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Abstract

:

Wood fuel has become central in environmental policy and decision-making processes in cross-sectoral areas. Proper consideration of different types of woody biomass is fundamental in forming energy transition and decarbonization strategies. We quantified the development of theoretical (TPs) and sustainable (SPs) potentials of wood fuel from forests, trees outside forests, wood residues and waste wood in Switzerland for 2020, 2035 and 2050. Ecological and economic restrictions, timber market situations and drivers of future developments (area size, tree growth, wood characteristics, population growth, exporting/importing (waste wood)) were considered. We estimated a SP of wood fuel between 26.5 and 77.8 PJ/a during the three time points. Results demonstrate that the SP of wood fuel could be significantly increased already in the short term. This, as a moderate stock reduction (MSR) strategy in forests, can lead to large surpluses in SPs compared to the wood fuel already used today (~36 PJ/a), with values higher by 51% (+18.2 PJ) in 2020 and by 59% (+21.3 PJ) in 2035. To implement these surpluses (e.g., with a cascade approach), a more circular economy with sufficient processing capacities of the subsequent timber industries and the energy plants to convert the resources is required.
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1. Introduction


In several European countries, an interest in using natural renewable resources to support the transition to clean energy has risen [1] (e.g., [2,3,4]). Biomass, in particular, is seen as a promising source for renewable energy and its use could cover a significant share of the primary energy consumption by 2050 [5,6], thus contributing to the achievement of European decarbonization goals. Consequently, the use of woody biomass has received attention but also raised several concerns [7]. While some of these concerns are related to the low energy density and conversion efficiency of wood fuel compared to fossil energies, as well as externalities such as the impact on air quality (with effects on human health) [7,8], the issue of possible conflicts among the multiple goods and services provided by forests that an augmented demand of wood for bioenergy may cause is central.



Forests provide a wide range of goods and services and are relevant for policy and decision-making processes in cross-sectoral areas [9], and are under pressure due to biotic and abiotic agents, whose action is exacerbated by events related to climate change, such as the 2018 megadrought (e.g., [10]). Therefore, some tension exists between “demands for more intensive management of biomass from forests and the contributions made by the same biomass in situ to soil fertility, biodiversity and protective functions” [7]. Sustainable and climate-smart forest management (e.g., [11,12]), and the cascade use of wood in long-lived products combined with end utilization for energy production [13,14,15], represent two necessary prerequisites for any sustainable and climate-friendly use of woody biomass as bioenergy (hereafter referred to as wood fuel). Thus, wood may only be used for energy production at the end of its life cycle or when it is not suitable for further material processing.



Switzerland has a long tradition of sustainable forest management [16], with forest areas and growing stocks continuously increasing over the past 40 years [17]. In this context, the sustainable use of wood fuel from forests can further help in reducing carbon dioxide (CO2) emissions. It offers good opportunities to substitute energy and emission-intensive energy carriers and materials [18]. Moreover, it may support energy security and decarbonization strategies, while at the same time addressing multiple societal issues, e.g., solutions for the transportation sector and independence from imports [19,20]. Substituted products could be used for important high-end applications, such as the clean energy transition [21,22], urgent medicine, and the cosmetics, textile, and hardware industries.



Since wood fuel is intended to favor decarbonization processes, it is important that the interaction of forests with climate change is considered properly. Although younger, faster-growing forests usually have a higher rate of carbon uptake, it is the older forests with long-rotation periods and protected old-growth forests that have the highest carbon stocks. A key point for the sustainable use of wood fuel from forests is therefore the “payback time”, i.e., the number of years it takes to offset the carbon emissions generated by harvesting the forest and the emissions caused if used for bioenergy. From this perspective, by regulating stand density and the age of forests, forest management has a substantial role in ensuring sustainable and climate-smart use of forest wood resources. In order to balance out society’s manifold demands on forestry [23,24], any estimates of biomass availability should consider not only the theoretical potential, i.e., the upper limit of a given type of woody biomass available at a certain point in time, but also the sustainable potential, i.e., the share of the theoretical potential that can actually be used when other constraints (e.g. ecological) on management approaches are accounted for [20].



Many Central European countries refrain from full-tree use and have restricted the removal of small cutting volumes (non-commercial wood, e.g., slash, leaves and needles) in order to maintain nutrient cycles, soil quality as well as biodiversity. Forming technical projections and aspirational goals for future bioenergy can be difficult [23] but they are necessary, as stakeholders need reliable data on the development of woody biomass in order to plan infrastructures required for implementing the use of woody and non-woody biomass for energy [25]. In multiple studies, regional [26], national [20,27,28,29,30] and international [5,6,31,32] potentials of woody and non-woody biomass for energy use have been estimated. Results show that its use could be significantly increased in many countries already in the short term [20,33] and will most likely result in multiple advantages (e.g., [15,34,35,36,37]). However, as the availability of woody resources is limited [1,6], especially for energy purposes [20], knowledge is urgently needed on their (current and projected) availability in quantitative terms as well as the environmental and economic consequences of their use for bioenergy. While future estimates for non-woody biomass types exist [38,39], available estimates of wood fuel biomass potentials refer to specific types of woody biomass only, e.g., the biomass potential from short rotation coppices [40,41,42], from forests and other landscapes in urbanized regions [42], as well as biogenic waste and residues [43]. Estimates of the future availability of all woody biomass types at the country level is still missing.



With this study, we aim to investigate the availability of woody biomass feedstock resources originating from forests, trees from outside forests, residues and waste wood that can be used for wood fuel today (2020) and in the long term (2035; 2050). For all woody biomass types, we describe the time horizons and methods (frame), the connections between different wood types, their use, the uncertainty and its effects on the potentials, and the influence of different key drivers (i.e., factors that may drive the future availability of a given biomass type) on future estimates. The following specific research questions are addressed:




	(i)

	
What sustainable potential of woody biomass feedstocks can be used for wood fuel today (2020) in the long term (2035; 2050), and what is the impact on the key drivers to predict future amount of wood fuel?




	(ii)

	
What are realistic ranges of wood fuel predictions under different (a) forest management strategies, (b) ecological restrictions (e.g., protected areas, harvest losses), (c) wood markets (material use, recycling/upcycling) and (d) costs?




	(iii)

	
What are the consequences of additional wood fuel use (e.g., effects of different costs)?









We focus on Switzerland as a case study, using data from the Swiss National Forest Inventory (NFI) [17] and models for future harvesting, forest management and wood fluxes. Additionally, the established framework of the Swiss Competence Center for Bioenergy Research (SCCER BIOSWEET) provided valuable results on the use of biomass for energy. Bridging and extending these activities was a chance to assess the development of all woody biomass types for energy use with a nationwide methodologically identical approach.




2. Materials and Methods


We applied a conceptual framework that explicitly incorporates the upper limit of annual wood fuel use, resulting in the theoretical (TP) and the sustainable potential (SP). Both are determined by ecological and socio-economic restrictions and assessed for four woody biomass types (wood fuel from forests, trees from outside forests, wood residues, waste wood; cf. Section 2.2).



2.1. Derivation of Wood Fuel Potentials


To estimate the wood fuel potentials (i), we considered (ii) three forest management strategies and (iii) three scenarios with different intensities of wood fuel use. Due to the influence of wood markets on the share of harvested wood allocated to material use, the classification into assortments was determined using (iv) two wood market situations. Finally, the consideration of (v) biomass-specific key drivers enabled the estimation of wood fuel potentials not only for today (2020) but also for future points in time (2035 and 2050) (Figure 1). In detail:




	(i)

	
Theoretical and sustainable wood fuel potentials. Biophysical constraints and forest management strategies largely regulate the increment and possible stock reductions in forests and other landscapes, resulting in the theoretical potentials (TPs), and thereby determine the upper limit of annual wood fuel use. By subtracting relevant ecological and socio-economic restrictions, the amounts of biomass available for wood fuel are reduced, resulting in the sustainable potentials (SPs). SP provides a more realistic estimation of the amount of wood fuel produced annually and is the consequence of balancing societies’ multifunctional forestry mandates [20,23,44]. However, some restrictions have only indirect effects on wood residues and waste wood as they occur after timber harvesting (dashed line in Figure 1). For both TPs and SPs, the specific assumptions made for each woody biomass type are described in the respective sections. In the case of wood fuel derived from forests, we additionally determined the ecologically sustainable potential (ESP), which provides the upper limit if significantly lower costs, higher prices and consequently larger revenues are expected and mainly ecological constraints dominate (cf. Figure 2).




