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Preface

This book provides a comprehensive analysis of forest biomass, from feedstock
production to its transformation into energy and its diverse applications. It intends to
present the state of the art of forest biomass production, assessment, characterisation
and conversion into heat and power.

After establishing the current context and status of forest bioenergy, the book
presents the various sources and worldwide distribution of forest biomass for energy.
Subsequently, it explores the characterisation of the forest stands and the availability
of biomass for energy per stand structure, including stands managed for timber,
non-wood products and energy plantations. Then, it addresses the biomass evalua-
tion and monitoring by considering data sources, modelling methods and existing
models. Following the topics centred on forest biomass production and estimation,
the book provides a comprehensive overview of established and emerging conversion
technologies for the production of bioheat, biopower and fuels. It then covers the
essential properties of forest biomass that play a relevant role in its transformation
into energy and fuels. The subsequent three chapters cover the most common appli-
cations of forest biomass for energy and the associated technologies. These chapters
specifically focus on the use of biomass for residential heat, industrial heat, district
heat, power generation and combined heat and power.

This book is intended for a broad audience, from undergraduate and graduate
students to academics, researchers and practitioners who aim to deepen their knowl-
edge on the topic of forest bioenergy. It presents a multidisciplinary approach to
the topic, and integrates a broad range of topics in a single book, covering many
important aspects of forest biomass energy.

Evora, Portugal Ana Cristina Gongalves
Isabel Malico
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Abstract This chapter introduces and outlines the book “Forest Bioenergy: From
Wood Production to Energy Use”, dedicated to biomass, currently the most
commonly used renewable energy source, which contributes to 10% of the world-
wide energy supply. The majority of bioenergy comes from woody biomass, which
is mainly converted into heat (mostly in households, followed by industries). Its
conversion to power is also relevant, while the production of transport biofuels is
a promising pathway. Modern bioenergy presents numerous advantages: it has a
renewable, versatile, local and distributed nature; it helps increase energy security
and meet the rising global energy demands; it easily substitutes for fossil fuels;
and it presents potential environmental and economic benefits. Carbon sequestra-
tion and storage are among the several environmental services provided by forests.
The amount of biomass they produce, and consequently, their bioenergy potential,
is highly variable. Forest plantations provide the highest bioenergy yields per unit
area, while in forest systems managed for other purposes, factors such as stand struc-
ture affect residual biomass generation. Assessing and monitoring biomass, along
with determining bioenergy potentials, are essential tasks, often based on mathemat-
ical models that vary in complexity and span different spatial and temporal scales,
frequently with associated cartography.

Keywords Wood - Wood residues - Energy plantations * Biofuels - Bioheat -
Biopower
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2 1. Malico and A. C. Gongalves

1 Introduction

Forest bioenergy is a term used to describe the energy obtained directly or indirectly
from biodegradable, renewable raw materials from woody shrub and tree species,
excluding agricultural ones. The sources of forest bioenergy are diverse and include
products, residues and waste, such as fuelwood, wood pellets, residues from forest-
based industries and post-consumer wood (cf. chapter “Sources and Distribution of
Forest Biomass for Energy”).

Forests have been providing mankind with fuels for heating and cooking for thou-
sands of years, and they are still the main energy source for millions of people who do
not have access to clean fuels and technologies to satisfy their basic needs. As such,
they provide an essential service to these populations but, in many circumstances,
at a high cost. Severe negative impacts arise when biomass is used in a traditional
way through the combustion of solid biomass in inefficient and polluting equipment.
Indeed, emissions from inefficient biomass burning cause adverse health problems
[1-5] and impact the climate [6—9]. Additionally, the traditional use of biomass leads
to a large demand for wood fuels, puts pressure on forests, contributes to forest degra-
dation and has negative effects on gender equity [10—13] (cf. chapter “Biomass for
Domestic Heat”).

In contrast to the traditional use of biomass, modern biomass uses for energy
are characterised by more efficient and cleaner technologies. On the condition that
forest resources are obtained in a sustainable way and efficient, clean conversion
technologies are employed, the use of forest biomass for bioenergy and biofuel
production is a valuable and advantageous option to meet energy needs. Many high-
income countries, which had, to some extent, forgotten bioenergy during a large part
of the last century, have renewed their interest in this form of energy, influenced in part
by the environmental advantages of biomass over fossil fuels and its socioeconomic
benefits.

Biomass can help meet the increasing energy needs of the growing world popula-
tion. From 1971 to 2020, the world total energy supply increased by around 150%,
from 230.5 EJ to 584.5 EJ (Fig. 1) [14]. In this period, the largest average annual
growth rate came from nuclear energy (7.2%), followed by renewable energy sources
(RES) (2.2%) and fossil fuels (1.8%). However, in the last decades, increased aware-
ness of the environmental problems caused by fossil fuels and the public perception
of the risks of nuclear energy have led to a change in the growth rates of the energy
supplied by the different energy sources, especially nuclear. From 2001 to 2020, the
largest average annual growth rate in energy supply was associated with RES (2.5%),
followed by fossil fuels (1.7%) and nuclear (0.2%).

Despite the relevance of renewable energy sources in general and biomass in
particular, fossil fuels still dominate the global energy mix today. In 2020, they were
the energy sources most used in the world (80%, Fig. 2). Crude oil and oil products
accounted for 29.5% of the world total energy supply, closely followed by coal
(27%), natural gas (24%) and renewable energy sources (15%), with biomass being
the largest contributor among all the RES.
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Fig. 1 World total energy supply from 1971 to 2020 by energy source. (Data source [14, 15])

Fig. 2 Share of energy
sources in the world total
energy supply in 2020. (Data
source [14, 16])
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The reasons for the dominance of fossil fuels are clear: they have a high energy
density and are convenient to use. Coal, the most carbon-intensive fossil fuel, is still
the main source of power production worldwide (cf. chapter “Biomass for Power
Production and Cogeneration”). It is the fossil fuel with the largest and most evenly
distributed reserves around the world and with a relatively low cost [17], even though,
today, in most markets, renewable energy options are the most cost-effective new
sources [18]. Coal is also an important energy source for energy-intensive industries,
such as the iron and steel or cement industries (cf. chapter “Biomass for Industrial
and District Heating”). On the other hand, oil products in liquid form are more
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energy-dense than coal and very appropriate for use as transport fuel, being, by
far, the most used energy sources in this sector (>90% in 2020, [14]). Natural gas,
the least carbon-emitting fossil fuel, is very versatile and plays a relevant role in
power plants, buildings and industrial facilities (cf. chapters “Biomass for Domestic
Heat” and “Biomass for Industrial and District Heating” and “Biomass for Power
Production and Cogeneration”).

In the last two centuries, the large-scale consumption of fossil fuels has allowed
for a rapid growth in industrial and agricultural production, enormous technological
advances and improvements in the living conditions of humans. However, it also has
numerous severe impacts on the environment and public health [9, 19] and affects
energy security [20, 21]. As a consequence, a rapid phaseout of fossil fuels is needed,
and both energy efficiency and sustainable energy sources should be promoted.

Biomass can substitute for fossil fuels relatively easily since it can be used
and stored in similar ways to fossil fuels [22], therefore providing energy when
needed (in power generation, biomass is an important complement to intermittent
renewable energy sources like solar and wind, providing firm low-carbon electricity
[23]). However, unlike fossil fuels, it is a renewable energy source when sustainably
obtained, i.e., when the increment of biomass by plant regrowth is equal to or larger
than the removal, so that it can be continuously available in large quantities.

Furthermore, the versatile, local and distributed nature of biomass may help to
reduce the dependency on imported oil or natural gas, which are much more concen-
trated geographically [24], and, even though the global international trade of bioen-
ergy will likely increase significantly, this does not necessarily lead to energy security
concerns since multiple world regions can act as bioenergy suppliers [25].

