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Abstract Forest biomass used for energy or biofuels can be sourced directly from 
land-use systems, indirectly from wood-based industries or recovered from other 
human activities outside the forest sector. The former, referring to primary biomass 
from forests, includes organic products or residues derived directly from living or 
recently dead trees or other forest vegetation. It constituted nearly half of the world’s 
harvested forest biomass in 2021 and holds particular importance in the Global South, 
where traditional biomass remains a vital energy source for many people. Besides 
direct wood fuel, secondary wood residues represent another substantial source of 
forest bioenergy. These organic residues, such as wood chips, sawdust or black liquor, 
are generated by the industries processing wood, especially primary forest industries. 
A large amount of these residues is well-suited for further material use and energy 
generation. However, wood suitable for energy is not solely generated by forest-
based industries. Various other activities use wood products that eventually reach 
the end of their usable life and are discarded, such as wood waste from construction 
or demolition, furniture waste or end-of-life pallets and packaging used to transport 
goods. This chapter presents and characterises the different woody biomass streams 
that can provide feedstock for energy. 
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1 Introduction 

Forest biomass is the accumulated mass, above and below ground, of living and 
dead woody tree and shrub species [1]. It can be grouped in three different cate-
gories (Table 1): primary, secondary and tertiary [2], respectively called direct, 
indirect and recovered in the classification by the Food and Agriculture Organi-
sation, FAO [3]. These three categories reflect the supply source: land-use systems 
(primary biomass), wood-based industries (secondary biomass) and economic and 
social activities outside the forest sector (tertiary biomass). 

Production technologies used and environmental, economic and social sustain-
ability vary greatly among different production systems (and within each type of 
production system) [6–8]. Therefore, other than the supply source, it is important to 
distinguish forest biomass from the perspective of the production system (cf . chapter 
“Stand Structure and Biomass”). Forest biomass can be deliberately cultivated and 
grown with the purpose of producing biomass for energy in the so-called energy plan-
tations (cf . chapter “Energy Plantations”) or it can be obtained from other sources 
(e.g., natural forests, forests grown for timber, agroforestry systems, trees outside 
forests, wood-processing industries or other industries, municipal waste). 

In some specific contexts, several non-wood materials are removed from forests 
or generated by forest-based industries and used as fuels. Examples are pine needles 
and cones [9], bamboo [10] or cork powder [11]. However, worldwide, wood is the

Table 1 Forest biomass classification (based on [2–5]) 

Category Type Description 

Primary/ 
direct 

Products of energy 
plantations 

Biomass harvested from forest species plantations 
grown specifically for energy 

Products and residues Biomass directly removed from natural forests and 
plantations not specifically grown for energy, other 
wooded lands and other lands (e.g., (i) wood residues 
generated by silvicultural activities, such as thinning, 
pruning, harvesting and logging, (ii) trees affected by 
natural disturbances, (iii) traditional fuelwood). 
Examples are logs, tree tops, stumps, branches and 
leaves 

Secondary/ 
indirect 

Residues Industrial residues derived from primary (e.g., sawmills, 
pulp and paper mills) and secondary (e.g., joinery, 
carpentry) forest industries. Examples are sawdust, 
woodchips, bark, wood shavings, trimmings, cork 
powder and black liquor 

Tertiary/ 
recovered 

Residues and waste Wood derived from all economic and social activities 
outside the forest sector. Examples are wood waste from 
construction sites or demolition of buildings, and 
end-of-life pallets, wooden containers and boxes and 
wood consumer durables 
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Fig. 1 Forest woody biomass streams 

most commonly used forest biomass energy source [12]. Figure 1 presents the woody 
biomass streams from forests, woodlands and other land uses. 

Wood fuel, as defined by FAO, encompasses all wood harvested and removed 
from forests and from trees outside forests that will be used as fuel. “It includes 
wood harvested from main stems, branches and other parts of trees (where these are 
harvested for fuel), round or split, and wood that will be used for the production of 
charcoal (e.g., in pit kilns or portable ovens), wood pellets and other agglomerates. It 
also includes wood chips to be used for fuel that are made directly (i.e., in the forest) 
from roundwood. It excludes wood charcoal, pellets and other agglomerates” [13]. 
On the other hand, industrial roundwood refers to all wood in the rough (roundwood) 
other than wood fuel. Therefore, roundwood, a measure of a forest harvest over a 
given period, is the sum of wood fuel and industrial roundwood. 

