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Abstract

:

Forest wood biomass is one of the basic renewable resources used in the bioeconomy as a raw material for industrial products and fuel. The forest also plays an important role in the global carbon cycle. The increasing demand for wood biomass due to the growing population, as well as the required strategies to face climate change, force us to look at the use of forest wood biomass from a different angle. The European Commission has made a decision about the European Green Deal strategy. The new EU Forestry Strategy, as an element of the European Green Deal, promotes the sustainable use of wood-based resources. Therefore, it is important to know what is the sustainable potential of forest wood biomass and how it can be assessed. This study aimed to assess the potential of forest wood biomass in terms of sustainable development in the European Union. Five estimates were applied, the self-sufficiency ratio, imports-dependence ratio, logging residues rate, recovery rate, and the ratio between annual fellings and the net annual increment of forest wood biomass. The findings indicate that the self-sufficiency in primary wood biomass is quite high, and the ratio between annual fellings and net annual increment of wood biomass is sustainable in total in the EU. However, in separate countries, there are opportunities to increase domestic fuelwood potential and reduce fuelwood imports by using logging residues. The basic idea is that the biomass potential of forest wood has more sustainable use opportunities. This study can provide insight for political direction into how to increase self-sufficiency in wood biomass and maintain a balance between harvesting and the increment of wood biomass at the same time. Future research on the potential of forest wood biomass should consider the distribution potential by countries and counties. The principal conclusions of this study are important for the development of a sustainable bioeconomy and the need to sustainably use the potential of forest wood biomass.
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1. Introduction


The bioeconomy as part of the economy involves the sustainable extraction and use of biological resources ((i.e., diverse application (the processing of biomass into food, feed, materials, value-added products, and biofuels) and subsequent reuse). The composition of the bioeconomy varies by sectors, such as agriculture, fishing, and forestry. In the forestry-sector-based bioeconomy, the extraction of wood biomass for both industrial wood and fuelwood makes up almost 20 wt.% of the total biomass extraction in the EU. This has great potential; therefore, wood biomass has very important potential for bioeconomy development. About 1.6 billion people in the world depend on forests for different reasons, i.e., food, fuel, homes, income, and medicaments (more than a quarter of modern medicines originate from tropical forests) [1]. The global demand for biomass, including wood biomass, is increasing [2,3,4]. At the same time, ecological pressure is increasing, because the climate is changing. The Green Deal was a reaction to the climate crisis and European Commission made legally binding, with a target of reducing emissions by 55% by 2030 and climate neutrality by 2050 [5]. One of the main elements of the European Green Deal is the new EU forest strategy for 2030. The new EU forest strategy [6] emphasises the role of the sustainable use of wood-based resources in implementing the EU’s climate change goals. Forests play an important role in the global carbon cycle. In addition, when transforming wood biomass into long-life-cycle-wood-based products, the carbon removal period is long as well. Short-life-cycle products also have an important role in substituting for fossil fuels. Cascading and circular economy principles are especially crucial, i.e., when the priority should be on using wood for industrial production, and only unsuitable wood is used for energy production; it is also achieving the reusing and recycling of all wood-based products.



The forest-based sector is a part of the solution to global challenges [4], and forests have the potential to be the catalyser for ecological–economic synergies [3]. There are opportunities to better use wood biomass to face climate change and achieve sustainable development of the bioeconomy [3]. According to 2020 FAOSTAT data, the total forest area is 4059 × 106 ha, i.e., 31% of the Earth’s land surface, and 159 × 106 ha in the European Union (EU), i.e., 38% of the total land area. The constantly growing demand for wood biomass in Europe and the world and, in addition, the increasing need for regulation (e.g., CO2 storage) and support services (e.g., biodiversity conservation) of forest ecosystems lead to various studies on the potential of forest wood biomass in terms of sustainable development in various scientific disciplines.



Karjalainen et al. [7] analysed the potential of forest wood biomass for fuel as the sum of roundwood balance (difference between net annual increment and fellings) and logging residues. The estimation of the roundwood balance is based on data from UN-ECE/FAO Forest Resources Assessment report. Karjalainen et al. [7] describe logging residues as biomass that is felled but not removed from the stand for utilisation and calculate this as the theoretical potential of all logging residues, based on percentage rate on literature sources. Hetsch [8] calculated the sustainable potential of forest wood biomass as the current use potential, based on FAO data, and as the additional potential, based on the net annual increment of the forest reported based on the SOEF (State of Europe Forests). This author used the following formula: AD = (NAI − F) × (1 − BF) × (1 − HL), where AD—additional potential, NAI—net annual increment, F—fellings, BF—bark factor (12%), and HL—harvest losses (10%). This author calculates similarly to Karjalainen et al. [7] but does not include the logging residues in the sustainable potential of wood biomass, because Hetsch [8] calculates the additional potential only for stemwood.