Additionally, when modern, efficient and clean energy conversion technologies
are used, sustainably produced forest biomass typically presents environmental bene-
fits in comparison to fossil fuels [26—31]. One of the benefits of forest bioenergy might
be a contribution to climate change mitigation. This derives from (i) avoided fossil
fuel use and (i7) greenhouse gas emission mitigation during biomass production,
including soil carbon accumulation [32]. On the other hand, there are greenhouse
gas emissions associated with fossil fuel use in the production, harvesting, transport
and processing of biomass, and, in the case of the establishment of energy plantations,
land use change and indirect land use change effects have also to be considered.

If the forest biomass harvested for bioenergy is produced sustainably, it is arguably
considered “carbon neutral”, i.e., it is assumed that the carbon exported from the
stands and forests will be sequestered and stored during tree regrowth, thus resulting
in the neutrality of the carbon cycle [33]. Overall, the use of biomass for energy
releases carbon into the atmosphere that will be absorbed by tree growth [34], which,
depending on the species and tree growth rates, will need shorter (young and/or fast-
growing species) or longer (old and/or slow-growing species) time [35, 36]. This is
not, however, the only definition of carbon neutrality. The authors of a review study
on carbon neutrality found eight different concepts for the term but no standard-
ised concept or definition of carbon neutrality [34]. Bioenergy is often justified and
promoted on the basis of its inherent carbon neutral status, but carbon neutrality is not
an inherent property of biomass; rather, it is a relative characteristic of a bioenergy
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product [34], depending, for example, on the fossil fuel being displaced, the energy
conversion efficiency of the bioenergy pathway followed, the growth rate of forests,
the frequency and intensity of biomass harvests, the initial forest carbon stock and
the forest management practices used [37].

The carbon storage capacity of forests may be enhanced by biomass removal
in certain circumstances. This is the case, for example, when biomass is exported
from the forest to reduce the fuel load and prevent wildfires or when thinnings
are performed (see chapter “Stand Structure and Biomass” for further information).
Other ecological benefits of biomass removals include the control of invasive flora
and fauna species to restore natural habitats [38].

Another advantage of bioenergy might be its economic attractiveness. The gener-
ation of bioheat by combustion is often cost-competitive with fossil fuels [39, 40].
Also, the generation of bioelectricity with low-cost residual biomass might be cheaper
than fossil fuel options [41]. However, the cost-effectiveness of bioenergy depends
on the specific application, and high costs are a barrier, for example, for the develop-
ment of many bioenergy options (e.g., advanced biofuels for transportation) or fuel
switching (e.g., in high-temperature industrial applications or electricity generation)
[41]. On the other hand, rural development, job creation or the promotion of social
sustainability are often cited as advantages of bioenergy [39, 42—47].

Despite its many advantages, the use of biomass for energy is not without contro-
versy. Besides the already mentioned problems associated with the traditional uses
of biomass, the overall sustainability of bioenergy is often questioned [32, 48-51].
Biomass in general, and forest biomass in particular, are limited resources that require
land and water for their growth. Moreover, the energy efficiency of photosynthesis
is very low (the most efficient trees do not exceed solar storage efficiencies of 1%
[52]). Therefore, in this regard, biomass is not the most effective way to store solar
energy. However, storing energy is not the only function of forests, and if sustainably
managed, forests provide other important ecosystem services. For example, photo-
synthesis generates oxygen, which is essential to flora and fauna, and forest areas
promote soil and water protection [53] (see chapter “Stand Structure and Biomass”
for further information).

To date, bioenergy is substantially sourced from residues and waste, but because
their potential is limited, the supply of additional large quantities of biomass is
dependent on energy plantations [49]. A large expansion of, especially agricul-
tural, energy plantations in some countries could increase human pressure on the
terrestrial biosphere, threaten the ability of global ecosystems to provide essential
ecosystem services, and might be associated with substantial ecological costs, such
as soil degradation, biodiversity loss or nitrogen release [54]. Furthermore, large-
scale energy plantations, especially the agricultural ones, may potentially compete
with food production, leading to significant socioeconomic effects [49]. However, if
forest species plantations are grown specifically for energy on marginal lands [55]
or on current agricultural land that can be diverted from food and feed production
without further impairing food security [56], energy plantations can be a source
of beneficial renewable energy. For example, Langeveld et al. [57] concluded that
including large-scale short-rotation coppices in intensive, arable crop cultivations in
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homogeneous monocultural landscapes may have both positive and negative effects
depending on the exact implementation. As referred to by Robertson et al. [32], prior
land use has a significant effect on the benefits of energy plantations. The issue of
bioenergy sustainability is, therefore, very complex, with several factors impacting
the overall sustainability of bioenergy, among which are the location and scale of
production, the type of feedstock and the conversion technology [58, 59].

2 Current Production and Consumption of Bioenergy

In 2020, the world energy supply of biomass and waste was 57.5 EJ [14], which
represented around 10% of the total energy supply (Fig. 2). Most of this contribution
was modern bioenergy, but a substantial part was still traditional bioenergy used for
cooking and heating with basic, inefficient and pollutant technologies [16]. On the
other hand, the non-renewable fraction of municipal and industrial waste represented
a relatively small fraction of the share of energy supply attributed to biomass and
waste.

Even if traditional bioenergy use is not considered renewable because of its
severe negative impacts, modern biomass provided approximately half of the global
renewable primary energy supply in 2020, making it the largest contributor among
RES, followed by hydro. When accounting for traditional biomass use, biomass
represented almost two-thirds of the world renewable energy supply.

In the last 30 years, the share of bioenergy and waste in the world total energy
supply has remained relatively stable (according to data from the International Energy
Agency, IEA [14], the average share from 1990 to 2020 was 9.7%). Nevertheless,
the energy supplied by these two energy sources in this period increased slightly less
(56%) than the total energy supply (60%).

The vast majority of global bioenergy and waste consumption is attributed to
solid biomass. However, over the last three decades, there has been a diversification
of bioenergy sources, with other forms gaining relevance (Figs. 3 and 4). This trend
is particularly notable in Organisation for Economic Cooperation and Development
(OECD) countries, as reported by the IEA [14].

The diversity of bioenergy sources (in solid, liquid or gaseous form) and available
energy conversion technologies makes bioenergy very versatile. It is used to provide
heat and power and as a transport fuel in a diversity of sectors of activity. Almost
half of the biofuels and waste is used in the residential sector worldwide, but the
industrial and energy sectors also consume a relevant share of biofuels and waste
[14]. On the other hand, even though the transport sector represents a relatively small
part of the world supply of biofuels and waste (7% in 2020 [14]), its relevance is also
high since, presently, liquid biofuels dominate the renewable energy supply in this
sector. Currently, these transportation fuels are essentially first-generation biofuels
produced from food crops or vegetable oils [60].

Worldwide, the majority of solid biofuels, primarily consisting of forest biomass,
are used in the residential sector (Fig. 5). However, the share of this sector has been
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Fig. 3 Share of the various sources in the biomass and waste energy supply in 2020 in the world.
(Data source [16])
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Fig. 4 World total bioenergy and waste supply from 1990 to 2020 by energy source. (Data source
[14])

declining over the last few decades. In 1990, residential use represented 70% of
solid biofuel consumption, but by 2020, it had decreased to 53%. In both years,
the industrial sector was the second largest consumer of solid biofuels, followed by
“other transformation”, which includes charcoal production. The conversion of solid
biomass into electricity in dedicated power plants has gained significance in the last
30 years. In 1990, it accounted for only 1% of solid biofuel consumption, but by
2020, it had increased to 8%. These power plants consumed around 70% more solid
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Fig. 5 Share of the various sectors in the consumption of solid biofuels in the world in a 1990 and
b 2020. (Data source [14])

biomass in 2020 worldwide than the more efficient combined heat and power (CHP)
plants. In the “others” category, the largest consumers of solid biofuels in 2020, in
descending order, were commercial and public services, energy industry own use,
agriculture and heat plants. In conclusion, to date, solid biofuels are mainly converted
into heat and, to a lesser extent, electricity, while the production of transport biofuels
from solid biomass is still not commercial and faces several challenges (cf. chapter
“Forest Biomass as an Energy Resource”).