Forest-based industries use industrial roundwood for the manufacture of a broad 
range of products. In the process, (secondary) wood residues are generated. Some are 
used as raw materials by other industries or converted to energy or biofuels, but a part 
will not be valorised. For example, sawmill residues may be used, not exclusively, 
for the manufacture of wood-based panels [14], for the production of pellets [15] or  
simply piled and burned at the sawmill [16] or landfilled [17].
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Table 2 Definition of products, co-products, by-products, residues and wastes (based on [5, 27–29]) 

Category Description 

Product/ 
co-product 

Main products of a specific production process with significant economic value 
and elastic supply 

Residues Secondary materials of a specific production process with inelastic supply. The 
term implies no valuation or category of desired or undesired 

By-products Secondary products of a specific production process with inelastic supply and 
economic value 

Wastes Materials that the holder discards, intends or is required to discard. They are 
considered unusable and unsalable 

While secondary wood residues are produced in forest-based industries, primary 
wood residues are generated by forest management, such as thinning and pruning 
and harvesting and logging. They include branches, tops, bark, stumps, roots, small 
trees and generally unmerchantable stem wood and are frequently left to decompose 
naturally [18, 19], burned onsite [19, 20] or converted to energy or fuels [18, 21]. Their 
conversion into value-added products, such as biomaterials and advanced biofuels, 
seems to be an attractive solution that still requires further research [22, 23]. 

Forestry and forest-based industries are important sources of bioenergy, but other 
socio-economic activities are also sources of wood suitable for energy valorisation. 
They generate the so-called tertiary wood residues and wood waste, which consist 
of wood products at their end-of-life and other wood residues or waste generated 
by activities outside the forest sector, such as construction and demolition wood, 
packaging and pallets. Wood waste may be used, for example, as feedstock for the 
production of wood products [24, 25], landfilled [26] or burned to produce energy 
[25]. 

Before continuing, it is important to define terms that are used throughout this 
book and are often used in different contexts and with different meanings (Table 2). 
Products and co-products are the end-products that a certain process intends to obtain 
and whose production is elastic to changes in demand (i.e., if demand increases, 
production also increases). Residues and by-products are not primary products and 
are inelastic to demand. While residues may or may not have economic value, by-
products do. Wastes, on the other hand, are materials that the holder intends to 
discard. 

In the next sections, the three categories of forest biomass (cf . Table 1) will be 
described in detail, along with statistics that reflect their availability worldwide. 

2 Primary Sources of Biomass 

Land use is diverse, including agricultural systems, settlements and forest systems 
(Fig. 2). Forests are distributed worldwide, though with rather high variability in 
terms of species, stand structure and productivity [30, 31]. Forest systems can be
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Fig. 2 Land-use systems in the world. (Data source [31]) 

grouped as primarily used for production (frequently timber), multiple uses (e.g., 
agroforestry systems) and other or non-use (associated with the protection and 
conservation of forests, habitats, flora and fauna). Alternatively, forest systems can 
also be divided in primary forests, forests primarily used for production and natu-
rally regrown forests [30]. This is related to management objectives and silvicul-
tural systems and the amount of biomass exported (cf . chapter “Stand Structure and 
Biomass”). 

The share of the world forest area is the largest in Europe (including the Russian 
Federation, according to FAO’s country groups) followed by South America, North 
America, Africa, Asia and the smallest in Oceania (Fig. 3 left). Growing stock 
(in volume, m3·ha−1) is the largest in South America, followed by Europe, North 
America, Africa, Asia and Oceania (Fig. 3 right). There seems to be a trend towards 
a decrease in the forest area of the world (Fig. 4 left). Yet, this decrease is mainly 
observed in African and South American countries, whereas an increase is observed 
in most European, Asian and Oceanian countries and in the United States of America 
(Fig. 5). This is also reflected in the share of the world forest area (Fig. 4 right, Table 3), 
which increased from 1990 to 2020 in Europe (+1.6%), Asia (+1.5%), North America 
(+0.7%) and Oceania (+0.2%) and decreased in South America (−2.2%) and Africa 
(−1.8%).

Growing stock (m3·ha−1) shows a more irregular pattern in time, with a decrease 
from 1990 to 2010, followed by an increase from 2010 to 2015 (with values similar to
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Fig. 3 Share of the world forest area (left) and growing stock (right) per FAO’s country groups in 
2020. (Data source [32]) 

Fig. 4 Evolution of the forest area in the world (left) and share per FAO’s country groups (right) 
from 1990 to 2020. (Data source [32])

those in 2000) and subsequently another decrease by 2020 (Fig. 6 left). The decrease 
occurs mainly in countries in South America, Africa and North America, but also 
in a few European and Asian countries (Fig. 7). The share of the world’s growing 
stock increased continuously in Europe, Asia and North America, was approxi-
mately constant in Oceania, and decreased in South America and Africa (Fig. 6 right, 
Table 4). The largest increase from 1990 to 2020 in the share of the world’s growing 
stock was observed in Europe (+2.4%), followed by Asia (+1.7%), North America 
(+1.0%) and Oceania (+0.1%), whereas the strongest decrease occurred in South 
America (−3.3%) followed by Africa (−2.0%) (Table 4).