	(ii)

	
Forest management strategies. Three forest management strategies were simulated by using MASSIMO [45], a management scenario simulation model to project growth, harvests and carbon dynamics of Swiss forests. It is based on empirical models that have been fitted with data from the Swiss NFI [46], and it includes HeProMo [47,48], a model that can estimate potential timber harvesting productivities and costs. Thus, it was possible to estimate the harvesting cost for each NFI plot based on the amount of harvested timber, harvesting methods and transport distance to the nearest forest road. It was initialized on 5086 NFI sample plots with productive forests, based on NFI2 (1983–1985) and NFI3 (2004–2006) surveys. As MASSIMO includes random components, we replicated the simulations 20 times. The version applied (NFI2/NFI3) does not take into account climate change but includes random components for storm damage, harvesting and single tree mortality [45], thereby taking into account climate-induced extreme events that can cause major damage and further impact the wood-processing industries and trades [49]. The following forest management strategies were calculated:




	
Business as usual, representing a continuous growing stock increase (CSI). It reflects the current harvesting and management practices in Switzerland and therefore can be seen as a reference scenario. It leads to increasing growing stocks in all Swiss regions except for the Swiss Plateau.



	
Medium-intensity management, representing a moderate stock reduction (MSR). It targets growing stocks of 300–310 m3/ha until 2046 and is intended to accelerate growth by reducing the stock of the forests.



	
High-intensity management, representing a large stock reduction (LSR). It accounts for a high demand for wood fuel from forests until 2046, leading to more frequent thinning and 40% shorter rotations, with target growing stocks of 250 m3/ha and a range of 200–300 m3/ha.









	(iii)

	
Level of wood fuel consumption. Three scenarios of wood fuel use were applied to estimate realistic ranges of TPs and SPs. They were calculated for all analyzed types of biomass and covered the minimum, maximum and expected levels of wood fuel consumption. The largest deductions due to the restrictions (i) result in the minimum, the smallest in the maximum and the deductions of average restrictions in the expected potentials. Thereby, the approach accounts for uncertainties and diverse viewpoints regarding the potentials use (cf. Figure 2).




	(iv)

	
Timber market situations. Two timber market situations were considered, wood energy oriented (EO+) and less wood energy oriented (EO−). They differ in the sorting of the assortments and include the differentiation between wood for energy and for material uses (Supplementary Information S1, Table S5). The market situation EO+ represents a more energy-intensive use directly after harvesting. In contrast, EO− represents a more cascade-oriented market, where a greater share of wood is directed towards a preliminary material use and is available for energy as wood residues or waste wood at the end of the life cycle. Both EO− and EO+ were defined in coordination with the Swiss forestry and timber industry associations [50].




	(v)

	
Key drivers. The consideration of biomass-specific key drivers serves to project the wood fuel potentials of all analyzed woody biomass types by using them as development indicators of TP. We subtracted the relevant biomass-specific restrictions from future TPs to determine SPs. Detailed information on the biomass-specific drivers is given in the corresponding Section 2.2.1, Section 2.2.2, Section 2.2.3 and Section 2.2.4. In some cases, information on the possible development of the present SPs was also available and was applied directly.










2.2. Assessment of Woody Biomass Types


Considering multiple utilization paths, the following four woody biomass types were considered relevant for wood fuel in Switzerland [30,51]:




	(i)

	
Wood fuel from forests, which is extracted from forests and used directly for energy purposes.




	(ii)

	
Wood fuel from trees outside forests, which is from trees and shrubs cut and pruned on landscapes or settlement areas outside forests.




	(iii)

	
Wood fuel from wood residues, which includes slabs, cuttings, sawdust and wood shavings that arise in the wood product manufacturing and processing industries [52]. These residues are mainly a by-product of saw-, planing- and gluing mills, carpentries and joineries within the woodworking industry. The potentials depend on (i) the amount of wood harvested in forests, and (ii) its assortments, which has the advantage of framing the potentials in relation to their original source.




	(iv)

	
Wood fuel from waste wood, which is defined as waste (after the material use of a wooden product) [53] and includes packaging made of wood, waste wood from building sites, demolitions, renovations and conversions, and shredded wood, including sieve overflow.









2.2.1. Wood Fuel from Forests


Applied models. By using MASSIMO [45] and the integrated HeProMo model [47,48], forest development, future growth, costs and harvesting potentials were simulated with time steps of 10 years, taking random storm damage, harvesting and single tree mortality into account (e.g., [45,54,55]).



Considered forest management strategies. All forest management strategies (CSI, MSR, LSR) and cost categories were described and applied according to Section 2.1.



Calculation of theoretical potentials. The TPs (TP2020, TP2035, TP2050) correspond to the annual increments including the amounts of stock reductions. To consider the range of the potentials for each management strategy, the standard errors of the MASSIMO outputs for increment and the eventual stock reduction were applied (Table 1). The future TPs were based on the MASSIMO results for the periods 2027–2036 (TP2035) and 2047–2056 (TP2050). As MASSIMO assumes mortality rates of 15% for CSI and MSR and 10% for LSR, mortality rates were re-added for the TP because trees that died could have been used for energy before decomposition.



Key drivers considered in the future TPs. We used MASSIMO’s standard implementations with a storm periodicity of 15 years, as well as the key drivers forest area size, forest growth and wood characteristics, all identified by literature review. Forest area size: Based on [56,57], we assumed a forest area increase of 0.19% per year, which resulted in a summed up forest area increase of almost 3% for TP2035 and 6% for TP2050 compared to TP2020. Forest growth: While factors such as climate change and N deposition may negatively impact tree growth in the lowlands [58,59], gross growth may increase at higher altitude [60,61]. Based on [49,62] and the higher forest cover in the Alps than in the lowlands, we assumed that both effects result in an increasing TP of 11% for TP2035 and 10% for TP2050 compared to TP2020 (7.9 m3/ha [63]). Wood characteristics: MASSIMO outputs result in different proportions of broadleaves and conifers over time. This shift in species influences the calorific value and thus the energy content of the wood. In MASSIMO, the growth of small trees (below the calliper threshold) is assumed to follow the same tree species-specific growth models as trees beyond the calliper threshold of 12 cm diameter at breast height. This assumption facilitates the simulation of fast-growing and shade-tolerant species in the regeneration, slightly tending to an overestimation of conifers [55] (for more details on regeneration in MASSSIMO, cf. [45]).



Calculation of sustainable potentials. To determine the SPs of wood fuel from forests, we considered restrictions with respect to mortality, reserve areas, harvest losses, material use and costs in the named order [20]. Mortality: The share of mortality was subtracted according to the assumptions made in the respective management strategies (CSI, MSR: 15% of increment; LSR: 10%). Reserve areas: Based on [64], we considered todays forest reserve areas (4.8%) when estimating SP2020. To reflect the minimum that policy aims for [65], we doubled the extend of reserve areas (~10%) for both SP2035 and SP2050. Harvest losses: Based on data from [26], we calculated standard errors of harvest losses and estimated the minimum SPs by subtracting the largest possible harvest losses and the maximum potential, respectively (Table 2). Material uses: Based on [20], we applied the two wood market situations “less wood energy oriented” (EO−) and “wood energy oriented” (EO+) for the sorting of assortments into energy and material wood use (Supplementary Information S1, Table S5). Costs: In addition to the harvesting costs divided into 25 CHF cost classes, costs for chipping and transportation were considered (40 CHF/m3). For SP2020, the threshold for economically acceptable harvesting, chipping and transportation costs was set, based on [20], at today’s market price of 120 CHF/m3 for wood production areas and 190 CHF/m3 for protection forest areas, accounting for subsidies given for the management of protection forests. To account for the minimum and maximum potentials we assumed ±10 CHF/m3 of the total costs.



Calculation of ecologically sustainable potentials (ESPs). In addition to TP and SP, we determined the situation of the sustainable potential for wood fuel from forests when costs are neglected. Therefore, cost restrictions were not subtracted from TPs. This results in the ESP, which considers ecological restrictions only and is in line with [20].