In the group of OECD countries (Fig. 6), which accounted for 17% of the world
solid biofuel use, the sector that consumed most of the solid biofuels in 2020 was
industry (34%), closely followed by the residential sector (32%). As far as electricity
production is concerned, CHP plants represent 15% of solid biofuel consumption, a
higher share than the less efficient electricity-only plants (12%). Heat and charcoal
production are included in the category “others”.

3 Forest Biomass as an Energy Source

Of all the possible solid biofuel sources (e.g., firewood, forest residues, wood-based
industry residues, post-consumer wood, agricultural residues, agro-industrial solid
residues), forest biomass is, by far, the most used nowadays and, therefore, has a
very important contribution to the world renewable energy share [61].

Forest trees, stands and forests are important to biomass (and carbon) sequestration
and stocking [62] due to the longevity of trees [63], their large dimensions [64] and
their worldwide distribution [65]. Stands and forests have provided for thousands
of years a large set of products and services such as wood of several dimensions
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Fig. 6 Share of the various
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solid biofuels in OECD
countries in 2020. (Data
source [14])
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(including woody products for energy), protection of soil and water, conservation
of flora, fauna and habitats, many non-woody products (e.g., honey, mushrooms,
medicinal plants), aesthetics, recreation and biomass and carbon storage [66, 67].

Biomass sequestration and storage present high variability (cf. chapter “Sources
and Distribution of Forest Biomass for Energy”, Fig. 9). This results from the vari-
ability in species, stand structure and site (cf. chapter “Stand Structure and Biomass”).
In general, biomass storage increases with age due to the increase in the dimension
of trees [68], whereas sequestration decreases per unit of light intercepted due to
the increase in respiration [35]. Thus, biomass and carbon sequestration are more
efficient when trees are in the early stages of development, as growth rates are higher
than in mature trees [36]. Yet, the biomass and carbon stocks are higher at late devel-
opment stages due to tree dimensions [64]. The dynamics of biomass sequestration
in stands and forests are more complex than those of individual trees due to their
dependence on species, stand structure, site, silvicultural system and silvicultural
practices (cf. chapter “Stand Structure and Biomass™). This variability is reflected in
the biomass partitioning. In general, in forest stands, biomass can be broadly divided
into tree and soil (organic matter). Tree biomass can be further divided into live
(above and below ground) and dead (above and below ground) biomass [69].

Forest biomass for energy purposes results from harvesting. Yet, differences in
biomass yields, amounts of biomass harvested and exported and the share of biomass
that can be used for timber and energy vary per species, stand structure, silvicul-
tural system, silvicultural practices, site, harvest equipment and market (e.g., [70,
71]). In terms of biomass for energy, forest systems can be broadly divided into
two groups: energy plantations (cf. chapter “Energy Plantations”), where all above
ground biomass is harvested for energy [72] and forest systems oriented for timber
production or agroforestry systems, where forest residues from cuts, thinnings and/
or prunings are used for energy [71, 73].

Energy plantations are intensively managed forest systems with the main goal of
producing biomass for energy [72]. These forest systems use species or clones with
high growth rates, thus high rates of biomass (and carbon) sequestration [74]; are
frequently established in sites (soil and climate) near the optimum of the species
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traits in order to optimise their growth [72]; and are established in marginal lands or
set aside agricultural lands in order to avoid competition with agricultural lands [75].
These forest systems give high yields, and are thus able to provide larger amounts of
biomass per unit area and per time unit than the other forest systems [76] and release
the pressure on other forest systems for bioenergy supply [77].

The main goals of forest systems oriented for timber production and agroforestry
systems are the production of timber and other woody and non-woody products
(e.g., cork, fruit, honey, medicinal plants) and services [78, 79], and forest residues
may or may not be used for bioenergy [71, 73]. Forest residue quantities depend
on several factors, such as the dimensions and quality of the woody products, forest
system sustainability and harvesting. The dimensions of the woody products and their
market prices constrain their use. In general, woody products of large dimensions
and good quality are used for timber [80], which has a higher market price than forest
residues [71].

The export of forest residues is related to the sustainability of the forest stands and
their products. Forest residue exports always imply the export of biomass, carbon and
nutrients and have impacts on hydrology and diversity [81]. Moreover, the sustain-
ability of forest systems is related to the biomass storage/export ratio [82]. Forest
residues are generated during harvest (cut, thinning and/or pruning). Their removal,
apart from the sustainability of the forest systems, is related to stand structure, func-
tion, topography, site, harvesting equipment, logistics and costs [83]. In general, in
stand structures (cf. chapter “Stand Structure and Biomass”) that are more uniform
and when the removal of wood is made mainly in one cut (pure even-aged stands
under clearcut systems), the export of forest residues is facilitated due to their large
amounts, higher recovery rates and lower costs than in stands with higher struc-
tural diversity (pure or mixed uneven-aged stands under selection or shelterwood
systems and/or under protection or conservation status) [84—86]. Furthermore, site
and topography may increase forest residue quantity, mainly due to damage during
tree harvesting [83].

Restrictions to the collection of forest residues and subsequent energy use may
exist, imposed, for example, by regulations in protected areas or difficulties in
collecting biomass in areas with difficult accessibility (e.g., steep slopes) [87-90]
or because of the dispersion of the residues in the stands. Additionally, losses in
the collection, transport and use stages of the feedstock need to be considered [91-
95]. Another issue that may reduce the availability of residual biomass for energy
is the existence of other uses for biomass and, therefore, a competition between
the same biomass resources [71, 80, 96-98]. The consideration of these restric-
tions and the conversion of feedstock mass to energy lead to the determination of
the amount of available biomass energy, that is, the biomass energy content that is
potentially available for energy production [71, 97, 99]. Several authors [100-105]
also consider sustainability criteria for stands, forests and productions that constrict
the available amount of biomass. Batidzirai et al. [106] reviewed the key factors
and drivers affecting the determination of biomass availability for energy and anal-
ysed a selected set of country-based bioenergy potential studies. They conclude that
generally not all the basic elements expected in an ideal bioenergy assessment are
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included in the analyses, that the methods used are not always harmonised, which
leads to different energy potential results, and that studies have different levels of
methodological transparency. It is recommended that the analyses include all key
factors that are critical determinants of bioenergy potentials, employ high-resolution
georeferenced data sets and account for potential feedback effects [106].

Biomass evaluation and monitoring have to be done in order to quantify woody
products and forest residues. This evaluation is frequently done with mathemat-
ical models that vary in complexity and spatial and temporal scales (cf. chap-
ters “Modelling Biomass” and “Overview of the Biomass Models”), usually with
associated cartography.

The availability of forest biomass for energy has been estimated with mathematical
models at both regional or local scales [87, 107-116] and national scales [96, 117—
122]. Yet, the above ground biomass specificity, particularly in the tropics, makes
accurate generalisations at regional or landscape levels difficult [123, 124]. More-
over, biomass is not static in space or time. Several disturbances, either management-
related or natural (¢f. chapter “Stand Structure and Biomass”), can cause the reduction
of biomass. In a review, natural disturbances (drought, fire, wind and bark beetle)
were evaluated for their effect on biomass dynamics [125]. Although forest systems
are quite resilient to disturbances, climate change can drive the systems to their
turning point, especially if the regime of disturbances is outside its historical range
of variation. The maintenance of the resilience of the stands and forests then requires
proactive and reactive adaptive measures in the management of the forest systems
[125]. Another study refers to the losses of biomass due to windstorms [126], while
another evaluated the effect of wind and bark beetle disturbances on carbon seques-
tration based on a landscape model [127]. According to the simulations, the forest
areas will be a carbon sink until the end of the twenty-first century [127]. However,
climate change might result in a change in the disturbance regime, which might lead
to a reduction in the ability of the forests to sequester carbon, and thus turning them
from a carbon sink to a carbon source [127].