Growing stock is higher than 1000 m3·ha−1 in most of America, Europe, Asia 
and central Africa, whereas it is lower than 100 m3·ha−1 in most of northern Africa
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Fig. 5 Forest area variation between 1990 and 2020. (Data source [32]) 

Table 3 Share of the world forest area per FAO’s country groups from 1990 to 2020. (Data source 
[32]) 

Forest area (%) 1990 2000 2010 2015 2020 

Africa 17.5 17.1 16.5 16.1 15.7 

Asia 13.8 14.1 14.9 15.1 15.3 

Europe 23.5 24.1 24.7 24.9 25.1 

North America 17.8 18.1 18.4 18.5 18.5 

Oceania 4.4 4.4 4.4 4.5 4.6 

South America 23.0 22.2 21.2 21.0 20.8

(Fig. 8). Biomass in mass (t·ha−1) is the largest in South America and central Africa, 
followed by Europe and Asia (Fig. 9).

Forests store large amounts of biomass, both above and below ground [33, 34]. 
Moreover, carbon stored in forests corresponds to more than 80% of the total aerial 
terrestrial carbon and 70% of the below-ground soil organic carbon ([35] and refer-
ences therein). Globally, the forests sequester circa one third of the CO2 emissions 
caused by anthropogenic actions [36]. 

The amount of biomass (or carbon) stored in forest ecosystems varies according 
to the biome, site, species, stand structure, silvicultural system and management. The 
three main world biomes are the boreal, the temperate and the tropical. Due to the 
interactions between biomes, site (soil and climate) conditions and species (arboreal,
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Fig. 6 Evolution of the growing stock in the world (left) and share per FAO’s country groups (right) 
from 1990 to 2020. (Data source [32]) 

Fig. 7 Growing stock variation between 1990 and 2020. (Data source [32])

shrub and herbaceous), forest systems vary in area and capacity to sequester and store 
carbon. Management practices also influence biomass (and carbon) sequestration 
and storage [35]. Furthermore, net production is related to management. Forests 
with intensive management (in which the management practices envision the highest 
possible productivity in the shortest possible time, and include a set of silvicultural
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Table 4 Share of the world growing stock per region from 1990 to 2020. (Data source [32]) 

Growing stock (%) 1990 2000 2010 2015 2020 

Africa 16.1 15.6 15.0 14.5 14.1 

Asia 8.8 9.2 9.8 10.1 10.5 

Europe 19.1 19.9 20.9 21.2 21.5 

North America 16.6 17.0 17.3 17.6 17.6 

Oceania 1.4 1.5 1.5 1.5 1.5 

South America 38.1 36.9 35.5 35.0 34.8

Fig. 8 Classes of growing stock. (Data source [32])

practices from genetic improvement to site preparation and fertilisation, thinning 
and pruning) tend to have higher production of biomass than forests with extensive 
management (in which the emphasis is to lower management intensity and costs, and 
include thinning and harvests of moderate intensity and long production cycles). The 
forests with intensive management frequently correspond to pure even-aged stands 
of short production cycles, while the forests with extensive management correspond 
to pure or mixed uneven-aged stands and long production cycles [35]. 

Considering the forest biomes (boreal, temperate and tropical), temperate and 
tropical biomes have a share of carbon stored in biomass and in the soil of 55% and 
45%, respectively, whereas for boreal forest the share is 16% of carbon stored in 
biomass and 84% in the soil [35]. The share of production efficiency (ratio between
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Fig. 9 Classes of forest biomass. (Data source [37])

net primary production and gross primary production) is 38% for the boreal biome, 
46% for the temperate and 34% for the tropical. The harvests of woody products per 
biome are 0.3 Gt·Cy−1, 0.7 Gt·Cy−1 and 1.8 Gt·Cy−1, for the boreal, temperate and 
tropical biomes, respectively [35]. 