2.2.2. Wood Fuel from Trees Outside Forests


Applied models. A model was established based on geographic information systems (GIS), calculating wood growth per surface using a 100 m × 100 m grid of Switzerland [51].



Considered forest management strategies. None, as the procedure estimates wood from trees outside forests.



Calculation of theoretical potentials. To estimate TPs, an increment was assigned to the 28 identified wood-stocked categories outside forests (Supplementary Information S2, Table S6) shown in the areal statistics [66]. Increment accounts for site characteristics, such as precipitation, soil conditions and exposure of the trees [67]. Specifically, we assumed optimal growth of each stocked category based on literature review and expert surveys (Supplementary Information S2, Table S7). In a next step, we corrected optimal growth values with realistic coverage levels (Supplementary Information S2, Table S7, column 6) and applied the dependence of increment on altitude [63] using net growth factors (Supplementary Information S2, Table S8). Therefore, we normalized the net growth. The altitude class with the highest growth value of each region was assigned ”1”, while net growth factors were assigned proportionally smaller values for the others according to the growth measurements of the NFI [63]. Afterwards, net growth factors (Supplementary Information S2, Table S8) were assigned to all of the 4.1 million georeferenced sample points of the areal statistics [66]. The results were then joined with the digital elevation model of Switzerland [68], thereby assigning an altitude to each of the areal statistics sample points. Finally, the combination of the stocked areas outside forests with altitude and the corresponding net growth factors (Supplementary Information S2, Table S8, lower part) made it possible to estimate net growth in [m3/ha*a] for each of the georeferenced sample points of the areal statistics. Thus, we multiplied the growth of realistic coverage levels of the 28 wood-stocked categories (Supplementary Information S2, Table S7) with their net growth factors while also accounting for their location and altitude (Supplementary Information S2, Table S8). When summed over all of Switzerland this equals TP.



Key drivers considered in the future TPs. Increment: For wood from trees outside forests, we made the same assumptions as for wood fuel from forests, i.e., an additional 11% woody biomass available for the TP2035 and 10% for the TP2050 compared to the TP2020 (Section 2.2.1). Wood characteristics: The wood from landscape maintenance was assumed to be 90% broadleaves for the TP2020 [51]. As this percentage is quite high, it was assumed to stay at 90% for TP2035 and TP2050. Areal changes: To quantify the wood-stocked areas outside forests for TP2035 and the TP2050, we linearly extrapolated the past development based on the areal statistics from 1979/1985 and 2004/2009 [66]. The areas increased by approximately 12% between these two periods, which corresponds to an annual average increase of 0.46%. This total increase was distributed equally across all types of wood from trees outside forests until 2035. However, stagnation in the year 2035 was assumed.



Calculation of sustainable potentials. Based on the results from the TPs, restrictions were considered that apply when technical-economic and socio-political requirements were included. In particular, harvesting, chipping, and transportation costs were important, and all of which largely depend on the accessibility of the area. Technical-economic accessibility: The distance of the landscape areas to the road network [69] is important when considering forwarding distances. Therefore, we considered the distances between the wood-stocked areas on landscapes and the nearest road (>2 m width). In cases where the distance was <50 m, 100% of the wood was considered for the TP, whereas 60% of the TP was considered where the distance was 50−150 m and no wood was considered where the distance was >150 m. This is in line with [51,67]. Ecological socio-political accessibility: As harvesting in steep terrain is avoided whenever possible, for worker safety reasons and prevention of erosion, the slope was calculated with the digital elevation model [68]. In general, we assumed that sites with a slope gradient of more than 70% were harvested only if necessary for safety reasons (e.g., better view along roads or in urban areas, Table 3).



Key drivers considered in the future SPs. Areal changes: The annual increase of 0.46% from former areal statistics was applied (cf. key drivers in the future TPs). As for the TPs, we assumed this increase would persist up to the year 2035 (SP2035), resulting in an additional 12% that was distributed equally across on all stocked categories of trees outside forests (Supplementary Information S2, Table S7). Availability: We assumed similar road networks and forwarding distances as for SP2020 for future points in time (SP2035 and SP2050). We also assumed that there were no changes in topography or slopes within these timeframes. Uncertainty: We chose high uncertainty values of 20% for today (2020), 40% for 2035 and 60% for 2050 (for more details on the technical assessment, cf. [51]).




2.2.3. Wood Fuel from Wood Residues


Applied models. Wood harvesting potential. (i) We applied the models MASSIMO and HeProMo (cf. Section 2.1) and used the same approach as for “wood fuel from forests” (Section 2.2.1), neglecting the assortment (market situations; EO−, EO+) because material, wood-processing and energy uses are part of the model “wood fluxes Switzerland”. (ii) This model is based on [70] and includes the quantification of wood residues available for fuel as all wood residues occurring along the value chain of the wood-processing and woodworking industries (Figure 3). The model is divided into three main pillars (wood energy, stem wood and industrial timber). For the determination of wood residues for wood fuel, we summed up wood residues intended for energy use (Figure 3, framed in red). Linkage of the two models. (i), (ii) Wood harvesting SPs and TPs from (i) were used as possible wood harvest (cf. wood harvesting potential, Figure 3) input in model (ii) for each point in time (2020, 2035, and 2050). This combination allowed the distribution of wood harvesting TPs and SPs (i) based on five-year average values of the wood fluxes in Switzerland (ii) (Figure 3) [70].



Considered forest management strategies. The moderate stock reduction (MSR) strategy was used, as it is expected to be favored by the forestry and timber industry [20]. Additionally, it allows temporary surpluses for the SP2035 and SP2050 coming from increased harvests due to stock reductions until 2046, while not undercutting the SP2050 coming from the CSI (business as usual) strategy and still providing compartments for wood processing.



Calculation of theoretical potentials. TPs consider all wood residues to be used directly for energy. This means that parts used for further material production and unidentifiable quantities in terms of energy versus material use (Figure 3, dashed in red) are entirely attributed to the TPs (cf. applied models).



Key drivers considered in the TPs. As TPs of wood fuel from forests (Section 2.2.1) are similar to TPs of wood harvesting potentials (i) (cf. applied models), we considered no further drivers.



Calculation of sustainable potentials. SPs consider all fluxes of wood residues that are no longer used for reprocessing (Figure 3, framed red). Concerning wood harvesting SPs, the restrictions of mortality, reserve areas, harvest losses and costs were considered in line with the procedure used for wood fuel from forests (Table 4, respectively Section 2.2.1).




2.2.4. Wood Fuel from Waste Wood


Applied models. A survey of all waste wood disposal companies and waste wood transporters within Switzerland was conducted [71] to quantify the amount of waste wood and its potentials for energy use. The survey was based on [72] and was adapted and implemented for Switzerland. In total, 295 companies reported about their activities in the transport and disposal of waste wood in 2014. Based on this survey, data for 154 transportation and disposal companies that did not respond were projected. This provided the basis for the estimation of the waste wood energy SPs and TPs (for details, cf. [71]).



Considered forest management strategies. As the estimation of waste wood potentials is based on an actual survey, the situation is comparable to the strategy CSI with a considerable time lag because waste wood occurs at the end of the life cycle. However, as many semi-finished and finished products are imported [73], the domestic production has minor importance.



Calculation of theoretical potentials. The TPs correspond to the total market volume. The market volume reflects the maximum quantity of waste wood available on the market, including both domestic use and export. It contains the quantities used within the country and the quantities sold abroad to end users. Today, 0.3 M t (0.56 M m3) of waste wood, or 31% of the market volume, is exported [71]. This is important because exported waste wood could be used domestically.



Calculation of sustainable potentials. The SPs reflect the cascading (material use) as well as the appropriate disposal of contaminated waste wood inland and abroad. We determined the amount of waste wood already used for energy production in Switzerland and added the amount exported and used for energy production abroad (15% of the market volume or 0.15 M t (~0.28 M m3); [71]).