The assessment of energy potentials is challenging. Two main reasons were iden-
tified to justify the variability in the results of several studies on energy potentials
for the same geographical region [116]: (i) the various energy potential concepts
subjacent to the analyses and (ii) the spatial variability of the data used for their
estimation. Harmonisation of data can be used to overcome this variability. Scara-
muzzino et al. [116] proposed a four-step harmonisation framework (Fig. 7): (1)
identify the best-suited territorial unit, which should satisfy two conditions: (i) data
must be reliable for the territorial unit or simple to calculate, and (ii) the territorial
unit should be easily identified (e.g., NUT2, NUT3); (2) select the sources of renew-
able energy (e.g., forest residues, agricultural residues, livestock residues, waste) and
review their potential (e.g., with data available from databases such as Eurostat, FAO
and/or Copernicus Land Monitoring Service); (3) harmonise the indicators of the
energy potential per unit area (e.g., PJ-km~2, PJ-inhab™"); (4) select and harmonise
the non-energy territorial indicators due to the selected territorial unit (e.g., selection
of topographic and climatic data and harmonisation with the median per territorial
unit).
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Fig. 7 Four-step harmonisation framework for energy potential assessment studies

The biomass evaluation and monitoring have been done, in particular for large
areas, with geographical information systems (GIS) and with geographic decision
support systems (DSS), resulting in the development of specific methodologies and
techniques to identify and quantify the potential of biomass for energy purposes,
namely for the installation of energy systems based on combustion [85, 114, 117,
128-135] or gasification [45, 132, 133, 136] or for the production of biofuels [135,
137-140]. The aforementioned methodologies were used to evaluate biomass in
existing [84, 141-144] or potential [84, 87, 88, 112, 145, 146] forest areas, in both
forests and farmland [114, 128, 131, 133] or specifically in forests for timber produc-
tion and other products and services [87, 108, 117, 147]. Some studies were focused
on evaluating the economic viability of implementing biomass systems [121, 128,
131, 146, 148].

When evaluating residual biomass, the residue production yields have to be known
in order to relate them to the total available biomass (Fig. 8). These ratios, generally
expressed in tonnes of residues per year and unit area, are dependent on species,
stand structure and silvicultural operations and thus can have significant local and
regional variation [87]. In some cases, they are expressed on an as-received basis,
others on a dry basis [149, 150]. An alternative to explicitly reporting the residue
production yields is to consider the percentage of the total mass of the tree that can
be used for energy purposes [151].

Several maps of biomass have been produced [152—-154]. The maps of biomass
are dependent on the data input and the methods used. One important issue is the
harmonisation of the input variables to reduce the uncertainties of the maps [152,
154]. The variability of the species, stand structure, site and management results in a
wide variability in biomass. This may increase the errors. For example, Avitabile
and Camia [152] reported, for Europe, a trend towards overestimation in forest
areas with low biomass (<100 Mg-ha™!) and underestimation for medium and high
biomass (>100 Mg-ha~!). Furthermore, the errors increased from national spatial
resolutions (29-40%) to higher spatial resolutions, 58—-67% [152]. Moreover, care
should be taken when analysing maps as uncertainties related to site and management
change forest stand dynamics, development and yield, both positively and negatively
[155]. Thus, it is recommended that the maps of biomass be complemented with the
quantification of the uncertainties [154].
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Fig. 8 Flowchart for the evaluation of the areas to produce forest biomass residues. (adapted from

87D

The determination of the areas for energy plantations (cf. chapter “Energy Plan-
tations”’) should consider the following restrictions [146]: (i) guarantee food produc-
tion; (ii) avoid losses of biodiversity; (i) mitigate greenhouse gas emissions; (iv)
minimise negative impacts on soils, water and air. This results in areas potentially
available for energy plantations being those either set aside by agriculture or without
suitability for agricultural crops, which are not under conservation or protection
[146].

One issue related to biomass for energy is the identification of the areas avail-
able for energy plantations. These areas can be determined following a methodology
in four steps [112]: (1) selection of the species to be used and assessment of their
ecological and cultural characteristics; (2) determination of the suitability of the sites,
which refers to the selection of a set of data, frequently in a geographical informa-
tion systems environment, including soils, land morphology, climate, protected areas
and administrative boundaries and a suite of assumptions and a subsequent set of
operations that enable the identification of the areas where the selected species can
be grown; (3) determination of the availability of land, which refers to the identifi-
cation of the potential areas available, considering the existing restrictions, whether
economic or social; (4) assignment of the land, which refers to the definition of a
decision process that enables the determination of the areas where the energy plan-
tations can be installed (Fig. 9). The areas identified are dependent on the initial
assumptions made. If only the optimal conditions that could potentially generate
higher yields are considered, the area estimation could be rather conservative [112].
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Fig. 9 Flowchart for the selection of areas to install energy plantations. (adapted from [112])

4 Outline of the Book Chapters

This book presents the state of the art of forest biomass production, assessment, char-
acterisation and conversion into heat and power. After the overview presented in this
chapter, in chapter “Sources and Distribution of Forest Biomass for Energy”, forest
biomass is defined and the different categories of forest biomass are characterised,
starting with the forest biomass directly sourced from land use systems, passing
through the residues of the wood-based industries and ending up in the residues and
waste recovered from economic and social activities outside the forest sector.

Forest stands are communities of trees with competitive and facilitation interac-
tions over a long timeframe. These interactions are dynamic in space and time and
depend on stand structure, silvicultural systems and silvicultural practices, as well
as species and site. In general, the biomass of a tree increases with age. Yet, the
rate of biomass storage is dependent on the site (availability of growing space) and
interactions between trees in a stand (competition versus facilitation). The dynamics
of biomass at stand level are more complex to analyse as they are dependent not
only on individual tree growth (and thus biomass storage) but also on the balance
between live biomass and biomass exports. The intensity, frequency and quality of
biomass exported influence the sustainability of the system. In chapter “Stand Struc-
ture and Biomass”, definitions and concepts of silviculture that allow the analysis
and discussion of biomass dynamics and stand sustainability are introduced. The
stand structure, silvicultural systems, silvicultural practices, biomass partitioning
and dynamics, forest system sustainability and biomass yields, harvest and exports
are analysed.
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Forest stands are the major sources of woody products, including biomass for
energy. Energy plantations are forest stands designed to produce high quantities of
biomass in short timeframes for bioenergy. These forest stands have the advantage,
apart from producing large amounts of biomass for energy, of releasing the pressure
on other forest stands to provide bioenergy. Chapter “Energy Plantations” charac-
terises the energy plantations in terms of species, density, rotation, harvest cycles,
site selection, management practices, harvesting and yields.

Biomass cannot be directly measured. The two basic methods for estimating
biomass are the direct method, which is destructive, labour-intensive and expensive,
and the indirect method, which uses mathematical functions. The use of models
has the advantage of enabling the evaluation, monitoring and prediction of biomass
in time and space. Yet, the models are dependent on species, site, tree biomass
partitioning, stand structure and spatial and temporal scales. As a result, many models
have been developed. Chapter “Modelling Biomass” reviews the data sets available
for biomass modelling, the mathematical methods and techniques to fit the functions
and the model uncertainties.