The biomass storage and carbon sequestration are related to the species, stand 
structure, silvicultural system, silvicultural practices, woody products and site (cf . 
chapter “Stand Structure and Biomass”). For woody products (timber, pulp and 
paper) with medium to long life cycles (more than 35 years), biomass (and carbon) 
is partially reallocated from the forests to these woody products. This results in a 
reduction of CO2 emissions when compared to the use of materials based on fossil 
fuels [38]. Inversely, the use of biomass for energy releases CO2 into the atmosphere 
in the short term, both as a consequence of the combustion of biomass [38] and to 
the decrease of soil organic carbon caused by organic matter decomposition [39]. 
However, in the medium and long term, forest growth results in the increase of above 
and below ground biomass (and carbon), as well as the increase of soil organic matter 
[38, 39], thus compensating for the removal of biomass from the forest stands in the 
medium and long term, as well as the carbon emissions from the utilisation of the 
woody products [38, 40]. Moreover, the development of stands and forests is subject 
to disturbances of different intensities and frequencies. In general, low-intensity and 
short-frequency disturbances are, most usually (but not always), related to silvicul-
tural practices. These practices result in the export of biomass or its reallocation 
to deadwood, which incorporates carbon into the soil through decomposition. In a
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short period after the disturbance, there is the release of carbon into the atmosphere 
through soil organic matter decomposition, which is compensated by the growth of 
trees, stands and forests [39–41]. On the other hand, disturbances of high intensity 
and long periodicity (e.g., fires, storms, pests and diseases) tend to originate strong 
reductions of live biomass, converting it to dead (standing or downed) biomass, which 
results in an overall biomass loss, whether as live biomass or woody products with 
market value, or a loss of diversity [30, 42]. Thus, the management of stands and 
forests enables to balance the exports of woody products and the biomass storage and 
carbon sequestration, both in the trees and in the soil, and consequently contributing 
to the mitigation of greenhouse gas emissions [38–40]. Overall, the maintenance 
or promotion of biomass storage or carbon sequestration is related to the sustain-
ability of forest systems. This resulted in a set of approaches that were converted, 
for example, in forest management strategies towards carbon stocks [41], sustain-
able biomass harvesting guidelines [43] and adaptation of silvicultural practices to 
promote biomass and carbon stocks in the forests [35]. 

The long-term production cycles of forest stands imply that market demand will 
not be met in the short time; that is, the effect of silvicultural practices, forestations 
or afforestations will take decades before woody products can be explored. There are 
silvicultural practices that promote the increase in tree growth (e.g., site preparation, 
control of spontaneous vegetation, use of species of fast growth, genetic improvement 
of species, fertilisation, irrigation, control of pest and diseases). Energy plantations 
(cf . chapter “Energy Plantations”) can increase the supply of bioenergy in a shorter 
term than stands managed for timberwood and pulpwood [44] and may also release 
the pressure to provide biomass for energy in stands oriented for timberwood, pulp-
wood and/or under protection and conservation status [45, 46]. They might be a source 
of beneficial renewable energy, if established in current agricultural land that can be 
diverted from food and feed production without further impairing food security [47] 
or in marginal lands [48]. However, the potential competition of energy plantations 
with food for agricultural soils has ethical implications and energy plantations at a 
large enough scale pose environmental risks that need consideration [49–51]. This is 
the reason why several authors consider that energy plantations should be established 
in set aside agricultural lands and/or forest areas [52, 53]. 

Stands and forests have long harvesting cycles, in particular those whose manage-
ment is oriented for sawtimber (>20 years) [44], shorter when oriented for pulp-
wood (8–12 years), and even shorter when oriented for energy (2–6 years) [54, 
55]. According to Egnell et al. [44], most woody products for energy in boreal and 
temperate forests in the next decades will result from timberwood and pulpwood-
oriented stands. Stands oriented for energy (or energy plantations, cf . chapter “Energy 
Plantations”), though having an important role in the supply of bioenergy, will not 
be able to fulfil market demand in the near future. Even though they are not the most 
common source of forest biomass for energy today [56–58], energy plantations are 
projected to become more important with the transition to a low carbon economy 
while meeting the increasing energy demand [49, 59]. Moreover, it is not expected 
that the biomass for energy will be the result of harvests in unmanaged stands [44].
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The removal of biomass is related to carbon stocks through their use. If used for 
sawtimber, the carbon stocks are exported from the forest stands, but carbon is not 
emitted for a long time, corresponding to the lifespan of the objects made from it 
(e.g., furniture, wooden houses). The pulpwood is transformed into a wide variety 
of types of paper that can have a shorter (e.g., newspapers) or longer (e.g., books) 
lifespan. Additionally, if the biomass residues remain in the forest stands, carbon is 
not lost but rather reallocated mainly to the soil and tree growth [60, 61]. 

Figure 10 shows the amount of roundwood felled or otherwise harvested and 
removed in the world in 2021. The United States of America was the country with 
most of the roundwood production in 2021 (10.5%), followed by India (8.1%), China 
(7.8%), Brazil (6.2%) and the Russian Federation (5%). In terms of the country groups 
defined by FAO, Asia produced more roundwood in 2021, followed by Europe (the 
Russian Federation included) and Africa (Fig. 11). While Europe produced most of 
its roundwood for industrial production (78.7%), Africa and Asia produced it as fuel 
(90.2% and 60.5%, respectively). 

Figure 12 shows the wood fuel, i.e., the part of roundwood that was harvested 
as fuel, produced in the world in 2021. The top producers are India (14.3%), China 
(7.4%), Brazil (5.9%) and Ethiopia (5.5%). Africa was where more roundwood was 
harvested as fuel (36.9%), closely followed by Asia (36.2%) (Fig. 13). Overall, 
49% of the roundwood harvested in the world in 2021 was harvested as fuel [62], 
additionally, part of the industrial roundwood produced was also used as fuel (cf.