In another study [9], the sustainable potential of forest wood biomass was assessed only for energy needs. This study is based on Switzerland’s National Forest Inventory data, and the authors state that this potential consists of wood, which is not used for the roundwood industry and therefore is suitable as fuelwood (i.e., 38% of the harvested wood) and industrial wood residues. In other studies [10], the sustainable potential of forest wood biomass was assessed in 39 European countries for all needs (not just for energy) based on UNECE-FAO data. Verkerk et al. [10] state the conclusions about the unused potential of forest wood biomass, which have to be interpreted with caution; however, in fact, the potential for forest wood biomass could be more mobilised as compared to the currently statistically reported utilisation. Jekayinfa et al. [11] investigated the potential resources for biomass energy, including the potential of forest wood biomass. This analysis was based on FAOSTAT data and included wood fuel, charcoal, and industrial wood residues. Thees et al. [12] calculated the sustainable potential of forest wood biomass for fuel as a total annual wood increment, excluding wood from natural forest reserves, protected forests, deadwood, and forestry logging residues. The review of Kumar et al. [13] presented a systematic assessment of the availability and utilisation of the potential of forest wood biomass in Sweden based on Swedish Forest Industries Federation data. These authors’ study focused on forest wood biomass for traditional industrial uses, i.e., for sawnwood and wood for pulp and paper production; therefore, this assessment is limited to the wood industry.



Wieruszewski and Mydlarz [14] reviewed the latest literature sources on the bioenergy potential and indicated that the potential of bioenergy is increasing in agreement with the global perspective of energy production. In total, there are three main types of wood biomass sources for energy, i.e., (1) woodfuel, (2) logging residues, and (3) all by-products and waste generated during the wood industry process. However, in Wieruszewski and Mydlarz’s [14] study logging residues as part of the energy potential were not analysed. This study is based on two methods, research on forest biomass flows and the five analyses of the Wood Resource Balance (WRB), and makes use of data from National Renewable Energy Action Plans (NREAPs), Joint Wood Energy Inquiry (JWEE), and Eurostat data. Other authors [15] analysed only the third type of the wood biomass source for energy, i.e., wood industry processing residues, based on existing statistical data.



Many of these studies [7,9,11,12,14,15] focus on the analysis of the sustainable potential of forest wood biomass only for fuel needs, and some other studies [8,13] assess the sustainable potential of forest wood biomass only for industrial products. Verkerk et al. [10] analysed the potential (both for industry and fuel needs) and estimated the theoretical amount of biomass that could be potentially available and combined this estimate with a set of environmental and technical constraints, which reduced the amount of wood available biomass. The difference between Verkerk et al. [10] and the present work is the assessment of the potential of forest wood biomass through material flows to determine the actual used potential, then estimating the unused potential and connecting with the assessment of the balance of fellings and the increment of forest wood biomass. The advantage of the present study is the analysis of the wood potential for both industry and energy needs, and the analysis includes used potential (extracted wood biomass), unused potential (logging residues) of primary forest wood biomass, and the ratio between fellings and the net annual increment of forest wood biomass. The present study tries to discover connections in this complex system in terms of sustainable development. The self-sufficiency ratio and imports-dependence ratio are used to evaluate the used potential, and the logging residues rate and recovery rate are used to evaluate the unused potential. The aim of the present study is to assess the potential of forest wood biomass for energy, as well as for industry needs, in terms of sustainable development in the EU. To achieve this goal, five measures were adopted, i.e., (1) the self-sufficiency ratio, (2) the imports-dependence ratio, (3) the logging residues ratio, (4) the logging residues recovery ratio, and (5) the ratio of annual fellings and the net annual increment of wood biomass. Data from economy-wide material flow accounts (EW-MFAs) about roundwood in the EU countries and from Eurostat were used. The significant mission of this study is to reveal opportunities for the sustainable potential of wood biomass.




2. Materials and Methods


This section explains the measures applied for the estimation of the potential of wood biomass potential within the EU countries.



2.1. Assessment of Self-Sufficiency and Imports Dependence on Wood Biomass


The concept of self-sufficiency, when the country is able to meet all domestic needs, is often used in the context of food, i.e., for the analysis of agricultural and food systems [16,17,18,19,20,21,22,23]. Most researchers state that self-sufficiency can ensure domestic social and economic stability. Baer-Nawrocka and Sadowski [19] note that international trade contributes to food security in countries that do not demonstrate high food production intensity. Kaufmann et al. [23] indicate that international trade is a crucial hedge against food insecurity. Noorollahi et al. [24] and Vijay et al. [25] analysed biomass-based energy self-sufficiency in the agricultural sector.



Godenau et al. [21] noted that food self-sufficiency is the main factor when it comes to evaluating food availability. The same can be said about the forestry sector, i.e., forest wood biomass self-sufficiency is an indicator that shows the potential of forest wood biomass and the availability of this potential. However, investigations about self-sufficiency in the forest sector are rare in the scientific literature.



Proxy indicators, such as the self-sufficiency ratio (SSR) and imports-dependence ratio (IDR), can be used to assess the potential of wood biomass in the country. The self-sufficiency ratio of wood biomass shows the degree of the country’s ability to independently supply the domestic economy with wood biomass. This is a proxy indicator, which depends on the domestic extraction and domestic consumption of wood biomass in the country. The domestic extraction (DE) of wood biomass in EW-MFAs is the total amount of roundwood for further processing in the economy. Roundwood extraction includes timber (industrial roundwood) and fuelwood extractions [26,27] (Figure 1).



