gg and 1.15 Gg were estimated in 2017 and in 2035, respectively. This scenario resulted from changes in wood volumes, in particular shifts to the higher grades of quality, which are principally used for sawnwood or solid wood product production, consequently utilized in the construction sector and furniture industry. At the same, there is a lower share of fuelwood production assumed due to the utilization of this feedstock for industrial purpose (primarily pulpwood). This has a positive effect on the carbon stock level as the paper produced from pulpwood has a longer lifetime and can be easily recycled compared to fuelwood. Similar results were described by Brunet-Navarro [52], who confirmed that the two most important factors having impact on the carbon stock in HWP are longevity and recycling rate. This scenario is also considered to be an ideal scenario. It is developed on the basis of additional data calculated and considered in defining the improved utilization of available wood resources and talking into account the changed wood material flows. Some authors [28,53] described that the value of carbon stock can vary with the different methodology used or input data. Obviously, more detailed input data yield more accurate results of carbon stock level estimations. This is also reflected by [20], who, aiming to improve the final values of annual changes in carbon stocks in HWP, described how to use direct stock inventories of wood products for calculation. Also, Donlan [23] agreed with this idea and claimed that all countries are advised to include detailed data about material flows as much as possible.



Scenario S3 demonstrates the highest level of carbon stock. It fully reflects the cumulative positive impacts of improving utilization of wood assortments and an increase in domestic consumption by eliminating wood export. Since neither of these conditions can be immediately applied in practice, this scenario can be considered as a target, which could be applied in the forestry and forest-based sector after the implementation of appropriate measures, e.g., forest policy support, green building initiatives promotion, investments into innovative technologies for the production of longer lifetime products, and new applications of wood in other sectors.



The presented results confirm that the future changes in wood assortment structure will have a significant influence on the carbon pool in HWP. Though, for Slovakia, the expected development will not have a positive effect on carbon balance in HWP. The production of coniferous sawlogs, which is principally used in the construction industry to produce long-life products will decrease. This is negatively reflected in the ability of HWP to store carbon. On the other side, we assume the higher production of lower quality non-coniferous wood assortments (pulpwood) mainly utilized for the pulp and paper production; the products which a generally shorter lifetime. These are the main reasons why all four scenarios point to a significant fall in carbon-binding capacity of HWP in the future. However, as indicated, any improvements in the efficiency of utilization of available wood resources can eliminate the impact of these negative tendencies. Additionally, the trends in the structure of wood supplies in Slovakia indicate changes that are crucial for the whole wood processing industry and the companies will face these challenges and have to find ways how to adapt to these changes.




5. Conclusions


Sustainably managed forests provide renewable raw wood material, important environmental and social values, services, employment in often vulnerable rural areas, and they play a vital role in the carbon cycle. Forestry and forest-based industries play a key role in the transition to a sustainable green economy. The green economy, which is defined as low carbon, resource efficient and socially inclusive, offers solutions to the economic, ecological, and social problems resulting from rapidly growing human populations, overexploitation of natural resources, environmental pollution, and a number of other factors causing the disruption of natural balance, in particular climate change. The role of forests and forest products in this concept is inevitable. In this context, this study highlights the social, economic, and environmental importance of wood production in a sustainable way (provision of optimal ecosystem services, including wood production) from the viewpoint of carbon sequestration. Therefore, the objective of this study was to point out the benefits resulting from the efficient utilization of wood resources and to determine the potential and contribution of HWP to climate change mitigation.



Based on the findings of this study, the following conclusions can be drawn:




	
according to the results of the two different methods of inventory of standing volume and analysis of timber supplies, there are significant differences in the structure and utilization of the available domestic wood resources in terms of their quality,



	
development of timber supplies after 2020 in Slovakia will be influenced, in particular, by the future changes in the age distribution and tree species composition as well as the extent of future accidental felling. Non-coniferous felling will have an increasing tendency, and, by contrast, coniferous felling (mainly spruce) will be reduced,



	
by comparing the results of the four designed scenarios, it follows that the scenario with the greatest mitigation potential, is the one assuming the optimal use of wood assortments and limitation of industrial roundwood foreign trade,



	
optimal utilization of available structure of wood assortments may result in the increase of production of long-life HWP and thus increase the HWP carbon pool,



	
predicted structure and availability of wood resources in Slovakia will be reflected in a higher share of the production of products with shorter life cycle and thus, will negatively influence the carbon pool in HWP,



	
future changes in the composition of forests in an effort to adapt the climate change may result in a reduction of the carbon-binding capacity in HWP and thus negatively affect the overall carbon balance.
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Table 1. Overview of scenarios.