Fig. 10 Global production of roundwood in 2021. (Data source [62])
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Fig. 11 Share of FAO’s 
country groups in the 
production of roundwood in 
2021. (Data source [62])

Section 3). This reflects the importance of wood fuel for human societies and the fact 
that, still today, traditional biomass remains an important energy source for many 
people around the world, particularly in rural areas of the Global South where access 
to modern energy sources may be limited [63]. 

The estimations for the production of roundwood and wood fuel (as well as indus-
trial roundwood and recovered wood wastes presented later on) are those reported

Fig. 12 Global production of wood fuel in 2021. (Data source [62])
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Fig. 13 Share of the FAO’s 
country groups in the 
production of wood fuel in 
2021. (Data source [62])

by FAO [62]. It is worth mentioning that FAO estimates the wood fuel produc-
tion for several countries where no official statistics exist (many of these, important 
producers and consumers of wood fuel). Additionally, even for those countries that 
report wood fuel statistics, the share of roundwood used for energy may be under-
estimated because of existing informal ways of getting the biomass (see, e.g., [64]). 
Data on the informal collection of wood fuel is sparse, and a comparison between 
FAO estimates and other data suggests that wood fuel production in Africa and Asia 
will be revised upwards in the future [65]. 

Forest management should take into account economic, environmental and social 
issues. The demand of woody and non-woody forest products should be consid-
ered along with the sustainability of the stands and forests, as well as sequestration 
and storage of biomass and carbon [35, 66]. To attain sustainability in stands and 
forests, their monitoring and planning should be careful ([66] and references therein). 
According to Ameray et al. [35], maintaining forest system sustainability can be 
achieved by three (non-exclusive) approaches: (i) maintaining biomass and carbon 
stocks by low to moderate intensity harvests and long production cycles (old-growth 
forests); (ii) use extensive forest management where silvicultural practices increase 
productivity and maintain biomass stocks; (iii) use intensive forest management 
where productivity is high. 

In stand management, economic issues should also be considered. In stands with 
logs with high market value, financial viability is ensured. Yet, in forest stands where 
the rate of high-value logs is small, the biomass for energy might be an option to 
incentivise the prescription and execution of silvicultural practices because of the 
increase in profitability that results from the biomass for energy [44]. 

Estimations of forest residues that can be used for energy have been made with 
the utilisation of rates of biomass that can be collected and used for energy (i.e., the 
percent of residues in total or aerial biomass). Yet, the amount of residues harvested 
is not always coincident with the amount of residues that is possible to collect in the 
stands ([66] and references therein). The biomass residues recovery rate varies from 
0 to 80% (for details see chapter Stand Structure and Biomass, Sect. 5.3).



Sources and Distribution of Forest Biomass for Energy 39

3 Secondary Sources of Biomass 

Another significant source of forest biomass for energy and fuels comprises the 
residues of the forest-based industry, which includes several sub-sectors (the most 
relevant in terms of residues are the woodworking and pulp and paper industries 
as will be seen below). The residues produced by the industrial sector, understood 
as secondary products that are generated during the production of a main product, 
are mainly black liquor and wood residues, such as bark, slabs, sawdust and wood 
chips. Their importance is reflected in the fact that more than half of the wood used 
for energy in the countries of the United Nations Economic Commission for Europe 
(UNECE) are industrial by-products [67]. 

Woodworking industries include the production of sawnwood, wood-based 
panels, wooden construction materials and other wooden products. Sawmills are 
part of the primary forest industries (i.e., those that process wood directly harvested 
from forests). They receive industrial roundwood and transform it into various lumber 
pieces of various sizes and shapes, including planks, beams and boards. While these 
can be used directly, they are often further processed to create various wood-products, 
such as furniture or products used in construction. 

Another sector that also receives industrial roundwood is the pulp and paper 
industry. Roundwood is first prepared, followed by mechanical or chemical processes 
to produce pulp, which is a versatile material used in a wide range of applications, 
such as the production of paper products, textiles or chemicals. 

The potential for industrial roundwood processing, and therefore for the gener-
ation of secondary wood residues generated, is not only dependent on the overall 
roundwood supply, but also on the wood fuel demand, since roundwood is used for 
these two purposes [5]. 

Figure 14 shows the global production of industrial roundwood in 2021 and Fig. 15 
the percentage of roundwood that was industrial roundwood [62]. The United States 
of America was the country that produced more industrial roundwood (17.4%), 
followed by the Russian Federation (9.2%), China (8.2%), Brazil (6.5%) and Canada 
(6.4%). In these countries, industrial roundwood constituted more than half the 
roundwood produced in 2021, except in India, where 85.8% of the roundwood was 
harvested as fuel.