The domestic consumption (DC) of wood biomass is the total amount of roundwood actually consumed domestically and it is calculated as the sum of domestic extraction (DE) plus physical imports (IMPs) minus physical exports (EXPs) of roundwood [26,27]. The direct input (DI) of wood biomass is calculated as the sum of domestic extraction (DE) plus physical imports (IMP) of wood biomass. SSR is calculated using the following formula:


SSR = (DE × 100%)/DC



(1)







An SSR exceeding 100% shows that the country extracts more wood biomass than it consumes for domestic needs and exports this surplus. In contrast, an SSR of less than 100% shows that the wood biomass extraction in the country is lower than the demand in the domestic market, and in order to meet all domestic needs, wood biomass must be imported.



The dependency of the country’s economy on the imports ratio (IDR) of wood biomass is expressed by the following formula:


IDR = (IMP × 100%)/DI



(2)







A higher value of the IDR indicator means greater dependency on wood biomass imports. If the IDR is less than 50%, the country meets more of its domestic needs with domestic wood biomass resources, and if the IDR is greater than 50%, wood biomass used in the country is mostly imported.



In this study, the self-sufficiency ratio and imports-dependence ratio in wood biomass are calculated based on economy-wide material flow accounts (EW-MFAs). It is noted that EW-MFAs show only used extractions of roundwood [26,27].




2.2. Assessment of Logging Residues


An assessment of the potential of forest wood biomass in terms of sustainable development must be based on the assessment of the total potential of forest wood biomass, including logging residues that were not collected but could have been collected and used.



Forestry logging operations always generate logging residues. Logging residues are wood left in the forest after logging operations (after industrial roundwood and fuelwood extractions). These residues generally include branches, leaves, stumps, roots, tops, bark, and unmerchantable stem wood [30]. By Pottie and Guimier’s [31] definition, wood logging residues include unmerchantable topwood, unmerchantable branches, unmerchantable stem pieces, breakages, stump wood, and roots. According to Spinelli et al. [32,33], this definition is fundamental for harvest residues, which have still been unsurpassed for almost 40 years. Economy-wide material flow accounts (EW-MFAs) record only extractions of materials used in forestry, i.e., total roundwood:industrial roundwood and fuelwood (Figure 1). However, in practice, there are both used and unused extractions [26,27]. “Unused” flows are materials that are extracted from the environment without the intention of using them, for example, the “unused” part of felling in forestry [26], i.e., logging residues. According to the wood accounting rules [34], logging residues are excluded from roundwood statistics, because logging residues are not roundwood. Notably enough, unremoved wood biomass (branches, root-stock, etc.), i.e., felling minus removal, is not accounted for in EW-MFAs [35]. This is unused extraction, but at the same time, these residues are part of the sustainable potential of forest wood biomass. Logging residues can be used as fuel, fodder, fertiliser, fibre, feedstock, and further purposes [36]. Sometimes, the “unused extraction” is called “hidden flows” [26]. According to Krausmann et al. [37], total biomass assignment is the sum of used and unused biomass extraction. The amount of logging residues is difficult to measure; therefore, there is a need to search for a tool to estimate it [38]. They are distinguished as follows: (1) the rate of logging residues (RLR), i.e., the amount of logging residues from total roundwood production that can remain in the forest after harvest, and (2) the recovery rate of logging residues (RR), i.e., the part of residues that can be collected from total logging residues taking into account technical and ecological constraints. The logging residues and recovery rates let us calculate the unused part of the sustainable potential of forest wood biomass.




2.3. Assessment of the Ratio between Annual Fellings and the Net Annual Increment of Forest Wood Biomass


The ratio between the annual fellings and the net annual increment of wood (annual volume of increment of all trees) is a major indicator of long-term sustainability and characterises wood-use sustainability [7,39,40]. The balance between annual fellings and the net annual increment of forest wood biomass is one of the indicators of sustainable forest management, i.e., for Criterion 3: maintenance and encouragement of productive functions of forests [41]. The application of this rule ensures the current sustainable use of forest wood biomass and determines the sustainable potential of wood biomass in the future. Therefore, this ratio can be an indicator of the forest wood biomass potential in terms of sustainability. This sustainability ratio (SR) is expressed by the following formula:


SR = (F × 100%)/NAI



(3)




where F refers to fellings (the amount of felled trees) and NAI is the net increment of forest wood biomass. In this study, annual fellings are calculated as the sum of the domestic extraction of roundwood and logging resources. The European Environment Agency recommends a 70% ratio between the net annual felling and annual felling of forest wood biomass to ensure sustainable forest management [42]. In this study, this methodology is applied at the national level, in the assessment of wood biomass in EU countries. However, this methodology can also be applied at the regional level if the country has sufficient primary by county.





3. Results


3.1. Self-Sufficiency and Imports-Dependence Ratio in Wood Biomass


Roundwood (industrial roundwood and fuelwood) extraction in the EU countries has increased in recent the 10 years by 11 wt.% in 2021 compared with 2012 and 21 wt.% in 2021 compared with 2000. Roundwood domestic consumption in the EU has increased relevantly by 10 wt.% in 2021 compared with 2012 and 15 wt.% in 2021 compared with 2000. Figure 2 shows the change between 2000 and 2021 in the roundwood domestic extraction, consumption, direct inputs (showing dependence on imports because it is the sum of domestic extraction and imports of roundwood), and exports, which shows that part of roundwood extraction is not used within the domestic economy. The obtained results indicate that most of the total extracted forest wood biomass is used as industrial roundwood, i.e., 75 wt.% in the EU.