Key drivers considered in the TPs and SPs. It was assumed that a growing population will increase the demand for wooden products (e.g., furniture) and, consequently, will produce more waste wood. Therefore, we accounted for population growth: based on [74], Switzerland’s population (8.3 M permanent residents) is expected to increase by 19% by 2035 (approx. 1% annually) and by 23% by 2050 (approx. 0.76% annually), with deviations in these scenarios of 5%, and 10%, respectively. As other investigations of the waste wood already used for energy [75,76] show results with variations of 10% for the potential, we added an additional 10% uncertainty to our results.




2.2.5. Calculation of Energy Contents


General remarks. Volume- or weight-based data on wood harvests from forests and landscapes, wood residues, or wood wastes were converted into energy content (E) (Joules [J]). Depending on the biomass type, different values for the energy content per volume or weight were applied. If not indicated otherwise in the respective sections, the following values were used. The energy content of fresh forest wood is 2260 kWh/t for conifers and 2160 kWh/t for broadleaves [77]. For the conversion of kWh/t into J, we used the factor 3.6 × 106 [78]. For fresh wood from forests, we applied volumes of 0.758 t/m3 for conifers and 1.116 t/m3 for broadleaves. For air-dry wood, we applied volumes of 0.52 t/m3 for conifers and 0.74 t/m3 for broadleaves [51].



Wood fuel from forests. The energy content is given for fresh wood of conifers and broadleaves:


   E  c o n i f e r s    [ J ]  =   v o l u m  e  c o n i f e r s    [   m 3   ]  * 0.758    [   t   m 3     ]  *   2260  [    k W h  t   ]  * 3.6 *   10  6     [   J  k W h    ]   










   E  b r o a d l e a v e s    [ J ]  =   v o l u m  e  b r o a d l e a v e s    [   m 3   ]  * 1.116    [   t   m 3     ]  *   2160  [    k W h  t   ]  * 3.6 *   10  6     [   J  k W h    ]   











Wood fuel from trees outside forests was estimated based on weight. The energy content was given for fresh wood of conifers and broadleaves. The ratio of conifers to broadleaves was assumed to be 1/10 (cf. Section 2.2.2).


   E  c o n i f e r s    [ J ]  =   w e i g h  t  c o n i f e r s    [ t ]  * 2260    [    k W h  t   ]  *   3.6 *   10  6     [   J  k W h    ]   










   E  b r o a d l e a v e s    [ J ]  =   w e i g h  t  b r o a d l e a v e s    [ t ]  * 2160    [    k W h  t   ]  *   3.6 *   10  6     [   J  k W h    ]   











Wood fuel from wood residues. The wood used for energy directly after production processes in sawmills or energy plants was assumed to have a high moisture content (50%), whereas residues from further processing were assumed to be air dry. For TPs, 66% of the wood residues are freshly used and 34% are used later on and therefore considered air dry. For SPs, 60% are freshly used, while 40% come from further processing (air dry) (based on Section 2.2.3, model “wood fluxes Switzerland”). The cutting of conifers and broadleaves occurs in a ratio of 20/1 (roundwood cutting ratio, sawmill residues) [79]. This ratio was also used for wood residues from woodworking companies.



For TPs:


   E  c o n i f e r s    [ J ]  =   0.66 * v o l u m  e  c o n i f e r s    [   m 3   ]  * 0.758    [   t   m 3     ]  * 2260    [    k W h  t   ]  + 0.34                * v o l u m  e  c o n i f e r s      [   m 3   ]  * 0.52    [   t   m 3     ]  * 2260    [    k W h  t   ]  * 3.6 *   10  6     [   J  k W h    ]   










   E  b r o a d l e a v e s    [ J ]  =   0.66 * v o l u m  e  b r o a d l e a v e s    [   m 3   ]  * 1.116    [   t   m 3     ]  * 2160    [    k W h  t   ]  + 0.34                * v o l u m  e  b r o a d l e a v e s      [   m 3   ]  * 0.74    [   t   m 3     ]  * 2160    [    k W h  t   ]  * 3.6 *   10  6     [   J  k W h    ]   











For SPs:


   E  c o n i f e r s    [ J ]  =   0.60 * v o l u m  e  c o n i f e r s    [   m 3   ]  * 0.758    [   t   m 3     ]  * 2260    [    k W h  t   ]  + 0.40                * v o l u m  e  c o n i f e r s      [   m 3   ]  * 0.52    [   t   m 3     ]  * 2260    [    k W h  t   ]  * 3.6 *   10  6     [   J  k W h    ]   










   E  b r o a d l e a v e s    [ J ]  =   0.60 * v o l u m  e  b r o a d l e a v e s    [   m 3   ]  * 1.116    [   t   m 3     ]  * 2160    [    k W h  t   ]  + 0.40                * v o l u m  e  b r o a d l e a v e s      [   m 3   ]  * 0.74    [   t   m 3     ]  * 2160    [    k W h  t   ]  * 3.6 *   10  6     [   J  k W h    ]   











Wood fuel from waste wood was estimated based on weight. The primary energy content was calculated with the calorific value for conifers of 4.02 kWh/kg for conifers and 3.86 kWh/kg for broadleaves (moisture content 20%) [77]. Significantly more coniferous wood is used for processing. Therefore, we used a conifer to broadleaf ratio of 5/1 [73].


   E  c o n i f e r s   =     0.8       f o r   p r o p o r t i o n         o f   c o n i f e r s       * w e i g h  t  w a s t e   w o o d    [  k g  ]  * 4.02    [    k W h   k g    ]  * 3.6 *   10  6     [   J  k W h    ]   










   E  b r o a d l e a v e s   =     0.2       f o r   p r o p o r t i o n         o f   b r o a d l e a v e s       * w e i g h  t  w a s t e   w o o d    [  k g  ]  * 3.86    [    k W h   k g    ]  * 3.6 *   10  6     [   J  k W h    ]   














3. Results


3.1. Wood Fuel from Forests


TPs and SPs show large differences in wood fuel from forests. Considering the different forest management strategies, the respective scenarios, and the reference year of the availability, from 10% up to a considerable 45% of SPs are available from TPs for direct energy use only.



3.1.1. Theoretical Potential


The TP of wood fuel from forests is between 75 and 132 PJ/a for the next 30 years, depending on the management strategy and reference year. Today and in 2035, the strategy LSR offers the greatest potential. Between 2035 and 2050, however, the volume is expected to decrease significantly and the potentials of the strategies CSI and MSR will exceed the potential of the strategy LSR in the long term (Figure 4; Supplementary Information S1, Table S1).




3.1.2. Sustainable Potential


The SP of wood fuel from forests is between 9.1 and almost 47.3 PJ/a for the next 30 years, depending on management strategy, timber market situation, the point in time examined and whether deductions are considered for mortality, reserve areas, harvest losses, material uses and wood harvesting, as well as chipping and transportation costs (Figure 4; Supplementary Information S1, Table S2). This represents a wide range of wood fuel that might be available from forests. The management strategy LSR leads to the largest SP in 2020 and 2035. It decreases, however, by 2035 and 2050 (Figure 4). Wood fuel potentials from the management strategies CSI and MSR will exceed those from LSR in the long term (Figure 4; Supplementary Information S1, Table S2; year 2050). The lower boundaries of the potentials are still within the range of those corresponding to LSR (Figure 4; CSI, MSR). This is mainly due to the uncertainty range given by the multiple replications of the scenario calculations (standard error), harvest losses, material uses of the wood (EO+ wood energy oriented vs. EO− less wood energy oriented) and costs or revenues of ±10 CHF/m3 (=9.5 €/m3 or 10.3 USD/m3, actual exchange rate on 13.04.2020).



Neglecting costs results in the ecologically sustainable potential (ESP; cf. Section 2.2.1) leads to considerable surpluses (Figure 4 (grey lines) and Supplementary Information S1, Table S3). Comparing the ESPs of the different forest management strategies with the corresponding SPs (considering costs) of the CSI (business as usual) indicates surpluses between 64% and almost 200% for the minimum, 60% and 212% for the expected, and 32% and 148% for the maximum scenarios (Supplementary Information S1, Table S4).





3.2. Wood Fuel from Trees Outside Forests


Considering the respective scenarios and time points, TPs and SPs of wood fuel from trees outside forests can be expected to have only slightly higher availabilities in the future. Between 50% and 52% of SPs are available from TPs.