The production of roundwood, wood fuel and industrial roundwood has increased 
in the last 60 years [62], as a result of the global population growth and increased 
demand for wood products (Fig. 16). However, the share of wood fuel in the total 
roundwood production decreased, which means that proportionally more roundwood 
was directed to the industrial sector. In 1961, 59.6% of the roundwood was harvested 
as wood fuel, while in 2021, industrial roundwood constituted roughly half (50.9%) 
of the roundwood.

The consumption of industrial roundwood in a specific country is calculated by 
adding the country’s production to its net imports. The countries grouped as Europe in 
FAO statistics (the Russian Federation included) had the highest share of the world’s 
industrial roundwood consumption in 2021 (30.7%), followed by Asia (26.5%) and
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Fig. 14 Global production of industrial roundwood in 2021. (Data source [62]) 

Fig. 15 Share of the production of industrial roundwood in roundwood in 2021. (Data source [62])
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Fig. 16 Global production 
of roundwood, wood fuel 
and industrial roundwood 
and share of wood fuel in 
roundwood production from 
1961 to 2021. (Data source 
[62])

North America (26%) (Figs. 17 and 18). This reflects, in part, the proportion of 
roundwood that was supplied to the industry (Fig. 18). Europe, northern America 
and Oceania used, respectively, 78.3%, 87.6% and 81.4% of the roundwood in the 
industrial sector, while in the other extreme, Africa and Central America (Caribbean 
and Mexico included) only directed, respectively, 9.3% and 12.7% of the roundwood 
they consumed to the industry. 

Fig. 17 Global consumption of industrial roundwood in 2021. (Data source [62])
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Fig. 18 Consumption of wood fuel and industrial roundwood in 2021 per FAO’s country groups. 
(Data source [62]) 

As far as industrial use is concerned, in 2021, most roundwood (57%) was sawn 
lengthways for the manufacture of sawnwood or railway sleepers (ties) or used for the 
production of veneer (Fig. 19). The second-most important use of industrial round-
wood was the production of pulp, particleboard or fibreboard (35%). The remaining 
(8%) was used for the manufacture of other products such as poles, posts, fencing, 
wood wool and tanning [62]. 

Given a certain amount of industrial roundwood industrially processed in a given 
region, the availability of secondary residues for energy is dependent on several 
factors, such as the industrial process itself, the demand for wood residues from 
other industries and the economic competitiveness and demand for bioenergy [5].

Fig. 19 Share of industrial 
roundwood uses in the world 
in 2021. (Data source [62]) 
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Table 5, based on data provided by [18, 28, 56, 68–75], presents some of the main 
sources of secondary residues and typical ranges of wood residue generation factors. 

Sawmills belong to the primary forest industries and generate large amounts of 
woody residues in the form of bark, sawdust, slabs, edgings, trimmings and cull 
logs. Typically, 15 to 60% of the roundwood that enters the mills ends up as residue. 
The residue generation factor depends on numerous aspects, such as the type, size 
and quality of the logs being processed and the specific operations and equipment 
used. The wide range in the residue generation factor in sawmills is related to the 
sawnwood products (e.g., semi-processed cants, boules and flitches, planned sawn-
wood) [75] and the use of slab wood [56]. Sawmill residues are generally clean, 
uniform, concentrated and have a low moisture content (below 20%), which makes 
them suitable for further use [76]. As such, sawmill residues are frequently sold as 
raw material for the manufacture of pulp, engineered wood products and fuels (e.g., 
wood chips for pulp for paper, sawdust for particleboard, pellets), for landscaping 
applications (e.g., bark mulch), for livestock bedding and as fuel for combustion 
boilers (e.g., hog fuel). 

The residue generation factors of plywood mills are also typically high and, as in 
sawmills, the residues can be valuable sources of raw materials for various industries. 
Typically, residues can range from 30 to 60% of the total volume of logs processed, 
depending on the type and quality of wood being processed, the manufacturing 
process used and the efficiency of the equipment and operations. Coarser residues 
(e.g., cores) are mainly used as raw materials for the manufacture of pulp and other 
fibre products, while bark and fine residues are typically used as fuel [77]. 