A slightly higher amount of roundwood domestic consumption was noticeable compared to its domestic extraction; for example, roundwood domestic extraction amounted to 308 × 106 t in 2021, and meanwhile, roundwood domestic consumption amounted to 312 × 106 t. In the last ten years, roundwood domestic consumption, on average, exceeded domestic extraction by 2.5 wt.%. A slight decrease in roundwood extraction (both industrial roundwood and fuelwood) has been observed in the 2019–2020 period. This decrease was due to the COVID-19 pandemic, which has brought uncertainty to forest production and consumption. But already in 2021, roundwood extraction exceeded the pre-pandemic level of extraction in 2018 by 2 wt.%. Three countries were distinguished in the analysis of countries’ roundwood extraction and consumption. It was found that in 2021, the highest industrial roundwood extraction was in Sweden (40.9 million t), Finland (32.5 × 106 t), and Germany (31.3 × 106 t), and the highest fuelwood extraction was in Germany (15.5 × 106 t), Sweden (9 × 106 t), and Finland (6.7 × 106 t). The highest industrial roundwood consumption in 2021 was found in Sweden (42.1 × 106 t), Finland (35.5 × 106 t), and Germany (23.9 × 106 t), and the highest fuelwood consumption was in Germany (15.9 × 106 t), Sweden (9 × 106 t), and Finland (6.7 × 106 t).



The self-sufficiency ratio and imports dependency for primary wood biomass in EU countries are illustrated in Figure 3.



The self-sufficiency coefficients in industrial roundwood for 2021 show that fourteen EU countries (Croatia, Czechia, Latvia, Slovenia, Estonia, Ireland, Bulgaria, Germany, Lithuania, Hungary, Romania, Spain, Slovakia, and Poland) extract more wood biomass for the industry than domestic needs (SSR > 100 wt.%), and two countries (Sweden and France) extract a sufficient amount of industrial roundwood to meet domestic needs (SSR ≈ 100 wt.%). Ten countries (Cyprus, the Netherlands, Luxembourg, Belgium, Italy, Greece, Denmark, Austria, Portugal, and Finland) are not self-sufficient in industrial wood biomass (SSR < 100 wt.%). Therefore, the imports of industrial roundwood are necessary to meet the domestic needs of these countries. The self-sufficiency coefficients in fuelwood for 2021 show that nine EU countries (Croatia, Ireland, Latvia, Lithuania, Portugal, Estonia, Spain, Bulgaria, and Czechia) extract more wood biomass for fuel than domestic needs (SSR > 100 wt.%), and eight countries (Slovenia, France, Sweden, Hungary, Finland, Poland, Austria, and Germany) extract a sufficient amount of fuelwood to meet domestic needs (SSR ≈ 100 wt.%). Nine other countries (Cyprus, Slovakia, Italy, Luxembourg, Greece, the Netherlands, Denmark, Belgium, and Romania) produce too little fuelwood (SSR < 100 wt.%); therefore, the imports of industrial roundwood are necessary to meet domestic needs. Malta lacks data to calculate the roundwood self-sufficiency coefficient. It can be interpreted that the self-sufficiency coefficient in roundwood within most EU countries is substantial, and as a result, half of the EU countries extract industrial wood, and one-third of all EU countries extract fuelwood more than their domestic needs. Therefore, they have the potential to export wood biomass; however, some countries need to import roundwood, because the primary wood biomass extraction cannot meet all domestic needs of industrial roundwood and fuelwood. Figure 4 illustrates the relationship between self-sufficiency and imports dependency. It can be seen that the closer the self-sufficiency ratio is to 100 wt.%, the imports-dependency ratio is lower, but imports cannot ensure the domestic needs of primary wood biomass in all cases.



The self-sufficiency ratio and imports-dependency ratios have changed over time from 2000 to 2021 in the EU countries, as shown in in Table 1. The self-sufficiency ratio for forest wood biomass is stably high over the entire period from 2000 to 2021 in Bulgaria, Czechia, Estonia, Croatia, Lithuania, Poland, Romania, and Slovakia.



Belgium, Cyprus, Denmark, Italy, and the Netherlands were very dependent on imports over the entire period from 2000 to 2021. Industrial roundwood imports account for 93 wt.% of total wood biomass imports. The imports-dependency ratio for total wood biomass in the EU increased throughout the 2000–2021 period. This indicates that increasing need came from imports of wood biomass. This dependency in 2000 accounted for 29 wt.% and did not exceed 30 wt.% until 2015. From 2016, the imports-dependence ratio slowly increased every year, and in 2021, it amounted to 34 wt.% due to increasing imports dependence on industrial roundwood. The imports-dependency ratio for industrial roundwood changed from 32 wt.% in 2000 to 39 wt.% in 2021; at the same time, the imports-dependence ratio for fuelwood decreased from 7 wt.% to 6 wt.%. The total EU imports-dependency ratio is less than 50%, which allows us to make the conclusion that the EU meets more of its domestic needs with domestic wood biomass resources. However, the distribution of imports dependency by countries is somewhat different, which is illustrated in Figure 3 and Figure 4. For example, Slovakia, Italy, Luxembourg, Greece, the Netherlands, Denmark, Belgium, and Romania do not meet all needs in fuelwood, and at the same time, these countries do not have imports dependence. Cyprus has a high imports-dependence ratio for fuelwood, but regardless, a low self-sufficiency ratio. Eight other countries (Slovenia, France, Sweden, Hungary, Finland, Poland, Austria, and Germany) extract a sufficient amount of fuelwood to meet domestic needs (SSR ≈ 100 wt.%) and have a very low imports-dependence ratio.