3.2.1. Theoretical Potential


The TP of wood fuel from trees outside forests is between 9.4 and 11.7 PJ/a, for the next 30 years until 2050 (Figure 5; Supplementary Information S2, Table S6). The wood fuel potential increases slightly until 2035 and then remains at the same level until 2050. This goes along with the higher growth increments of the individual trees expected due to climate change and the ingrowth of non-woody landscape areas.




3.2.2. Sustainable Potential


The SP of wood fuel from landscapes is between 4.8 and 6.0 PJ/a, for the next 30 years for the expected scenario (Figure 5; Supplementary Information S2, Table S6). The potential increases slightly until 2035 and then remains at the same level until 2050.





3.3. Wood Fuel from Wood Residues


TPs and SPs show very large differences in wood fuel from wood residues. Considering the respective scenarios and the time point of the availability, only 4–14% of SPs are available from TPs for energy use. Along the value chain of wood harvesting, SPs and TPs result in wood residues for energy of 37% (SPs) to 47% (TPs). At the semi-finished product level, wood residues for energy arise from processing industrial wood, mainly by the production of chipboard and fiberboard (SPs: 17%; TPs: 35%). The difference between TP and SP occurs because an optimistic cascade of use is applied to SPs, as recommended by [13,14,15]. Wood residues for fuel resulting from the production of solid wood and wood-based materials have a share of 21% (TPs) to 26% (SPs) and include sawn timber, veneer and plywood. Further, small quantities of wood residues occur as cellulose and wood pulp in the paper and cardboard industry.



3.3.1. Theoretical Potential


The TP of wood fuel from wood residues is between 53.9 and 68.8 PJ/a, for the next 30 years until 2050, depending on the standard error of the forest management strategy MSR, and the reference year (Figure 6; Supplementary Information S3, Table S9) and current wood market conditions (Section 2.2.3). The TP (Figure 6; Supplementary Information S3, Table S9) shows the upper limit of wood residues for energy use, if the total TP of forest wood is exploited for material use.




3.3.2. Sustainable Potential


The SP of wood fuel from wood residues is between 2.4 and 9.1 PJ/a, for the next 30 years until 2050, depending on the forest harvests in reserve areas, costs and the reference year (Figure 6; Supplementary Information S3, Table S9). The SP represents a wide range of wood fuel from forests being available each year, also considering the wood market situation. The SPs of wood residues continuously decrease until 2050 to a minimum of 2.4 PJ/a and a maximum of 5.9 PJ/a. The forest wood harvesting potentials were used as input for the model (cf. “wood fluxes of Switzerland”, Section 2.2.3) and are shown in Supplementary Information S3, Table S10.





3.4. Wood Fuel from Waste Wood


A large share of the TP of waste wood is sustainably available for wood fuel use. Considering the respective strategies and the time point of the availability, a considerable (82–84%) of SPs are available from TPs for energy use.



3.4.1. Theoretical Potential


The TP of wood fuel from waste wood ranges from 12.9 to 20.9 PJ/a, for the next 30 years (Supplementary Information S4, Table S11). At first, TP increases from 14.3 PJ/a (2020) to 16.5 PJ/a (2035) for the expected scenario. However, after 2035, it increases at a slower rate to 17.1 PJ/a until 2050. Compared to today (TP2020, expected scenario), in 2035 the minimum potential is higher by 3.5% and the maximum by 30%. In 2050, the minimum potential is 7% higher, while the maximum is 32% higher. Minimum quantities are 11% lower than the expected scenario and the maximum quantities are 23% higher in both 2035 and 2050 (Figure 7).




3.4.2. Sustainable Potential


The SP of waste wood ranges from 10.6 to 17.5 PJ/a, for the next 30 years until 2050 (Figure 7 and Supplementary Information S4, Table S11). A slight increase in the potentials is expected. Compared to today (SP2020), the minimum potential in 2035 is 3.5% higher, while the maximum potential is 19% higher. In 2050, the minimum potential is 19% higher and the maximal potential is 49% higher. Compared to the expected scenario, the minimum and maximum quantities are initially (in 2020) 10% lower and higher, respectively, the minimum potentials in 2035 and 2050 are 11% lower, and the maximum potentials are 26% higher in 2035 and 25% higher in 2050.





3.5. All Woody Biomass Types


The TP of wood fuel from all biomass sources is between 93.1 and 148.5 PJ/a, for the next 30 years until 2050, depending on the forest management strategy, forest policy implementation, exporting/importing and the reference year (Figure 8 and Supplementary Information S5, Table S12). The TP gives the upper limit of domestic wood for the energy use, not considering any material purposes. As wood residues and waste wood have their origins in forests and other landscapes, only these two primary sources need to be summed up to account for TP.



The SP of wood fuel is between 26.5 and 77.8 PJ/a for the next 30 years until 2050, depending on the forest management strategy, development of costs, harvest losses, forest policy implementation (e.g., reserve areas, use of wood from landscapes), exporting/importing and the reference year (Figure 8, Supplementary Information S5, Table S13).



Compared to the SP2020 for the management strategy CSI, surpluses of 43% to 47% occur when the management strategy MSR is applied, while the implementation of LSR results in surpluses of 84–89% (Supplementary Information S1, Table S3) for 2020. For SP2035, potentials 22% to 49% higher can be expected compared to continuation with the management strategy CSI. The large range can be explained mainly by the different sorting of wood compartments for material and energy use according to the EO− and EO+ market situations, the cost elasticity of 20 CHF/m3, the different assumptions for the minimum and maximum harvest losses, and the larger deductions for reserve areas (cf. Section 2.2.1). For SP2050, the potentials resulting from stock reduction strategies (MSR, LSR) decrease slightly compared to 2035. However, while potentials for MSR are within the same range as those for CSI, the potentials for LSR are lower, especially when considering an EO− market situation (Figure 8; Supplementary Information S5, Table S12).



Overall, the largest amount of wood fuel is provided from forests, but this share decreases continuously in the future. At the same time, the range of the amount of wood fuel from trees outside forests becomes broader. Potentials in the minimum scenario become lower and those in the maximum scenario become higher. Moreover, the share of wood residues decreases during the next 30 years, while the share of waste wood increases at least in the last time step (2035–2050) (Figure 9; Supplementary Information S5, Table S13).





4. Discussion


The current and long-term fuel potentials of woody biomass are compared with the annual gross energy consumption in Switzerland and with all biomass types (including non-woody) (Section 4.1). Since forest wood is the main source of all the woody biomass types, we analyze the potentials with regard to their original source but also to the subsequent timber industries (wood residues) and the final use of wooden products (waste wood) (Section 4.2). We differentiate between levels of wood fuel consumption by comparing the different assortments of wood compartments, which makes it possible to discuss the contribution to a more circular or cascade-oriented wood fuel market (Section 4.3). Finally, the key drivers are put into context of the wood fuel potentials and are discussed critically (Section 4.4).



4.1. Context of Wood Fuel Potentials


Today, the share of wood fuel is 3.8% of the total gross energy consumption in Switzerland (~1100 PJ) [80]. This corresponds closely to the SPs for the CSI (business as usual) strategy in 2020, according to the “expected” level of wood fuel consumption (CSI: 44.7 PJ, Figure 9, Supplementary Information S5, Table S13). In the long-term perspective, the SP of CSI is rather stable (2035, 46.7 PJ; 2050, 42.6 PJ). Estimations for alternative, more intensive forest management strategies (MSR, LSR) show biomass surpluses in the short (2020) and mid-term (2035) compared with values for CSI. With these management strategies, the minimum SPs estimated for the wood consumption (SP2020 and SP2035, MSR: ~40 PJ; LSR: ~45 PJ) are already able to cover the current Swiss wood fuel demand for the next 15 years. Considering the “expected” or the more optimistic “maximum” scenarios the strategies fostering stock reductions (MSR, LSR) offer additional potentials on a temporary basis during the energy transition phase. In contrast to the LSR, however, the MSR does not result in a considerable decline in wood fuel from forests expected in 2050 (Table 5). These alternative strategies could result in larger shares of sustainable woody biomass (SPs) compared to the actual annual gross energy consumption of 3.7–6.5% (MSR) and 4.0–7.1% (LSR) in the next 15 years (2020, 2035).