Pulp may be produced by chemical or mechanical processes, although the former 
dominates (90% of the total production capacity is based on the kraft process, a type 
of chemical pulping [78]). In mechanical pulping, bark, sludge, ash and screening 
residues are generated. Typically, residues account for 10 to 30% of the wood input 
and can be used for various purposes, such as landscaping and energy and fuel 
production. On the other hand, in chemical pulping, there is a comparatively wider

Table 5 Typical residue generation factors of relevant forest-based industries 

Source Residues Residue generation factor (%) 

Sawmills Bark, sawdust, slabs, edgings, 
trimmings and cull logs 

15–60 

Plywood manufacture Bark, sawdust, cores, green 
veneer, dry veneer, trimmings 
and sanding dust 

30–60 

Fiber-, particle- and strand 
board manufacturing 

Bark and screening residues 5–20 

Mechanical pulp Bark, sludge, ash and screening 
residues 

10–30 

Chemical pulp Bark, black liquor, sludge, 
screening residues and other 
residues 

50–60 
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variety of residues produced, including black liquor, bark and sludge [70]. Black 
liquor is the most important residue in chemical pulp mills. It is usually burned in 
a recovery boiler to recuperate cooking chemicals contained in the black-liquor and 
produce steam [79, 80]. Because of this energy recovery, modern non-integrated kraft 
pulp mills are energy self-sufficient [79]. In certain mills, lignin is extracted from 
black liquor for biochemical processes and other products [70]. 

The residue stream generated by the production of primary wood products has 
been increasingly used as raw material for the production of other wood products, 
such as wood-based panels (particle-, fibre- and strand board) [69]. The extent to 
which this is done is dependent on various factors, such as the existence of industries 
using cascading woody material as raw feedstock, logistics, processing capacity or 
economic feasibility [5, 81]. The existence of a well-developed bioenergy industry 
with established infrastructure may affect the cascading use of forest resources [5]. 
For a discussion on the concepts of circular economy and cascading utilisation refer 
to Mair et al. [82]. 

The forest industries that process primary wood products generate additional 
residues that may be used as an energy source. For example, the production of parti-
cleboard generates screening residues and sanding dust, which, typically, account 
for 5 to 20% of the total volume of the feedstock processed. Because additives 
(e.g., binders, fillers) are used in the production of wood-based panels, these wood 
processing residues do not consist exclusively of primary wood fibre [28]. 

Further processing of wood and engineering-wood for the manufacture of finished 
products such as furniture, packaging or construction products results in addi-
tional residues (e.g., solid timber offcuts, dust, shavings, trims, clippings); some 
of which may be contaminated with adhesives and coating particles. The amount of 
residues generated depends on the manufacturing process. For example, Daian and 
Ozarska [83] assessed the wood residues generated by Australian furniture compa-
nies and concluded that the residue generation factor varied significantly, depending 
on the profile of the manufacture (7% to 49% of the annual supply of wooden raw 
material ended up as residues). 

4 Tertiary Sources of Biomass 

Many other industries and economic activities outside the forest-based industries 
generate wood residues and waste. Examples are the wood waste from the construc-
tion of buildings and wooden pallets and packaging used in the transport and storage 
of goods in various industries. These are classified as tertiary wood residues, along 
with wood products at their end-of-life. 

Tertiary wood residues and waste have a wide range of origins and refer to a very 
heterogeneous group of materials with different levels of contaminants [84]. They 
can contain, for example, heavy metals originated from paints and preservatives, 
polycyclic aromatic hydrocarbons or volatile organic compounds [85]. The source 
and type of tertiary wood residues and waste determine the appropriate way to handle
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them. Clean wood can be used for the production of industrial and consumer products 
or as fuel, while hazardous waste wood requires disposal at special facilities or 
incineration [86]. In between, treated but non-hazardous wood varies in the level of 
contaminants. 

To date, there is no standardised classification of wood waste streams applied inter-
nationally and their management varies among countries, which hinders the reuse of 
wood waste [87] and leads to different levels of wood waste energy valorisation and 
recycling. UNECE and FAO present a catalogue of the existing wood waste clas-
sifications in the UNECE region, where the different approaches are clearly shown 
[87]. 

The valorisation of tertiary wood residues involves (i) their collection at the place 
where they are generated, (ii) transportation to the place where they are valorised 
and (iii) subsequent treatment. Different countries have waste management systems 
with different levels of maturity, with some countries lacking collection and treat-
ment of wood waste [88]. This is somehow reflected in the available FAO data for 
recovered post-consumer wood, with only a few countries officially reporting values 
of recovered wood (32 in 2021 [62]). 

Wood waste management operations also influence the contaminant level of the 
waste streams. For example, Faraca et al. [89] analysed wood waste collected for 
recycling in Denmark and found that contaminant levels varied significantly among 
the materials analysed, depending on the type and source of the wood waste. The 
authors suggested that low-quality wood waste should be collected separately from 
cleaner wood waste to avoid unwanted contaminations with chemicals. Addition-
ally, they recommended that the fractions containing fibreboard, treatments and/ 
or composite materials from construction and demolition should be minimised in 
recycled material so that the lowest level of contaminants is guaranteed. 