3.2. Logging Residues


There are differences in the rate of logging residue generation depending on the stocking density, the volume of branches, and tree species [43]. In addition, a part of logging residues is not available due to technical and ecological constraints. The recovery rate of available logging residues depends on the climate and conditions of the region, forest types, operating conditions, location, geographical distances, the variable quality of the standing stock in the forest and size of residues, different terrain conditions, and on raw material prices [36,44,45,46,47]. The recovery rate also depends on the type of harvest: whole-tree harvesting or slash recovery [48]. Table 2 shows the differences in the rate of logging residues and recovery rate according to sources of scientific literature and institutions.



A 50/50 ratio of logging residues rule is often found in the literature [36]. This traditional rule was validated by case studies when, for every cubic meter of wood extracted from the forest, another cubic meter is left behind [43,72]. The study by Koopmans and Koppejan [36] is a summary of several sources with wood biomass residues. The authors of this study use the ratio of wood forest residues of 40% and a recovery rate of 60%, and this initial source has been massively cited. The authors note that they show the gross amount of logging residues, which are generated in theory. Some authors draw on national data. For example, in their study, McKeever and Falk [44] examined the wood forestry logging residues from roundwood in the United States, based on published waste generation by the USDA Forest Service, which compiles information on the volume of logging residues from roundwood production. In the study by McKeever and Falk [44], the rate of logging residues from the total used roundwood production is 36%. In other study [56], the forest logging residues have been evaluated on the basis of the most recent national census data in China. Based on these data, the rate of logging residues is 43%, and the recovery rate is 55% of total residues.



The study by Jölli and Giljum [57] is based on three main papers calculating forestry logging residues [36,44,56], which were described earlier in our study. Jölli and Giljum [57] suggest using a mean value of the rate of logging residues of 30% of the total used roundwood and a recovery rate of 75% of total residues. The Kumasi Institute report [54] estimated that 45–55% of the wood volume of harvested trees is left in the forest as logging residues. Osman et al. [74] provide a review based on other older studies of the rates of logging residues, such as Harun et. al. [46] and FRIM [51] (these two sources were also analysed by Koopmans and Koppejan [36], which determined 34% and 30% rates of logging residues respectively, and by Kong [53]—a 43% rate of logging residues). Ogunrinde and Owoyemi [62] state that more than 20% of the harvested tree is left as a residue in the forest. An analysis by Steubing et al. [9] of some studies showed that logging residues consist of 38% of all harvested wood. Ratnasingam et al. [45], in their study, also use the rate of logging residues offered by Kong [53]—43%. Cave and Council [63] found that logging residues are typically estimated at about 15% of the total roundwood, and the recovery rate is 25%. Ververk et al. [10] indicate a 12% rate of logging residues. Spinelli et al. [32] reviewed various articles and indicated that the rate of logging residues from roundwood is 30–40%, and the recovery rate is 40–70%, and this depends on specific conditions. Titus et al. [68] reviewed 32 guidelines in the USA, Canada, Europe, and East Asia, and indicated that the minimum recovery rate is 15–33% and the maximum is 50–66%.



Other authors draw on conducted field studies. Peltola et al. [58] conducted field studies in stands of Norway spruce and found that the recovery rate was about 62%. The study of Thiffault et al. [60] is a review of field studies and analyses the recovery rates reported in a large number of previous studies based on 68 values representing recovery rates and offers a 52% recovery rate. In Spinelli et al. [32], this review analyses the recovery rates reported in a large array of previous studies, and it provides essential reference figures. Ghaffariyan and Dupuis [69] calculated the weight of harvesting residues per hectare in order to determine the recovery rate of logging residues. They found that depending on different methods of harvesting technologies, the recovery rate of logging residues is from 15 to 68, but the average recovery rate was 41.6% for all types of biomass recovery machines. Korboulewsky et al. [48] also performed the analysis of field studies and determined an average rate of logging residues of 40–50% for roundwood. In their field study, Nonini et al. [46] quantified the dry mass of logging residues and determined a 60% recovery rate. A review of Ghaffariyan [47] based on results of published research reports and field study articles from 2017 to 2022 showed that 35% (in Asia) and 60% (in South America) of harvesting residues left on the sites and about 60–70% (in North America) and 68% (in Australia) of produced harvesting residues were recovered. A field study by Dvořák et al. [38] was based on the relationship between the tree stem volume of Norway spruce and the volumes of related logging residues, and a rate of logging residues of 69% was determined. The reports of international organisations were based on the field studies. FAO [72] reported that the mean volume of logging residues amounted to about 50% of the total harvested roundwood, and it is not uncommon for it to be some 60% of the total harvested [73], as for ITTO [52]—30% respectively.



We can see that field studies can provide relatively accurate percentages; however, the results of field studies are pretty different. Field studies calculate a specific rate of logging residues in a specific field, for a certain type of tree in certain logging methods, but on a macro scale, these results cannot be applied. based on Jölli and Giljum [57], no data on logging residues in forestry are directly available; therefore, the authors offer to estimate residues that should be based on the rate of logging residues reported in the literature. This study will focus on the ratio of logging residues and the recovery rate from sources used in the literature review. The suggested ratio of logging residues of 40%, and a recovery rate of 60% by Koopmans and Koppejan [36] has often been used in the scientific literature, and we will use these percentages for our study.