Modelling biomass is a challenge due to the variability of tree allometry and stand
structure, which has resulted in a high number of biomass functions. At tree level,
diameter at breast height and height are the most frequently used explanatory vari-
ables. However, due to the variability in tree allometry, other explanatory variables
have been used, such as development stage, site or tree social status. At the area level,
many explanatory variables have been used, derived from forest inventory, remote
sensing and ancillary. Moreover, many mathematical models have been utilised to
fit the biomass functions. There has been a constant search for models that are
able to accommodate the variability of biomass. Chapter “Overview of the Biomass
Models” reviews the biomass models at tree and area levels, according to the data
used (destructive, forest inventory, remote sensing and ancillary) and mathematical
methods and techniques (from parametric to non-parametric).

As far as the conversion of forest biomass to energy is concerned, in the last
decades, the role of forest biomass for cooking and household heating has been
losing importance and the energy uses of biomass have diversified. Today, different
conversion technologies are commercially available or, if still in the research and
development stage, considered promising. Chapter “Forest Biomass as an Energy
Resource” presents an overview of the most relevant processing technologies for
the conversion of forest biomass into energy and fuels, their applications and their
readiness levels. Also important for the use and development of these technologies
is the knowledge of the properties of biomass that are relevant for its conversion
into energy and fuels. Chapter “Forest Biomass as an Energy Resource” provides an
overview of the most relevant characteristics of forest biomass and reviews commonly
used pre-treatment methods aimed at upgrading raw forest biomass into more suitable
feedstocks for specific conversion technologies.

Chapter “Forest Biomass as an Energy Resource” is followed by three chapters that
describe in more detail the most common uses of forest biomass for energy and the
associated technologies. The first of these chapters, chapter “Biomass for Domestic
Heat”, is dedicated to residential heat production, which is where presently more solid



16 1. Malico and A. C. Gongalves

biomass is consumed. Even though modern technologies should be promoted, the
fact is that inefficient and polluting traditional technologies are still widely used, so
chapter “Biomass for Domestic Heat” presents the available traditional technologies
alongside the modern ones. The impacts of the traditional use of biomass are also
reviewed, followed by the improvements to traditional technologies.

Chapter “Biomass for Industrial and District Heating” focuses on the sector that
globally consumes more energy nowadays: the industrial sector. After a brief descrip-
tion of how energy is consumed by the industry, the most important technologies used
to produce process heat, which is the industrial end-use that requires more energy,
are described. Since the energy conversion technologies used in industrial facilities
are similar to those used in district heating plants, the chapter also describes district
heating systems and the role of biomass for this use.

Due to the relevance of process heat in industrial energy consumption, chapter
“Biomass for Industrial and District Heating” only focuses on the production of heat.
However, combined heat and power is also commonly generated in energy-intensive
industrial facilities. CHP technologies are described in chapter “Biomass for Power
Production and Cogeneration”, which is dedicated to electricity production with
forest biomass. After a general description of the power sector, chapter “Biomass
for Power Production and Cogeneration” describes the technologies commonly used
to produce electricity from forest biomass in dedicated biomass plants and in co-
combustion plants.

The last chapter of this book, chapter “Conclusions and Future Research Needs”,
is dedicated to some conclusions and a description of possible future research.

Funding This work was funded by National Funds through FCT—Foundation for Science and
Technology, under the Project UIDB/05183/2020, through MED, and Project UIDB/50022/2020,
through IDMEC, under LAETA.
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Sources and Distribution of Forest )
Biomass for Energy L

Isabel Malico and Ana Cristina Gongalves

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.

Keywords Forest systems - Forest residues * Industrial by-products - Wood
residues + Wood waste
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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/ Products of energy Biomass harvested from forest species plantations
direct 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, (i7) trees affected by
natural disturbances, (iii) traditional fuelwood).
Examples are logs, tree tops, stumps, branches and

leaves
Secondary/ Residues Industrial residues derived from primary (e.g., sawmills,
indirect 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/ Residues and waste | Wood derived from all economic and social activities
recovered 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/ Main products of a specific production process with significant economic value
co-product 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~!) 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 (m?-ha~!) 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. 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 m>-ha~! in most of America, Europe, Asia
and central Africa, whereas it is lower than 100 m3-ha~! in most of northern Africa
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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 15.1 153

Europe 23.5 24.1 24.7 24.9 25.1

North America 17.8 18.1 184 18.5 18.5

Oceania 4.4 4.4 4.4 4.5 4.6

South America 23.0 222 21.2 21.0 20.8

(Fig. 8). Biomass in mass (t-ha™!) 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 CO, 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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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 14 1.5 1.5 1.5 1.5
South America 38.1 36.9 355 35.0 34.8
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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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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~!, 0.7 Gt-Cy~! and 1.8 Gt-Cy~!, 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 CO, emissions when compared to the use of materials based on fossil
fuels [38]. Inversely, the use of biomass for energy releases CO, 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.
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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
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Fig. 12 Global production of wood fuel in 2021. (Data source [62])
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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).
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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])
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Fig. 15 Share of the production of industrial roundwood in roundwood in 2021. (Data source [62])
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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.
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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 Other industrial
roundwood uses in the world roundwood, 8% S
in 2021. (Data source [62])

Pulpwood, Sawlogs and
round and veneer logs,
57%

split, 35%
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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, 15-60
trimmings and cull logs

Plywood manufacture Bark, sawdust, cores, green 30-60
veneer, dry veneer, trimmings
and sanding dust

Fiber-, particle- and strand | Bark and screening residues 5-20

board manufacturing

Mechanical pulp Bark, sludge, ash and screening | 10-30
residues

Chemical pulp Bark, black liquor, sludge, 50-60

screening residues and other
residues
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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, (i7) transportation to the place where they are valorised
and (7ii) 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



46 1. Malico and A. C. Gongalves

WTHHTW |

Recovered post-consumer wood (Million t)

S . N - I F oS
$ & J F & &
& ({\r}(\ © & o \\-b R _@* \)c}' q}aé\ D{*—" W {;{x‘
o & z.‘:& 3 b L LA S &
: &
< Q_E:,Q 0.‘@‘"

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 (¢f. 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 (c¢f. 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).
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Abstract Trees and stands store large amounts of biomass, but this storage is
dynamic in time and space. It depends on the species, stand structure, silvicultural
systems, and silvicultural practices. Furthermore, interactions between the trees in the
stands and forests and disturbances result in biomass variability. The forest systems
biomass estimation sometimes does take into account this variability. Additionally,
all harvests remove biomass to a smaller or larger extent from the forest systems.
Their sustainability is dependent on the amount and biomass components removed.
The biomass exports are related to the management goals and the harvest type.
Overall, stem biomass exports have smaller impacts than whole tree harvest on the
sustainability and resilience of forest systems. However, forest residues removal can
be done to maintain the forest system sustainability as long as biomass components
richer in nutrients are maintained, at least partially, in the forest systems.

Keywords Structure + Composition - Yield - Removal impacts - Sustainability

1 Introduction

Trees, stands, and forests store large amounts of biomass (and carbon) due to the
trees’ large dimensions and long lifespans [1, 2]. In general, there is a trend toward
biomass increase with ageing [3, 4]. Yet, tree and stand growth are dynamic in time
and space due to factors that encompass site (edaphic and climatic conditions) and
stand structure (e.g., species, regime, composition, structure, density, and spatial
arrangement), as well as disturbances both natural (biotic and abiotic) and artificial
(e.g., silvicultural practices) [5—8]. Biomass partitioning is also dynamic in time and
space. It depends on the tree development stage, stand structure, and interactions
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between the individuals in a forest stand, as well as the effects of disturbances (e.g.,
fires, storms, thinning, and pruning) [9-11].