Burg et al. [39] assessed TPs and SPs of future wet biomass (non-woody) in Switzerland using a similar approach. Starting with the current biomass potentials [30], they estimated future availability and variation of resources by taking into account selected drivers and their projected future development. Combining the results of our study with those form [20,30,39] allowed current and future potentials for all biomass types (woody and non-woody) to be presented in one graph (Supplementary Information S6, Figure S1; Supplementary Information S6, Table S14). The share of sustainable woody biomass compared to all sustainable biomass is 42–64% for the next 15 years and declines to 37–57% by 2050. At the same time, all domestic biomass contributes to the Swiss gross annual energy consumption, with sustainable potentials between 7% (72 PJ) and 11% (122 PJ).




4.2. Alternative Forest Wood Management Strategies


Forest wood and the lower wood fuel potentials of trees outside forests are the source of all domestic woody biomass and its subsequent uses. As forest wood contributes the largest share, the amount available for wood fuel use depends largely on the forest management strategy applied. Among the three strategies examined here, MSR tends to result in faster growth by reducing the share of mature forests without hampering forest resources and future wood potentials [20]. Shorter rotation time results in younger forests, with faster growth, and a significant increase in the amount of wood suitable for energy or material use. This also results in smaller amounts of carbon stocked in the above-ground biomass. Increasing wood turnover in forests may lead to significantly higher carbon sequestration rates, larger harvesting amounts, and additional carbon storage in wooden products if subsequent timber industries are able to process additional wood amounts and emission- and energy-intensive materials and fuel are substituted with wooden material. The coupling of wood harvests from forests with the potential from wood residues (Section 2.2.3) implies, however, the domestic processing of surpluses. We assumed that larger wood harvests under a stock reduction scenario (MSR) can be processed by the industry. Evidence for this assumption at least in the short term is given, for example, by the large wood amounts derived during past storm events such as Kyrill (2007) or Burglind (2018). In the subsequent years, cutting amounts in saw mills significantly increased due to salvage logging [52,81], despite the steady decline of processing companies (N = 958, 1991 vs. N = 347, 2017; [52]). Benefits to decarbonization strategies of the Swiss government [82] and the creation of local and sustainable value-added chains are largely dependent on waste wood processing efficiency, wood storage effects (in the case of biogenic carbon accounting), and available cascading options [15].



To reduce the environmental impacts of wood use, Mehr et al. [15] suggest a high-quality wood cascade of wooden beams as a promising recycling path. Other evidence for an implementation of the MSR strategy is that it is expected to be favored by the forestry and timber industry because it leads to improved stability of forest stands against windthrow, pathogen calamities and forest fires, as well as greater diversity of structures and species, and enhanced flexibility in changing tree species. This is particularly seen as a consequence when MSR is combined with shorter rotation times or in response to climate change [20,83]. Today, the degree of salvage loggings in Switzerland due to severe bark beetle calamities (1.4 M m3 in 2019/2020) [84] points to a more intensive management. Large-scale integration of stock reduction management in Switzerland is difficult due to the small structures of forest enterprises and large number of small private forest owners, as well as a lack of wood demand [85], but this strategy could benefit from Switzerland’s large share of public forest area ownership of 71% [73]. Despite its short-term advantages from the view of the potentials alone, the high-intensity management strategy LSR would result in a significant restructuring of forests due to 40% shorter rotation times [20] and accordingly thinner wood compartments, limiting the substitution of more energy-intensive and environmentally harmful materials such as concrete [86]. In the long term (2050), limited possibilities for the substitution of emission- and energy-intensive materials may also lead to less wood fuel from the wood-processing industries (wood residues) and the end-of-life products (waste wood). Therefore, long-term carbon storage in forests and wooden products and added values from woodworking industries are at risk.



Harvesting transportation and chipping costs largely influence the SPs of the different forest managements [20]. We calculated the ecologically sustainable potential (ESP), which represents a “theoretical” potential where the only limitations considered are those imposed by measures to protect biodiversity (in its legal specifications, such as protected areas; [64]) and dead wood (mortality; [45]), including recommendations on harvest losses ([26]; cf. Section 2.2.1) leading to dead wood for flora and fauna and therefore soil nutrients. In this sense, ESP enables the quantification of an upper limit when costs are not a restriction, or revenues increase. The surpluses of ESPs result compared to the corresponding SPs (forest management strategy, scenario, year) were +32% to +75% for CSI, +39% to +156% for MSR and +17% to +200% for LSR (Supplementary Information S1, Table S4).



As a shift in species influences the calorific value and thus the energy content of the wood. Each additional volume unit of broadleaves instead of coniferous wood results in 40% larger wood fuel per unit if values for broadleaves (1.116 t/m3; 2160 kWh/t) and for conifers (0.758 t/m3; 2260 kWh/t) are applied (references cf. Section 2.2.5). Today, the proportion of wood fuel consists of 31% broadleaves. They account today for 72% of logs and 62% of chips [73]. Over the whole time period (2020−2050) within the three scenarios, the variations in broadleaves and conifer proportions are small (<±1%). However, between the scenarios, broadleaves have a share on the stocks of 39% (CSI), 40% (MSR) and 43% (LSR) and on increment of 45% (CSI), 46% (MSR) and 47% (LSR).



Trees outside forests and shrubs cut can also contribute to wood fuel potentials. Thus, it is worth mentioning that the main reasons for utilization are safety aspects (e.g., visibility along streets), increased biodiversity, biotope conservation or flood protection [51,67]. As no detailed inventory on the growth of Swiss domestic trees outside forests was available, we assumed values of forest trees to account for growth changes with altitude and had to rely on expert interviews for growth on optimal locations, conducted in [67]. This explains the assumption of the high uncertainty ranges for the minimum and maximum potentials of 20% (TP2020) to 60% (TP2050) for wood from trees outside forests (Section 2.2.2). The wide ranges may be of little importance as the share of wood from these landscapes is rather small compared to the amounts of other woody biomass types, but they indicate the high degree of uncertainty given that literature and data availability of the main input parameters in areas outside forests (e.g., annual growth) are extremely limited.




4.3. Level of Wood Fuel Consumption


The assortment of wood compartments on wood markets is highly relevant for the quantity of wood fuel provision, its allocation to material purposes, of use and their added value along the process chain [15,20,50,87]. Today, the allocation of assortments (for energy and material use) is dependent on the demand for material products made from wood and the needs and possibilities for energy production also determine the degree of cascade use and circular economy of wood products. While circular economy focuses on how resources can be kept in the system (minimizing primary resources), the cascade concept places the focus on various (hierarchical) end-of-life utilization options. By focusing on wood and other bio-based resources, a cascade concept could be considered to form a connection between circular economy and the (wood or) bio-economy, fostering an inclusive, circular bio-economic vision in the future [88]. Therefore, the discussion on applying a less wood energy-oriented (EO−) or wood energy-oriented (EO+) market situation, including the subsequent woodworking industries, may offer integration strategies for wood fuel use in cascade and circular concepts.