The calculated logging residues as unused potential in primary wood biomass are illustrated in Figure 5. There is an unused additional part of the sustainable potential of forest wood primary biomass. The use of this additional potential can increase the overall potential of forest wood biomass by 24 wt.%. It is noted that these are general percentage rates that are highly subject to local differences. The exact amount of logging residues will depend on the forest type, age, terrain, forestry treatment, and the paid price for these residues.




3.3. Balance between Annual Fellings and the Net Annual Increment of Wood Biomass


The ratio between annual fellings and the net annual increment of forest wood biomass in EU countries is illustrated in Figure 6.



In total, the EU forest fellings account for about 70% of the net annual increment of wood biomass. But this rate varies by country. The ratio between annual fellings and the net annual increment of wood biomass is greater than 100% in five EU countries (Luxemburg, Denmark, Portugal, Austria, and Estonia). The highest ratio is in Luxemburg (185%) and Denmark (128%). The ratio exceeding 100% shows that the country’s potential for forest wood biomass is not used sustainably. In the other three countries, the rate between annual fellings and the net annual increment of wood biomass is related nearly by 100%, i.e., 99% in Czechia and Hungary, and 96% in Germany. This can be interpreted as the sufficient sustainable use of the potential of forest wood biomass. The remaining seventeen countries use the potential of forest wood biomass sustainably, as the rate is lower than 95%. Notably, in almost half of the EU countries, the recommended 70% ratio between the net annual increment and annual felling of forest wood was determined, i.e., Finland, Poland, Slovenia, Belgium, Spain, Bulgaria, Romania, Lithuania, Ireland, France, Greece, Italy, and Cyprus.



In recent years, the volume of the annual forest felling in the EU was relatively stable and has remained under 70% of the net annual increment of forest wood. Comparing the ratio self-sufficiency ratio and the ratio between annual fellings and net annual increment of wood biomass in the EU countries, statistically significant differences were found. The sustainable ratio of felling and net annual increment of forest wood biomass does not always ensure the country’s domestic supply of wood. On the other hand, the domestic self-sufficiency for primary wood biomass does not in all cases show a disbalance between fellings and the net annual increment of forest wood biomass. However, both of these indicators must be evaluated when analysing the potential of forest wood biomass in terms of sustainable development.





4. Discussion


The self-sufficiency of roundwood is quite high in the EU (the SSR for industrial roundwood is 98 wt.%, and the SSR for fuelwood is 99 wt.%), and this indicates a good potential to meet all domestic industrial and fuelwood needs. Most of the total extracted forest wood biomass is used as industrial roundwood, i.e., 51 wt.% in the world and 75 wt.% in the EU. The export of total wood biomass accounts for 49 wt.% of the EU (63 wt.% of industrial roundwood and 6 wt.% of fuelwood). The export of forest wood biomass means that wood raw materials are exported to other countries for processing, and then, the country loses income, does not develop the production of wood products, and thus contributes less to the circular economy, which hinders the development of the bioeconomy. It is assumed that the reason is the lack of cooperation between wood producers and wood processing companies and the lack of political support. This attitude needs to be changed because those countries that export industrial roundwood do not use wood resources efficiently. A small distance must be ensured between the place of extraction and the place of processing of wood biomass. In this way, it is possible to create both a regional industry and comply with ecological constraints. It is considered necessary to reduce exports in order to direct more roundwood to wood production with added value. The self-sufficiency ratio for fuelwood is quite high but has more potential. The fuelwood amount that comes from imported biomass can be decreased. Instead of importing fuelwood, it is possible to use the potential of logging residues, and private forest owners could supply fuel to central heating suppliers.



Logging residues are part of the sustainable potential of wood biomass. Not all residues are usable; sometimes, when the local population faces fuelwood shortages, all logging residues are collected, and in this case, recovery rates can be considered to be close to 100% [43]. The opportunities for extraction of logging residues depend on many reasons, i.e., forest region, types [36,46,67], technical possibilities, and ecological constraints. Recently, there has been an emphasis and focus on biofuel as an alternate energy source for the achievement of global sustainability goals to lessen the adverse effects of the climate [75,76]. Logging residues are in high demand as a renewable fuel, but at the same time, they are a natural fertiliser; therefore, they need to be used rationally [35]. We cannot forget that logging residues are crucial for the forest carbon stock and biodiversity [48]. Considerable quantities of logging residues remain unused; however, there is a lack of information about the use of these residues [36]. Therefore, a database system for accounting for the generation of logging residues is needed.