The yields of biomass and the amount of biomass that is removed from the forest
systems vary according to the stand structure and the silvicultural system. Stand
structure influences the quantity of biomass (live and dead) in the forest systems,
and different types of harvest result in different amounts of exported biomass [12—
16]. Silvicultural systems influence the amount of biomass removed, and the timing
of harvests, as well as the type of biomass exported from the forest stands [17—
19]. Biomass exported can be used for several purposes, such as timber, pulp and
paper, and bioenergy. The proportion of each woody product exported from forest
stands depends on the wood quality, dimensions, damages during harvest, and market
[20-22]. Also, the sustainability of the forest stands and productions as well as the
economic and environmental constraints have to be considered [20, 22, 23].

This chapter introduces the definitions and concepts associated with biomass
dynamics in space and time and discusses the factors that influence biomass and
yields of woody products as well as forest system sustainability. It was divided
into five sections: stand structure, silvicultural systems, and silvicultural practices
(Sect. 2), biomass partitioning and dynamics (Sect. 3), forest systems sustainability
(Sect. 4), and biomass yields, harvests, and exports (Sect. 5).

2 Stand Structure and Silvicultural Systems

Stand Structure

A forest stand is a community of trees that interact with each other (e.g., [24, 25]),
which is dynamic in space and time [26]. Traditionally, stand structure is evaluated
with three criteria, namely regime, composition, and structure (Fig. 1). Regime can
be broadly divided into two classes: high forest where regeneration is of seed origin;
and coppice where regeneration is of vegetative origin. Composition refers to the
number and proportion of forest species in the stand. It is evaluated by the number of
species and with absolute density measures, such as the number of trees, basal area,
volume, and crown cover, or with an index based on absolute density measures (e.g.,
[27]). Structure refers to the number of cohorts (or age classes) of the stand. Two
classes are considered: even-aged with one cohort or uneven-aged with two or more
cohorts. It is assessed usually with diameter and height distributions (e.g., [28]).

Regime, composition, and structure result in a wide range of stand structures.
Moreover, other features contribute to stand structure variability (Fig. 2), namely
density [29-31]; species [32—-34]; species proportions [35-37]; interactions between
trees [38—40]; availability of light, water, and nutrients [41—43]; niche complemen-
tarity [44, 45]; spatial distributions [46—48]; and temporal arrangements [47, 49,
50].
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The multitude of stand structures does not enable the identification and description
of all possible alternatives (Fig. 3). Thus, it was chosen to describe a set of stand
structures that enable to evaluate the potential biomass and residues, as function
of its target management goals. For simplicity, six stand structures were considered,
five representative of forest systems oriented for timber and/or woody products (high
forest pure even-aged stands, coppice pure even-aged stands, high forest mixed even-
aged stands, high forest pure uneven-aged stands, and high forest mixed uneven-aged
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stands) and one of the agroforestry systems (high forest pure or mixed even-aged or
uneven-aged stands).

High forest pure even-aged stands are stands of seed origin, characterised by the
predominance of one specie and one cohort (e.g., [24, 25, 51]). These stands are
frequently managed for woody products of large and medium dimensions. In these
stands biomass increases in time, provides large quantities of woody products, and
is more easily managed [24, 51, 52]. The largest quantity of wood, and consequently
of biomass, is generally removed in cuts. Smaller amounts are removed in thinning
and even smaller in pruning [24, 25, 51-53]. Additionally, according to their main
production, density can have a strong influence on the biomass stored and removed,
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Fig. 3 Examples of stand structure



Stand Structure and Biomass 57

and on the proportion of residues that are generated. Stands managed for timber
have frequently high densities and biomass (and volume): the higher the density the
smaller the dimensions of the woody products [29, 54].

Coppice pure even-aged stands are stands of vegetative origin, characterised by
having frequently only one specie and one cohort (e.g., [24, 52]). These stands have
frequently very high densities and are managed for woody products of small and
medium dimensions (cf. chapter “Energy Plantations”). Density and rotation length
depend on the final product; the higher the density, the shorter the rotation. Rotation
can be very short (2-6 years for biomass for energy), short (6—15 years for pulp and
paper), medium (15-20 years for charcoal and timber of small dimensions), or long
(20-35 years for firewood and timber of small and medium dimensions). The largest
quantity of wood is removed in cut [25, 51-53]. In very short and short rotations all
biomass is removed [55].

In the last centuries, the extensive use of other fuels, first coal and then petroleum-
based fuels, reduced the pressure on forests and woody products [53, 56, 57]. It is
in this context that a change in paradigm came about and conservation issues arose.
Forest management changed from being focused on their maintenance and their
woody products and started to incorporate broader objectives that included other
products and services of the forest systems [53, 56, 58, 59]. This change of paradigm
gave birth to new approaches to forest management, where the emphasis was centred
on systems with several productions (multiple use systems). These approaches guided
silviculture towards high forest pure uneven-aged or mixed stands, where manage-
ment is focused on emulating the natural processes while providing both wood
and other products and services. To attain these stand structures, many approaches,
methods, and techniques were developed [28, 56, 58, 60-68].

High forest mixed even-aged stands are stands of seed origin with two or more
species and one cohort (e.g., [26, 53, 69]). In these stands, productivity tends to
be higher than in pure ones when species traits promote niche complementarity [8,
44, 45, 70]. The number of species and their evenness, as long as complementarity
among species is observed, also have a positive effect on productivity [35, 71-73].
As in high forest pure even-aged stands, cuts generate the largest amount of biomass
removal, followed by thinning and pruning [45, 74].

High forest pure uneven-aged stands are stands of seed origin with one specie and
two or more cohorts. In these stands, most of the growth is concentrated in the future
trees (vigorous trees of high quality for the desired productions), which should be
in free growth throughout the cutting cycle (for details see [75]). Cuts and thinning
frequently occur simultaneously [14, 28, 53]. The productivity of these stands, when
compared with the even-aged ones, can be smaller [8, 50, 76, 77] or higher [8, 77, 78].
Another difference between even-aged and uneven-aged stands is that the periodicity
of cuts and the amount of biomass (or volume) removed in the latter are, respectively,
shorter and smaller than in the former. In uneven-aged stands, biomass removal per
cut tends to be as similar as possible to ingrowth to maintain the target structure, that
is the number of cohorts and the proportion of trees per cohort [14, 28, 53].

High forest mixed uneven-aged stands are stands of seed origin with two or more
species and two or more cohorts. Similar to pure uneven-aged stands growth is
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concentrated on the future trees. The target number of species and cohorts, as well as
their proportions, should be maintained [14, 28, 53]. Cuts and thinnings frequently
occur simultaneously [14, 28, 53], and the periodicity of harvest and the quantity of
biomass removed are smaller when compared with even-aged stands [14, 28, 53].
Harvests tend to remove approximately the ingrowth [12, 79].

High forest pure or mixed even-aged or uneven-aged stands managed as agro-
forestry systems are characterised by a low density, and canopies are open and hetero-
geneous. Their main productions are fruit, bark (Quercus suber only), timber, agricul-
ture, grazing, ecosystem services, recreation and aesthetics [80—84]. From the many
existing agroforestry systems worldwide, it was chosen to include in this review those
of the Mediterranean basin whose predominant species are Quercus suber, Quercus
rotundifolia, Quercus ilex and Pinus pinea [82, 85, 86]. These stands can be pure or
mixed with other conifers [85] and/or other oak species [87-90]. Stands can be even-
aged [82, 85, 86], or uneven-aged with 2—4 cohorts [82, 86, 91]. The most frequent
removals of biomass are done in thinnings, prunings, and by the cutting of (few)
dead trees [92-94]. Biomass is usually used for firewood [82, 85]. These systems’
particularities are the diverse productions, partitioning of the risk, maintenance of
the system’s sustainability under a climate with strong annual and interannual vari-
ability, and regular annual incomes [84, 95-97]. The stands managed for bark and
fruit have lower densities and biomass than those managed for timber [98].