The EO− market situation assorts larger shares of wood compartments (roundwood) for material processing. This increased use of wood for materials directly after harvests creates additional wood residues from processing but also allows for the reuse and recycling of wood residues and wooden products [15]. The basis for reuse and recycling is given by physical properties of wooden products, such as particle size or the presence of chemicals [89]. In an EO− market, this is 20–30% of the thicker R4–R6 (0.40–>0.60 m) compartments and 15–20% of the thinner R1–R3 (0.10–0.39 m) compartments in the case of conifers and for 30–40% of all roundwood (R2–R6, 0.20–>0.60 m) compartments for broadleaves (Supplementary Information S1, Table S5). No quantities for material use are considered for bark, brushwood and the thinnest class of broadleaves (R1, 0.1–0.19 m) in either market situation [20]. This may overestimate the sustainable wood fuel potentials for energy from forests because small wood parts can currently also be used for material processing [90]. For the other compartments, the EO− market requires (as also surpluses from forest management) the necessary processing capacity of sawmills and the corresponding demand for sawn timber of the subsequent wood-processing companies. In Switzerland today, some processing industries are absent to account for complete regional cascades [13]. In particular, many material-processing companies have closed (e.g., PAVATEX) or moved abroad due to excessively high operating costs, e.g., due to the strong Swiss Franc [91]. These industries are considered important for implementing full concepts and combining circular economy with cascade options including final energy use. However, the price of wood energy has been high for many years and exceeds the price of industrial wood [85], and it is also a consequence of the huge amounts of imported (finished) wood products, as production costs abroad are lower. This may lead to even lower prices for domestic wood materials and construction wood and promote energy use of also thicker wood compartments directly after harvests. In particular, imports are concentrated on the amounts of finished or semi-finished wooden products [92] and therefore reduce the need for domestic wood for material processing. As a result, domestic wood resources are sometimes used too early in the process chain to optimize wood use for energy (e.g., in terms of full carbon storage, added value or substitution). This means wood suitable for material purposes is used for energy instead. Furthermore, large transportation distances hinder sustainable and climate-smart use of wood trading. By exporting the raw timber, coupled wood residues and future wastes occurring within the next processing steps (and their added value) are also lost, as residues and wastes occur abroad in the subsequent timber processing steps [51]. Finally, the importing of semi-finished products, sawn timber, plywood, chipboard, fiberboard, construction and packaging materials, wooden products and furniture (e.g., IKEA) leads—after further processing or at the end of their life cycle—to additional potential wood fuel quantities from abroad. By assessing waste wood directly at the facility sites, our estimates also take into consideration these imported and exported quantities.



From an environmental point of view, waste wood processing efficiencies and available cascade options are decisive for the total environmental impacts [15], as they largely depend on the production structure, environmental circumstances, local policies, regulations and economic resources [37]. It is particularly relevant which other products are substituted during the cascade and how completely and efficiently wood can be used for energy production in the end. In terms of greenhouse gas emissions, wood use is beneficial in most applications. Benefits are particularly high when replacing heat from oil or gas, substituting for energy-intensive products such as primary metals, plastic and concrete in constructions and furniture [92], or functioning in difficult-to-decarbonize sectors such as aviation, heavy transportation (e.g., trucks, forwarders, agricultural machines), and manufacturing [6]. Therefore, it is important to consider what for the substituted, often non-renewable (e.g., fossil) products are used for and whether they are able to support the production and supply security of high value products (e.g., medicines, paints, notebooks, car fittings) and therefore potentially have valuable social benefits.



In implementing the energy use of wood, special requirements regarding the preparation and recycling of already used and treated wood (waste wood) have to be considered [53,93,94,95]. Furthermore, the orientation towards an EO− market would support continuously and significantly larger resource quantities for one or more processing steps. In this way, most of the resource stays available as a storable, regional (depending on the distribution of energy plants and locations of SPs) energy carrier in future, simultaneously increasing the carbon storage in wooden products [96]. However, the use of waste wood and wood residues for energy takes place within a certain timeframe [97]. Therefore, the desired convergence towards a cascade and more circular economy in Switzerland [13] and Europe (e.g., [89,98]) could temporarily lower wood fuel potentials from residues because of better integration of processed and already used wood for product processing in (innovative) cascades, closed loops and recycling, innovative collaborations and products [88,99]. Later on, when wood residues are used more efficiently for materials, a shift in wood fuel from wood residues towards wood fuel potentials from waste wood can be expected. Wood from trees outside forests are mainly thinner compartments from shrubs, trees and hedges, especially along water resources, roads, paths, railway lines and building yards, orchards and vineyards or bush and shrub vegetation. Therefore, the potential for material use is particularly low (e.g., 7% according to [67]).




4.4. Other Key Drivers and Critical Remarks


With our analyses, we aimed to quantify woody biomass potentials and their development with regard to their original source and realistic ranges. However, the different key drivers and the determination of future sustainable potentials were combined with different restrictions relevant for the individual biomass types. This makes it difficult to evaluate the effects of the individual influences on the potentials. Therefore, we concentrated on forest management strategies with different harvesting costs (Section 4.1 and Section 4.2) and material uses with different wood markets (circular or cascading concepts) (Section 4.3). Nonetheless, other drivers and restrictions have an influence. We rely mainly on various literature values (Section 2.2.1, Section 2.2.2, Section 2.2.3 and Section 2.2.4), but their qualitative validation provides confidence in their accuracy.



Climate change influences the growth of forests and timber positively (e.g., temperature) and negatively (e.g., drought) via biotic and abiotic factors. Furthermore, nitrogen deposition, among others, affect the primary growing conditions of forests well below a classical rotation period [100,101,102,103]. In our simulations, we expected site characteristics promoting wood fuel from forests and trees outside forests to be favored in the future due to climate change. Overall, we expect climate change to lead to an additional net growth of 11% in 2035 and 10% in 2050 (cf. Section 2.2.1) [49,62]. This adds additional wood fuel biomass to TPs of 10.4–15.0 PJ in 2035 and 9.4–13.6 PJ in 2050. The lowest additional amounts are based on the forest management of CSI and the largest on LSR. However, the effect of changing site conditions on the potentials of woody biomass from forests may be even greater than the total woody biomass coming from trees outside forests in the long term.



The change in forest area size of +3% (2035) and +6% (2050) is more pronounced in coline and mountainous regions (>12%, [56]). This is particularly true where, e.g., forest limits move upwards due to climate change [104] or where land-use change occurs—for example, the abandoned Alps are less and less cultivated by summering cattle mainly due to more fodder availability on the home farm [105]. Forests will have to adapt not only to changes in mean climate variables but also with a likely increased risk of extreme weather events, such as prolonged drought, storms and floods (e.g., [106]). Especially in northern and western Europe, the increasing atmospheric CO2 content and warmer temperature are expected to result in positive effects on forest growth and wood production, at least in the short–medium term. On contrary, more frequent droughts and disturbance risks will cause adverse effects [107]. For example, ref. [108] shows high vulnerability particularly in the second half of the twenty-first century in the eastern Alps. They indicate a strong decline in productivity, timber and carbon stocks, biodiversity, disturbances, a tree species’ position in fundamental niche space, silvicultural flexibility and cost intensity. Most negatively affected were sites on calcareous bedrock, whereas assessment units at higher altitudes responded predominately positively to an increase in temperature. Such negative impacts may outweigh positive trends [107]. Therefore, a change of disturbance events (e.g., storms or droughts) may consequently change increment and mortality and may outweigh other key drivers of the simulation. Regions with longer drought periods and more frequent and violent thunderstorms, as well as those where reforestations occur for economic reasons, can also be expected to see larger changes in forest area size. Thus, increased productivity of the sward and longer summer farming periods, as well as subsidies, aim to maintaining the current status and increase the ecological quality of pastures [105]. In contrast, in the Swiss Central Plateau, where forest areas remain stable [17], the pressure on forests is constantly increasing, especially as the growth in population is accompanied by a growing demand for settlements and infrastructures. Since the forests in Switzerland are protected by law [109], the changes outside forests mainly occur at the expense of barely cultivated agricultural land. This supports our assumption of a continued increase in stocked areas of trees outside forests due to the extension of settlement areas with yards or greenings (stocked areas). We based our assumption on past development of trees outside forests (Section 2.2.2), which corresponds to a +0.46% stocked area annually. However, as building land reserves are limited and the desired densification of already zoned areas are intended by law [110], the assumption of a stagnation in non-forest landscape area growth in 2035 seems realistic as, for example, no further stocked surroundings of building are expected.



Furthermore, the approach considering wood fuel potentials according to their original sources has the advantage that the volumes of wood residues are determined in accordance with changes in forest management or energy markets, while simultaneously including imported end products of wood occurring with a time lag as waste wood. However, this also means that volumes of wood residues within this study are not directly related to the woodworking and processing companies where they de facto occur. Therefore, wood fuel from wood residues contribute only a very small share of SPs (4–14%) compared to TPs. This is because TPs of wood residues are calculated according to their original forest sources and therefore are related to TPs of harvesting. Related wood residues only occur if wood working companies are able to process these huge amounts. In contrast, SPs of wood fuel from wood residues are calculated with SPs of forest harvesting (Supplementary Information S3, Table S10). They account for restrictions of protected areas, harvest losses, assortments (wood market: EO−) and costs. Additionally, parts of the processed wood (~45%, cf. Figure 3, recycling vs. energy) are used for recycling and occur after several processing steps for energy or as waste wood at the end of the product’s life cycle. On the one hand, the modeled wood market EO− simulates a shift towards the more desired, cascade-oriented wood market (cf. Section 4.3). On the other hand, wood residues are kept in the system with circular economy or cascade use and result in at least a temporary shift of wood fuel from wood residues towards waste wood (Section 4.3). As a consequence of this shift, increased wood fuel amounts from waste wood result (2020, 12.9 to 15.8 PJ; 2050, 15.3 to 20.9 PJ, Supplementary Information S4, Table S11). Furthermore, the driver population growth assumes equal wood consumption per person during the coming years to reach higher SPs and TPs in 2035 and 2050 by approximately 20% (cf. Section 2.2.4).