Increasing domestic fuelwood potential with logging residues can reduce fossil fuel dependency and a country’s dependency on imports. This is one way to have stable and affordable energy, not depending on energy price volatility. However, this additional domestic extraction of fuelwood cannot guarantee its supply according to counties’ needs in the domestic market. This challenge can be addressed by conducting research based on the evaluation of the extraction and consumption of wood biomass by counties, and based on these results, developing effective logistics and managing consumption at the regional level. This can need specific forest biomass fuel systems, and in such a way, they would contribute to the sustainable development of the local wood-based bioeconomy [77]. In recent years, the interest in the sustainable potential of wood biomass has increased due to global warming and the increasing biomass demand. At the same time, concern about how to ensure the sustainable use of wood biomass potential is increasing. Forests can offer many opportunities both from primary and secondary wood biomass resources. Adopting circular bioeconomy strategies in the forest wood sector is an opportunity for the sustainable use of forest wood biomass [78]. Wieruszewski and Mydlarz [14] note that despite the fact that primary wood biomass accounted for almost 22% of all bioenergy potential in 2020 in the EU, European Parliament wants to consider this part of biomass as an unsustainable resource for energy. This opinion is because first, according to the principles of the circular bioeconomy, wood biomass must be used for production, not for energy. This further confirms the need to use logging residues for fuel and substantiates the relevance of this issue. Bioeconomy processes cope with uncertainties, which can influence the future sustainable development of the wood-based bioeconomy; this significantly depends on climate politics and globalisation [79]. Extreme weather phenomena, failure of actions to mitigate climate change, pollution in the human living environment, and the loss of biodiversity can have a negative impact on the forest sector and the possibility of the sustainable use of wood for all needs [80]. A bioeconomy based on wood biomass is always labelled as a sustainable bioeconomy; however, with the increasing demand for wood biomass, this can be questioned [79]. Sustainability issues in wood biomass extraction and consumption have to be analysed and discussed constantly in order to assess the current use of wood resources and perspectives. The approach to sustainability challenges should be with a long-term perspective with the objective of using all available resources to produce wood products and clean energy and all opportunities for European countries to achieve sustainable goals [81]. The sustainable use of forest wood biomass is the way to the EU’s transition to a sustainable climate-neutral bioeconomy [6].



According to Kaufmann et al. [23], the assessment of the relationship between production and consumption can expand from just the concept of self-sufficiency to the concept of the sustainable potential of primary biomass. In order to collect suitable information for forestry development decision-making in terms of a sustainable bioeconomy, it is important to assess the balance between felling and increment of wood biomass and the extraction and consumption ratio in the local market, as well as to evaluate the possibilities of using logging residues as additional potential.




5. Conclusions


This study proposes the methodology for the assessment potential of forest wood biomass in terms of sustainable development based on the economy-wide material flow analysis and proxy indicators. The potential of forest wood biomass in terms of sustainable development is presented as used and unused wood biomass and as the balance between annual fellings and net annual increment of wood biomass The methodology supports the basic idea that it is important to assess real used potential (extracted and used in the economy), how it was used (i.e., which part was used for industry, which part was exported, whether needs are met with local potential, or the needs for imports of forest wood biomass), what are the opportunities of unused potential, and what is the connection between felling and the net increment of forest wood biomass. This study provides insight into how much of the potential is being extracted, whether it meets domestic needs for primary wood, and also assumes how much unused potential there is.



Findings have shown that the imports dependency on total wood biomass in the EU increased throughout the 2000–2021 period, and this is not a good indicator. Fuelwood imports can be covered by the potential of logging residues, which is part of the sustainable potential of forest wood biomass. The EU self-sufficiency for roundwood is about 99 wt.%, and this has good potential to meet all domestic industrial and fuelwood needs. We found that the EU forest fellings account for about 70 wt.% of the net annual increment of wood biomass. This shows that the total EU balance between fellings and the net annual increment of forest wood biomass is sustainable, but this ratio is different by countries.



Future directions and limitations are defined as recommendations to investigate the potential of forest wood biomass by counties of countries for local sustainable wood-based bioeconomy development. The proposed methodology proposed in this study can be applied at the regional level. For example, the territory of the Republic of Lithuania currently comprises 10 counties; however, there is a lack of data that would characterise the countries according to roundwood consumption, the net annual increment of wood biomass, and the amount of generated logging residues. It would be particularly relevant for the application of the cascading use principle of a sustainable circular economy in practice to create, for businesses, value chains of wood biomass. Therefore, future research on the potential of forest wood biomass should determine how to consider the distribution of the potential and consumption of wood, as well as logging residues, by the regions of the country.



Not only primary forest wood biomass but secondary forest wood biomass should be examined to achieve set directions for how the wood industry should be focused on more added-value products and reuse. The present situation of the increasing demand for wood biomass, together with a drive to use these biological resources sustainably, promotes deeper studies on the potential of wood biomass and its opportunities. The sustainable extraction and use of forest wood biomass and maintaining a sustainable balance between fellings and the annual increment of forest wood biomass will have a significant impact on the final greenhouse gas balance emission in the long term. The use of fuelwood will also contribute to the enhancement of energy security. Similar studies of the assessment potential of forest wood biomass in the future can give information that may contribute to the development of government sustainable development programs. It is necessary to try different ways to evaluate sustainability in order to make the right decisions for the future in all bioeconomic sectors, including forestry.
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Figure 1. The classification of roundwood extraction (based on Eurostat, FAO [26,27,28,29]). 
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Figure 2. Change in the roundwood domestic extraction, consumption, direct inputs, and exports in the EU-27, 2000–2021. 
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Figure 3. Self-sufficiency ratio (SSR) and imports-dependency ratio (IDR) for primary wood biomass in the EU-27 countries, 2021. 
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Figure 4. Connection between the self-sufficiency ratio (SSR) and imports-dependency ratio (IDR) for primary wood biomass by EU countries, 2021 (AT—Austria, BE—Belgium, BG—Bulgaria, CY—Cyprus, CZ—Czechia, DE—Germany, DK—Denmark, EE—Estonia, EL—Greece, ES—Spain, FI—Finland, FR—France, HR—Croatia, HU—Hungary, IE—Ireland, IT—Italy, LV—Latvia, LT—Lithuania, LU—Luxemburg, NL—Netherlands, PL—Poland, PT—Portugal, RO—Romania, SE—Sweden, SI—Slovenia, SK—Slovakia). 
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Figure 5. Used and unused potential of primary wood biomass in the EU-27 countries, 2021. 
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Figure 6. The ratio between annual fellings and the net annual increment of forest wood biomass in the EU-27 countries, 2021. 
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Table 1. Temporal changes of self-sufficiency and imports-dependency ratios have changed in the period of 2000 to 2021 in the EU countries.
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	Country
	Variable
	Average, 2000–2021
	Standard Deviation, 2000–2021
	Minimum, 2000–2021
	Maximum, 2000–2021