Silvicultural Systems

The silvicultural systems are related to stand structure and the amount of biomass
removed in each cut and the regeneration method. Three main silvicultural systems
are described in most silviculture text books [24-26, 51, 52, 99-102], namely
clearcut, shelterwood, and selection.

In the clearcut system, the removal of all the trees is done at the end of the
production cycle (or rotation). During rotation, several tending practices are carried
out to improve timber quality and quantity, such as thinnings and prunings [24, 25].
These practices, especially the thinnings, reduce standing biomass [54, 103, 104].
This biomass can either be left in the stand [16, 105] or removed [106, 107]. If
biomass is left in the stand, it results in the reallocation of live biomass to dead
biomass and/or soil organic matter [6]. If biomass is removed from the stand, it
results in the export of biomass, i.e., wood of large dimensions in cuts and smaller
dimensions in thinning and pruning [45, 74].

The clearcut system advantages are the concentration of silvicultural practices
and cuts in one or a few interventions (of short periodicity); the harvest is potentially
more cost effective, easier as no concerns are needed with existing regeneration, and
enables an easier site preparation. The disadvantages are related to the interruption
of the forest microclimate, hydrological and nutrients’ cycles, decomposition of
organic matter, soil erosion, and the development of spontaneous vegetation [24-26,
51,52,99-102]. Several subtypes of clearcut systems were developed to mitigate the
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effects of the removal of all the trees in a stand, such as clearcut by alternate strips,
by progressive strips, by patches, and with seed trees. The difference between the
clearcut and its subtypes relates to the number of cuts and the regeneration method.
The number of cuts in the clearcut subtypes is more than one, frequently 2 to 4, with
a short time periodicity. This provides a way to reduce the negative effects of the
clearcut. Yet, care should be taken so that regeneration is accomplished with only
one cohort [25, 101]. The stand renewal in the clearcut system is most frequently
with artificial regeneration, either by direct seeding or plantation [108]. Inversely, in
the clearcut subtypes, both artificial and natural regeneration can be used. The latter
is used when seed, from trees in the neighbourhood areas to regenerate, is available
[109]. The species most frequently used with clearcut systems are pioneer species
and the light demanding ones [25, 52]. Species tolerant to shade and sensitive to
frost and/or drought are rarely used. Moreover, care should be taken to reduce the
competition between the regeneration individuals and the spontaneous vegetation
[25, 52].

In the shelterwood system, the removal of the stand is done in a sequence of
cutting interventions, frequently more than four. The first intervention is the prepara-
tory cut, which is carried out if it is necessary to increase crown development and thus
seed/fruit production. The second cutting intervention is the seed cut, which has the
objectives of ensuring germination and the development of the seedlings according
to their traits. Its intensity and duration depend on the species traits and site quality.
It is followed by the secondary cuts, in variable number, aiming at the removal of
the main stand, as soon as regeneration is ensured. The intensity and number of the
secondary cuts are dependent on species traits, site, quality and competition between
the trees of the main stand and regeneration. The final cut removes the last trees of
the main stand when regeneration does not need shelter. Silvicultural practices have
the same goals and effects as those of clearcut systems. This system can be divided in
two broad classes: uniform and irregular shelterwood systems. The uniform shelter-
wood system is characterised by the short periodicity of the cuts so that regeneration
develops in only one cohort; and a relative uniformity in the spatial arrangement
of the cuts [24, 25, 51]. The uniform shelterwood system has been further divided,
according to the spatial distribution of the cuts, in uniform shelterwood by strips,
by groups or patches, and by strips and patches [24, 25, 51, 101]. The main advan-
tages of the uniform shelterwood system in relation to clearcut are that enables using
natural regeneration, provides shelter for regeneration, partial maintenance of forest
microclimate, and reduction of erosion risk. Its disadvantages are related to the poten-
tial damages to regeneration during harvest and take more time to implement. The
irregular shelterwood system is characterised by a longer periodicity between cuts;
the promotion of the development of more than one cohort of regeneration; and by
enhancing the irregularity in the spatial arrangement of the cuts to take advantage
of the advanced regeneration and/or provide the suited conditions to the species to
regenerate, especially in mixed stands [28, 60]. Its main advantage is its flexibility,
enabling, apart from the advantages of the uniform shelterwood system, to adapt the
cuts to the site spatial variability and species traits [28]. Moreover, uniform shel-
terwood is more appropriated for even-aged stands, as the goal is to have only one



60 A. C. Gongalves

cohort of regeneration, whereas irregular shelterwood is better suited for uneven-
aged stands with a small number of cohorts as it is able to sustain or enhance the
structure heterogeneity [25, 28, 60, 110].

The differentiation between the clearcut with seed tree system and the uniform
shelterwood system is related to the number of trees and the number of cuts. A lower
number of trees is left in the clearcut with the seed trees system, and the number
of cuts is frequently two (the first cut removes the main stand and the second the
seed trees). The removal of the seed trees should happen prior to the competition
between seedlings/saplings and the seed trees. In this system, natural regeneration
is based on seed production of 1 to 3 years and the cuts have a short periodicity.
The regeneration should be as fast as possible with the development of only one
regeneration cohort [111, 112]. The drawbacks of this system are related to the
few seed years, low amounts of seed, adverse site conditions, and the development
of spontaneous vegetation, which may limit the germination and development of
seedlings [113]. In the uniform shelterwood system, the number of trees of the main
stand not removed in the first cut is higher than in the clearcut with seed tree system,
and the number of cuts is more than four. This enables to have seeds from several
years, which have frequently a high number of seedlings as they can take advantage
of site favourable conditions to germinate and develop. The disadvantages are related
to the crown dimensions and their seed production [114, 115] and to the potential
development of several cohorts [25].

The selection system (Plenter) is characterised by cutting cycles, where removal
is done simultaneously for individuals at the target dimensions (e.g., diameter at
breast height) and in tending [25, 28, 53, 101]. Though there is some variability, in
general, the removals tend to be similar to ingrowth to maintain the structure, i.e.,
the number of cohorts and their proportions in time [14, 25, 28, 53, 101]. Renewal
is typically by natural regeneration, and the cut’s periodicity is dependent on the
number of cohorts. The higher the number of cohorts, the shorter the cuts and regen-
eration periodicities. Two basic subtypes have been defined: single tree selection
system, where management is based on single trees; and group selection system,
where management is focused on clusters of trees. Its advantages are related to the
continuous maintenance of hydrological and nutrients cycles and forest microclimate,
reduction of erosion risk, and shelter for regeneration. Its disadvantages are related
to the regeneration development, especially that of the less shade tolerant species,
the damages during harvests, and the skills needed by the foresters [25, 28, 53].

Silvicultural Practices

Silvicultural practices are carried out throughout the cutting cycle to improve woody
products’ quality and quantity [24, 25]. These practices also influence biomass accu-
mulation, and tree and stand biomass partitioning [116, 117]. The two silvicultural
practices are thinning and pruning.
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Thinning main goals are reducing competition between the individuals in a stand,
selecting the most suitable individuals as a function of the target productions and
yields, and redistributing the growing space amongst the individuals left in the stand
after thinning [24, 25]. Thinnings are carried out in all stand structures and silvicul-
tural systems, except in those settled at final spacing, such as coppices of very short
or short cutting cycles [55]. Thinning is characterised by its method, intensity, and
frequency as well as by the selection of trees to be maintained and/or removed from
the stand (for details, see [75]).