Mixed-streams of post-consumer wood pose challenges to recycling wood, and, 
often, the physical inspection and quality assessment required to avoid possible 
contaminants re-entering the wood production phase hinder the recovery of such 
residues [90]. Since sorting technologies are not well developed for most wood-
based materials, sorting is manual, which leads to high costs, inconsistent quality 
and health risks for the workers [90]. Additionally, the fact that tertiary wood waste 
streams are usually highly dispersed and present irregular patterns also contributes to 
high recovery costs [5, 90]. Despite these challenges, relative to other woody biomass 
sources, tertiary wood residues are particularly relevant in regions with small forest 
production, where wood waste accounts for the largest potential of woody biomass 
[5]. 

Figure 20 presents the amount of recovered post-consumer wood that could be 
recycled or reused for material or energy purposes in 2021, excluding post-consumer 
wood that would not be reused/recycled (e.g., sent to landfills). Europe accounted 
for 87.7% (around 31 million t) of the total recovered post-consumer wood reported, 
while Asia accounted for the rest [62]. Germany was the country that recovered 
the most post-consumer wood, followed by France and the United Kingdom (UK). 
These three countries reported more than half of the post-consumer wood recovered 
in the world. Since in Germany, municipal and industrial solid waste must be sorted
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Fig. 20 Recovered post-consumer wood in the world in 2021. (Data source [62]) 

and landfilling is restricted to materials with organic matter content that does not 
exceed 5%, almost no wood waste is disposed of in landfills [91]. Most of it (80%) 
goes for energy recovery, while a fraction of the least contaminated wood waste is 
absorbed by the panel industry [91]. However, new waste wood fired power plants 
are no longer subsidised in Germany and the situation can change in the future. On 
the other hand, France and the United Kingdom favour material recovery (79% and 
70% of the wood waste, respectively), but in France, a substantial part of the wood 
waste ends up in landfills [91]. 

5 Final Considerations 

Forest biomass for energy and fuels can be classified into three groups, which reflect 
its origin: primary, directly sourced from energy plantations or other land-use systems 
(cf . Sect. 2); secondary, corresponding to residues of the wood-based forest indus-
tries (cf . Sect. 3); and tertiary, resulting from activities outside the forest sector (cf . 
Sect. 4). 

The availability of primary biomass is dependent on the distribution of the forest 
area in the world and of the forest systems, including species, site and management 
(silvicultural systems and practices, harvest and logging). Overall, there seems to 
be a need for a balance between the biomass maintained in the forest systems (live 
and dead) and the biomass exported to enable the sustainability of forest systems. In 
general, disturbances of low intensity and short frequency (e.g., silvicultural prac-
tices) tend to maintain biomass stocks in the medium and long term [39, 41], whereas 
disturbances of high intensity and long periodicity (e.g., storms or fires) tend to reduce
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biomass storage [30, 42]. Moreover, apart from the maintenance of the sustainability 
of the forest systems and their productions, the maintenance of the forest area plays 
a key role in the amount of biomass available for woody products and energy. Forest 
area and growing stock increased from 1990 to 2020 in Europe, Asia, North America 
and Oceania, but decreased in South America and Africa (cf . Figs.  4 and 5). This may 
result, in the future, in a reduction in the availability of woody products (including 
biomass for energy) in the latter regions. 

The availability of secondary biomass depends on various factors within the forest-
based industries, including their number, size or type (e.g., woodworking, pulp and 
paper). The quantity of residues generated by these industries is influenced by factors 
such as the quality and quantity of the wood received and processed by the industry 
and the specific industrial process used. Globally, there was an overall increase in 
the production of roundwood, wood fuel and industrial roundwood from 1961 to 
2021. However, the share of wood fuel in roundwood production decreased during 
this period. Moreover, in 2021, the share of industrial roundwood production in total 
roundwood production was larger in Oceania, Europe and North America than in 
South America, Asia and, especially, Central America and Africa, where, respec-
tively, more than 87 and 90% of the roundwood production corresponded to wood 
fuel (cf . Fig.  15). The consumption of roundwood followed the same pattern of 
production. The consumption of wood fuel was larger than that of industrial round-
wood in Africa, Central America and Asia (cf . Fig.  18). Apart from the quantity 
of industrial roundwood processed, the proportion of raw materials that become 
residues per wood-based industry type is also a factor that influences the availability 
of secondary forest residues for energy purposes. These generation factors are quite 
variable, spaning from 5 to 60% (cf . Table 5). 

Tertiary biomass refers to the wood residues and waste generated by many non-
forest industries and economic activities as well as wood products at their end-
of-life. This tertiary biomass constitutes a very heterogeneous group of materials 
that may be clean or contaminated with different concentrations of contaminants. 
Its use is dependent on the content of contaminants, the available technologies to 
decontaminate them, logistics and economic factors. Europe reported the largest 
amount of wood that was recovered and can be recycled or used for material or energy 
purposes (circa 88%), with Germany, France and the United Kingdom having the 
largest shares (cf . Fig.  20). 

Funding This work is funded by National Funds through FCT—Foundation for Science and 
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