	Austria
	SSR
	79
	7
	66
	91



	
	IDR
	48
	3
	41
	55



	Belgium
	SSR
	37
	14
	19
	79



	
	IDR
	78
	7
	64
	90



	Bulgaria
	SSR
	133
	16
	109
	176



	
	IDR
	8
	3
	4
	15



	Cyprus
	SSR
	8
	5
	3
	21



	
	IDR
	92
	5
	79
	97



	Czechia
	SSR
	187
	64
	136
	373



	
	IDR
	19
	6
	12
	30



	Germany
	SSR
	106
	3
	89
	122



	
	IDR
	28
	1
	21
	36



	Denmark
	SSR
	48
	6
	37
	55



	
	IDR
	60
	5
	52
	68



	Estonia
	SSR
	288
	95
	161
	588



	
	IDR
	22
	9
	9
	43



	Greece
	SSR
	53
	7
	40
	63



	
	IDR
	52
	6
	43
	63



	Spain
	SSR
	89
	20
	63
	114



	
	IDR
	31
	9
	19
	44



	Finland
	SSR
	87
	7
	74
	99



	
	IDR
	25
	6
	16
	35



	France
	SSR
	103
	4
	96
	108



	
	IDR
	23
	4
	15
	28



	Croatia
	SSR
	233
	111
	122
	508



	
	IDR
	15
	4
	7
	24



	Hungary
	SSR
	110
	13
	82
	133



	
	IDR
	30
	5
	22
	42



	Ireland
	SSR
	141
	43
	85
	224



	
	IDR
	38
	7
	27
	51



	Italy
	SSR
	34
	4
	27
	41



	
	IDR
	67
	4
	63
	75



	Lithuania
	SSR
	140
	18
	117
	173



	
	IDR
	25
	11
	8
	43



	Luxemburg
	SSR
	47
	25
	19
	100



	
	IDR
	77
	8
	59
	88



	Netherlands
	SSR
	24
	14
	13
	56



	
	IDR
	87
	5
	75
	92



	Poland
	SSR
	107
	6
	100
	119



	
	IDR
	16
	4
	8
	23



	Portugal
	SSR
	102
	14
	84
	129



	
	IDR
	18
	6
	8
	27



	Romania
	SSR
	124
	17
	105
	167



	
	IDR
	12
	7
	2
	22



	Sweden
	SSR
	95
	4
	88
	102



	
	IDR
	20
	2
	16
	25



	Slovenia
	SSR
	197
	107
	95
	469



	
	IDR
	40
	5
	34
	47



	Slovakia
	SSR
	122
	15
	103
	153



	
	IDR
	15
	9
	5
	39



	EU in total
	SSR
	94
	2
	91
	97



	
	IDR
	30
	2
	27
	34










 





Table 2. Comparison of different RLRs (rates of logging residues from total roundwood production) and RRs (recovery rates of residues from total logging residues) of different studies.
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	Source
	RLR, %
	RR, %





	Harun et al. [49]
	34
	66



	GOI [50]
	40
	



	FRIM [51]
	30
	



	ITTO [52]
	30
	



	Koopmans and Koppejan [36]
	40
	60



	Kong [53]
	43
	



	KITE [54]
	45–55
	



	FAO [43]
	50
	



	Cuchet et al. [55]
	
	50



	McKeever and Falk [44]
	36
	90



	Cuiping et al. [56]
	43
	55



	Jölli and Giljum [57]
	30
	75



	Steubing et al. [9]
	38
	



	Peltola et al. [58]
	
	62



	Lithuanian Energy Organization [59]
	20
	50



	Thiffault et al. [60]
	
	52



	Kizha and Han [61]
	
	60–70



	Ogunrinde and Owoyemi [62]
	20
	



	Ratnasingam et al. [45]
	43
	



	Cave and Council [63]
	15
	25



	Cacot et al. [64]
	20
	



	Strandgard and Mitchell [65]
	
	68



	Ververk et al. [10]
	12
	



	Spinelli et al. [32]
	30–40
	40–70



	Tartu Regional Energy Agency [66]
	25–30
	



	Numazawa et al. [67]
	60
	



	Korboulewsky et al. [48]
	40–50
	



	Titus et al. [68]
	
	33–66



	Ghaffariyan and Dupuis [69]
	
	42



	Nonini et al. [46]
	
	60



	Pergola et al. [70]
	9–20
	



	Suhartana et al. [71]
	35
	



	Dvořák et al. [38]
	69
	



	FAO [72]
	50
	



	FAO [73]
	60
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