5. Conclusions


Our analysis indicates that wood fuel potentials can be expected to be stable enough to provide sustainable potentials (SPs) within the next 15 years. This is also the case if the original sources are combined with their subsequent woodworking industries, as wood fuel amounts from a minimum of ~34 PJ/a to a temporary maximum of ~78 PJ/a are available. The moderate stock reduction (MSR) forest management alternative leads to larger amounts of wood resources, especially in the short term, without causing future resource shortages of wood fuel and wood for materials compared to the business as usual (CSI) strategy. Simultaneously, the large stock reduction (LSR) offers higher additional potentials in the short term but will likely lead to smaller amounts available for wood fuel in 2050. Additionally, thinner compartments are expected with LSR, leading to a potential risk for the material wood markets. The shorter rotation times of LSR and MSR may increase flexibility in forest management and could provide a more stable basis for dealing with climate change and extremes while increasing the potential for the energy transition. In particular, with the current forced uses of wood in Switzerland due to drought, bark beetle infestation and windthrow as a consequence of climate change and extreme weather events, the actual harvests come very close to the quantitative estimation obtained with the MSR strategy.



When costs are not a restriction (e.g., due to subsidies and more efficient technologies and processes) or revenues increase significantly (e.g., higher prices for energy), the resulting ecologically sustainable potential (ESP) yields large surpluses of approximately one-fifth up to three-fold more (LSR, 2035, scenario maximum; cf. Section 4.2) compared to the corresponding (scenario and point in time) sustainable potential (SP) of the business as usual strategy (CSI). If the wood market is less energy oriented (EO−), circular economy and cascade uses of wood can be supported, as more wood is assorted towards material uses first but is still available for wood fuel with a time lag and a shift in wood fuel form forests towards wastes occurring during wood processing (as wood residues) or ideally at the end of the product’s life cycle (as waste wood). For implementation, a more circular economy like this requires the necessary processing capacities of the subsequent timber industries, as well as the energy plants for the wood fuel conversion to heat, electricity, liquid fuel or wood gas. The needed infrastructures could be better planned when wood fuel potentials’ development is combined with the desired cascade use and circular economy at a high spatial resolution, enabling more efficient and effective transport of resources from the harvesting locations to the plants. In terms of carbon storage, living biomass as well as storage in subsequent timber products is considered of key importance, particularly if emission- and energy-intensive products are substituted. Shorter rotation periods promoting regrowth and carbon storage in young plants can therefore lead to an increasing carbon stock.
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Figure 1. Procedure for the estimation of theoretical and sustainable wood fuel potentials (TPs and SPs) today (2020) and in the future (2035 and 2050). 
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Figure 2. Definition of the different potentials and scenarios. 






Figure 2. Definition of the different potentials and scenarios.



[image: Sustainability 12 09749 g002]







[image: Sustainability 12 09749 g003 550] 





Figure 3. Wood fluxes in Switzerland ([70] modified, 2010-2014, five year average). Shown are the shares of the wood residues for recycling and energy in relation to the forest wood harvesting potential. The quantities of wood residues used to generate energy are framed in red. Bark (framed in green) was not part of the wood residues estimation, as its original source is in the forests (Section 2.2.1). It corresponds to approximately 8% of the forest wood utilization potential. 
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Figure 4. Development of the theoretical and sustainable potential (minimum and maximum) of wood fuel from forests for energy use in Switzerland from 2020 to 2050. 
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Figure 5. Development of the theoretical and sustainable potential of wood fuel from trees outside forests in Switzerland from 2020 to 2050. 
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Figure 6. Development of the theoretical and sustainable potential of wood fuel from wood residues for energy use in Switzerland from 2020 to 2050. 
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Figure 7. Development of the theoretical and sustainable potential of wood fuel from waste wood for energy use in Switzerland from 2020 to 2050. 
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Figure 8. Development of the theoretical and sustainable potentials of all woody biomass types for wood fuel in Switzerland from 2020 to 2050. * Wood residues and waste wood have their origins in forest wood and wood from trees outside forests. Therefore, the TP of all domestic woody biomass consists only of the TPs of forest wood and wood from other landscapes. For detailed results, cf. Supplementary Information S5, Table S12. 
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Figure 9. Development of the sustainable potentials (SPs) of wood fuel for all woody biomass types in Switzerland from 2020 to 2050. For detailed results, cf. Supplementary Information S5, Table S14. 
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Table 1. Standard error of the increment derived from MASSIMO for the different time perspectives for Switzerland.
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	Time/Management Strategy
	CSI
	MSR
	LSR





	2020
	2.6%
	3.0%
	3.4%



	2035
	9.2%
	3.4%
	3.4%



	2050
	11.7%
	5.3%
	2.9%







CSI = continuous growing stock increase, MSR = moderate stock reduction, and LSR = large stock reduction.
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Table 2. Range of harvest losses (minimum and maximum).
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Harvest Losses

	
Conifers

	
Broadleaves




	

	
Merchantable

	
Brushwood

	
Merchantable

	
Brushwood






	
Minimum wood fuel SPs

	
9%

	
61%

	
16%

	
55%




	
Maximum wood fuel SPs

	
7%

	
55%

	
10%

	
45%
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Table 3. Technical limitations due to slopes.
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Categories of Wood from Landscapes

	
Modelling

	
Notes






	
Built-up areas

	
All the areas are considered for the calculation of SPs

	
Maintenance and management due to safety aspects




	
Transportation areas




	
Agricultural areas, tree and brush vegetation

	
Only areas with a slope <70% were considered

	
Safety aspects not relevant




	
Groves, hedges




	
Embankments (of rivers and lakes)
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Table 4. Minimum, expected and maximum restrictions for the calculation of sustainable forest wood potentials.
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Restriction

	
Specification

	
Minimum

	
Expected

	
Maximum






	
Mortality [%]

	

	
-/15/-




	
Reserve areas [%]

	
SP2020

	
~10.0

	
4.8

	
4.8




	
2035 and 2050

	
~10.0

	
~10.0

	
~10.0




	
SP2035/2050

	
~10.0

	
~10.0

	
~10.0




	
Harvest losses [%]

	
Conifers brushwood (incl. bark)

	
61

	
58

	
55




	
Conifers merchantable

	
9

	
8

	
7




	
Broadleaves brushwood (incl. bark)

	
55

	
50

	
45




	
Broadleaves merchantable

	
16

	
13

	
10




	
Costs [CHF/m3]

	
Wood production forests

	
110.0

	
120.0

	
130.0




	

	
Protection forests

	
180.0

	
190.0

	
200.0
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Table 5. Overview of sustainable potentials (SPs) of woody biomass and the different forest management strategies for the three time points (2020, 2035, and 2050). Shown are the minimum and maximum values in [PJ] primary energy. For more details (e.g., different potentials, scenarios and shares), see Supplementary Information S5, Table S12 (TPs); Supplementary Information S5, Table S13 (SPs); and Supplementary Information S6, Table S14 (shares of woody biomass types, TPs and SPs).
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	Forest Management
	2020 [PJ]
	2035 [PJ]
	2050 [PJ]





	CSI *1
	34.1–59.5
	33.6–64.8
	29.8–60.3



	MSR *1
	40.1–64.5
	42.7–71.8
	30.4–59.4



	LSR *1
	45.9–75.1
	43.5–77.8
	26.5–52.9







*1 CSI: continuous stock increase (business as usual); MSR: moderate stock reduction; LSR: large stock reduction.
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