Table 1. Overview of scenarios.





	Scenario
	Structure of Timber Assortments
	Level of Foreign Trade





	S0
	actual
	actual



	S1
	actual
	modelled



	S2
	modelled
	actual



	S3
	modelled
	modelled







Note: modelled structure of timber assortments and foreign trade level stand for theoretical assumptions under individual scenarios.
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Table 2. Distribution of inputs for the production of individual wood products (%).






Table 2. Distribution of inputs for the production of individual wood products (%).





	
Product

	
I.–III. Quality Grades

	
IV. and V. Quality Grades




	
Timber (C)

	
Timber (NC)

	
Timber (C)

	
Timber (NC)




	
%






	
Sawnwood (C)

	
85

	
-

	
10

	
-




	
Sawnwood (NC)

	
-

	
60

	
-

	
-




	
Wood-based panels

	
5

	
-

	
65

	
-




	
Paper

	
-

	
30

	
-

	
90




	
Other

	
10

	
10

	
25

	
10




	
Total

	
100

	
100

	
100

	
100








C–coniferous, NC–non-coniferous.
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Table 3. Distribution of sawmills production and residues in the production of individual wood products.






Table 3. Distribution of sawmills production and residues in the production of individual wood products.





	
Conversion Factors/Residues Distribution

	
I.–III. Quality Grades

	
IV. and V. Quality Grades

	
Remark




	

	
Timber (C)

	
Timber (NC)

	
Timber (C)

	
Timber (NC)

	




	

	
%

	






	
Sawnwood (C)

	
65

	
-

	
65

	
-

	




	
Sawnwood (NC)

	
-

	
55

	
-

	
-

	




	
Wood-based panels

	
35

	
20

	
17.5

	
-

	
Distribution of residues from sawnwood production




	
Paper

	
-

	
-

	
-

	
-




	
Other

	
-

	
25

	
17.5

	
-




	
Total

	
100

	
100

	
100

	
-

	








C–coniferous, NC–non-coniferous
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Table 4. Carbon conversion factors and half-lives used in modelling.






Table 4. Carbon conversion factors and half-lives used in modelling.





	
HWP Categories

	
C Conversion Factor

	
Half-Life




	
[Mg C.m−3]

	
[years]






	
Sawnwood

	
0.229

	
35




	
Coniferous sawnwood

	
0.225

	
35




	
Non-coniferous sawnwood

	
0.280

	
35




	
Wood-based panels

	
0.269

	
25




	

	
[Mg C.Mg−1]

	




	
Paper and paperboard

	
0.386

	
2
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Table 5. Timber felling forecast until 2035.






Table 5. Timber felling forecast until 2035.





	
Projected Timber Felling

	
2015

	
2020

	
2025

	
2030

	
2035




	
1000 m3 Under Bark






	
Total

	
8833.7

	
8898.1

	
8957.9

	
9001.1

	
8988.9




	
Regeneration

	
7377.3

	
7545.3

	
7649.3

	
7733.0

	
7744.1




	
Tending

	
1456.4

	
1352.8

	
1308.6

	
1268.1

	
1244.8




	
Coniferous

	
4640.9

	
4501.5

	
4367.5

	
4249.6

	
4109.0




	
Non-coniferous

	
4192.8

	
4396.6

	
4590.4

	
4751.5

	
4879.9
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Table 6. Forecast of timber quality grades production until 2035.






Table 6. Forecast of timber quality grades production until 2035.





	
Scenario

	
Year

	
Coniferous

	
Non-Coniferous

	
Total




	

	

	
Sawlogs

	
Pulpwood

	
Fuelwood

	
Sawlogs

	
Pulpwood

	
Fuelwood

	




	
1000 m3






	
S0

	
2017

	
2313.7

	
1343.5

	
226.7

	
1302.9

	
2546.7

	
358.1

	
8091.4




	
2035

	
1676.7

	
732.8

	
227.2

	
1654.1

	
3013.9

	
466.4

	
7771.2




	
S1

	
2017

	
3427.6

	
1783.8

	
277.0

	
1473.9

	
2166.4

	
266.3

	
9394.9




	
2035

	
2657.7

	
1185.0

	
266.3

	
1814.3

	
2698.1

	
367.5

	
8988.9




	
S2

	
2017

	
3129.1

	
719.2

	
47.5

	
1853.3

	
2024.4

	
82.8

	
7856.3




	
2035

	
2188.7

	
414.0

	
34.1

	
2366.1

	
2367.8

	
208.8

	
7579.5




	
S3

	
2017

	
4465.9

	
1220.4

	
103.1

	
1 974.2

	
1 603.6

	
235.7

	
9602.9




	
2035

	
3169.7

	
866.2

	
73.1

	
2526.3

	
2052.0

	
301.6

	
8988.9
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Table 7. Production of harvested wood products forecast until 2035.






Table 7. Production of harvested wood products forecast until 2035.





	
Scenario

	
Year

	
Coniferous Sawnwood

	
Non-Coniferous Sawnwood

	
Wood Based Panels

	
Paper and Paperboard




	
1000 m3

	
1000 tons






	
S0

	
2017

	
944.6

	
320.7

	
1199.6

	
561.3




	
2035

	
520.6

	
425.0

	
750.0

	
683.5




	
S1

	
2017

	
1365.6

	
430.0

	
1238.1

	
745.2




	
2035

	
974.0

	
545.9

	
846.9

	
891.3




	
S2

	
2017

	
1636.3

	
604.2

	
1345.9

	
420.4




	
2035

	
982.7

	
790.1

	
926.8

	
515.5




	
S3

	
2017

	
2942.5

	
760.1

	
2029.4

	
520.9




	
2035

	
2088.4

	
972.6

	
1558.5

	
666.5
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Table 8. Current and forecasted CO2 balance by 2035.






Table 8. Current and forecasted CO2 balance by 2035.





	
Scenario

	
Year

	
CO2 Balance

	
Total

	
Coniferous Sawnwood

	
Non-Coniferous Sawnwood

	
Wood Based Panels

	
Paper and Paperboard




	

	

	
1000 tons






	
S0

	
2017

	
Removals

	
−3743.76

	
−1072.40

	
−437.08

	
−1209.05

	
−1025.23




	
Emissions

	
2208.51

	
550.93

	
328.16

	
434.96

	
894.46




	
Difference

	
−1535.25

	
−521.47

	
−108.92

	
−774.09

	
−130.77




	
2035

	
Removals

	
−3460.25

	
−803.52

	
−560.35

	
−835.23

	
−1261.15




	
Emissions

	
2912.84

	
657.04

	
386.50

	
627.51

	
1241.79




	
Difference

	
-547.41

	
−146.48

	
−173.85

	
−207.71

	
-19.36




	
S1

	
2017

	
Removals

	
−4709.83

	
−1617.56

	
−498.27

	
−1681.41

	
−912.58




	
Emissions

	
2194.80

	
567.51

	
329.89

	
454.29

	
843.10




	
Difference

	
−2515.03

	
−1050.05

	
−168.38

	
−1227.12

	
−69.48




	
2035

	
Removals

	
−4328.91

	
−1274.96

	
−614.70

	
−1270.58

	
−1168.67




	
Emissions

	
3174.59

	
810.53

	
404.06

	
810.62

	
1149.38




	
Difference

	
−1154.32

	
−464.43

	
−210.64

	
−459.96

	
−19.29




	
S2

	
2017

	
Removals

	
−4599.02

	
−1688.80

	
−715.01

	
−1354.52

	
−840.69




	
Emissions

	
2153.54

	
566.80

	
337.23

	
441.00

	
808.51




	
Difference

	
−2445.48

	
−1122.00

	
−377.78

	
−913.52

	
−32.18




	
2035

	
Removals

	
−4152.95

	
−1184.72

	
−935.13

	
−1009.65

	
−1023.45




	
Emissions

	
2999.80

	
795.56

	
497.38

	
698.87

	
1007.99




	
Difference

	
−1153.15

	
−389.16

	
−437.75

	
−310.78

	
−15.46




	
S3

	
2017

	
Removals

	
−5762.38

	
−2313.91

	
−786.43

	
−1919.09

	
−742.95




	
Emissions

	
2152.83

	
585.85

	
339.26

	
463.94

	
763.78




	
Difference

	
−3609.55

	
−1728.06

	
−447.17

	
−1455.15

	
20.83




	
2035

	
Removals

	
−5202.08

	
−1722.97

	
−998.57

	
−1537.19

	
−943.36




	
Emissions

	
3337.12

	
970.90

	
517.87

	
920.39

	
927.95




	
Difference

	
−1864.96

	
−752.07

	
−480.70

	
−616.80

	
−15.41
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