Several thinning methods can be distinguished by the traits of the trees to be
removed (e.g., social status, stem, and crown). From the existing thinning methods,
the most frequently used are thinning from below, from above, selective, of domi-
nants, and mechanical (e.g., [75] and references therein). Thinning from below
predominantly removes individuals of the lower layers of the stand (dominated trees),
and trees of the upper layers (dominant and co-dominant) are only removed if they
are dead or on thinnings of heavy intensity [24, 25]. Thinning from above removes
mainly trees of the upper canopy layers that compete with the trees with the best
characteristics for potential production. The trees of the lower canopy layers are kept
to promote natural pruning as well as for soil protection, habitat for flora and fauna,
blowdown risk reduction, and reduction of spontaneous vegetation development [24,
25]. Selective (or Schidelin) thinning is based on the selection of future trees, from
all canopy layers, that will be maintained until the end of the production cycle. The
competitors of the future trees are removed so that they are, during all cutting cycle,
in free growth [102, 118]. Thinning of dominants removes trees of the upper layers,
favouring the trees of the middle and lower layers. It can have a temporary or perma-
nent character and can be combined with thinning from below [25]. Mechanical
thinning removes individuals by their location, either within the row or by row. It
is better suited for stands where individuals are of selected material [25]. Thinning
intensity is the percent of the removals in relation to stand prior to thinning. It is
frequently calculated with the number of trees or basal area per hectare [25, 119].

Thinning, by cutting trees, can reallocate live biomass to dead biomass if cut trees
are maintained in the stand (e.g., [15]) or export partially or totally the cut trees (e.g.,
[18]). In any case, there is always a reduction of live biomass (e.g., [103]). Yet, the
reduction of biomass depends on the thinning method. Thinning from above and
of dominants originates a higher decrease in live standing biomass [54, 103] than
thinning from below [120, 121]. This is due to the dimensions of the trees to be
removed, which are larger in the thinning from above and of dominants than in the
thinning from below [24, 25]. Moreover, the more intense the thinning is, the higher
the decrease in live standing biomass [122, 123]. Yet, as trees that remain in the stand
after thinning are released from competition, they increase their growth rates. The
increase in the growth rates is dependent on the tree’s development stage and position
in the canopy. It is higher for young individuals in the upper canopy layers than for
older ones in the lower canopy layers [116, 124—126]. Overall, the effects of thinning
are a reduction of live biomass in the short term and a tendency to constant biomass in
the medium and long term, due to tree growth [54, 117, 127]. Additionally, thinning,
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increasing the growing space per tree, may result in the development of the crown
(branches and leaves), thus changing biomass partitioning [128, 129].

Pruning is a silvicultural practice that aims, in timber oriented stands, to improve
the quality and quantity of timber by the removal of the branches (dead or alive)
and promoting a branchless stem of at least of 4-6 m [24, 25]. For agroforestry
systems, pruning to 2—4 m is recommended so that cork debarking (only for Quercus
suber) is only made in the stem; the mechanical fruit harvest (e.g., Pinus pinea) is
more efficient; and as a fire prevention measure [85, 130, 131]. As it is an expensive
practice natural pruning should be promoted whenever possible [25, 52]. Pruning
can increase or reduce biomass accumulation, depending on its intensity. In general,
more intensive pruning reduces leaf area, photosynthesis, and thus growth while low
intensity prunings (removal of less than 30% of the crown) have either a neutral or
positive effect on growth and biomass [132].

3 Biomass Partitioning and Dynamics

In a forest stand, biomass is either in the trees or in the soil (as organic matter). The
tree biomass can be in live or dead trees (Fig. 4). The dynamics of stand development
result in the increase and reallocation of biomass within the stand. The cutting or
death of trees results in the reallocation of live biomass to dead biomass, both above
and below ground [4, 133]. As trees grow, they increase their dimensions over time.
Trees grow first in height and later in diameter [24, 25]. Yet, tree growth is dynamic
and dependent on growing space: the higher the growing space, the higher the tree
growth [26]. The factors influencing tree biomass dynamics in space and time are
age (or stage of development), density, species, site (soil and climate), the interaction
between individuals and distribution in space, and stand structure.

In general, tree biomass increases with age [4]. With ageing biomass partitioning
changes, the stem biomass increases with time, and that of the branches and leaves
decreases in relation to the above ground biomass [11]. Young trees invest first in
height growth to reach the upper layers of the canopy and thus light, and leaf growth to
enhance photosynthesis [134]. While ageing trees’ carbohydrate allocation is prefer-
ably to stem growth [9, 134]. Moreover, with ageing crown cover increases up to
canopy closure, after which there is frequently a reduction of the crown volume
and thus branch and leaf biomass, resulting in a reduction of the proportion of
crown biomass in relation to stem biomass [11, 134, 135]. Furthermore, as trees
age, the biomass produced per unit of intercepted light decreases due to respiration
and hydraulic morphology [9].

Density influences the available growing space per tree (the higher the density,
the lower the growing space per tree). In general, the increase in density promotes
height growth and tree size variability [136], although in mixed stands, facilitation
interactions promote both height and diameter growth [30]. This is linked to species
characteristics complementarity and niche differentiation [70]. The proportion of
species in a mixed stand influences the interactions, depending on the species traits
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and spatial distribution. In general, competition tends to be higher within individuals
of the same species than between individuals of different species [72], the former
resulting in a reduction in growth and biomass storage.

Species influence biomass storage due to their traits [137]. Conifers (evergreen
species) tend to have a higher investment in leaf biomass when compared to
broadleaved deciduous species [138]. Species growth rate patterns also influence
the dynamics of biomass over time. The species with fast growth store more biomass
at the early stages of development, while for the slow growing ones, the peak is
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reached much later, depending on their patterns of growth and cutting cycle length
[132, 139].

Soil influences the availability of water and nutrients as well as biomass parti-
tioning. In general, the higher the availability of water and nutrients (and also light),
the higher the tree growth and biomass storage [132, 137, 140], and trees invest more
in the above ground biomass. Inversely, in sites with water and/or nutrient deficits,
trees invest more in below ground biomass to enable their root system to explore a
large volume of soil and thus water and nutrients [9, 43, 141-143]. Also, as nutrients
uptake is constrained by water availability, larger root systems enable the tree to
reach the amount of water necessary for nutrient uptake [143]. In general, biomass
culmination occurs earlier and with a higher quantity of biomass in good quality sites
(where no or slight limitations of water and nutrients exist) than in poor quality sites
[139]. The availability of water and nutrients in a site is also related to the inputs of
nutrients in the soil by the decomposition of deadwood and litter, which maintain
the soil’s productive potential [15, 144]. However, mycorrhization may improve the
tree’s status both in nutrients and water, thus enhancing growth [145].

Climate influences precipitation and temperature, thus influencing a set of
processes from growing season length to water and temperature suitable for photo-
synthesis [4, 25]. Moreover, forest microclimate is related to crown cover and affects
light, water, and temperature [145]. The denser the crown cover, the less the light
reaching the lower layers of the stand, and the less the amount of water reaching the
soil. The crown cover has a buffering effect on air and soil temperatures, reducing
the maximum temperatures and increasing the minimum temperatures. Thus, forest
microclimate affects growth [41, 45].

When trees develop in stands, the inferactions between trees and the variability in
growing space per tree result in variable growth patterns of the trees in time and space
[26]. The interactions between trees are frequently a balance between competition and
facilitation. The stronger the competition is, the lower the growth and the lower the
biomass accumulation [48]. Light, water, and nutrients’ availability enhance growth
through the development of leaves and photosynthesis [9, 145]. The absorption of
light by the trees is dependent on their position in the canopy. Generally, trees in the
upper canopy layers have higher availability of light and their growth is promoted.
Furthermore, the larger the crown, the greater the absorbed radiation [42]. In mixed
stands, light absorption is enhanced by species phenology, foliage stratification and
distribution, and the variability of crown allometry ([146] and references therein).

Water and nutrient deficits increase competition between trees for these resources
and thus reduce growth. The mitigation of competition can be achieved through silvi-
cultural practices. Thinning can mitigate the effects of the decrease in growth due to
drought by allocating more growing space to each individual tree [147-149]. Simi-
larly, the removal of spontaneous vegetation reduces competition and increases tree
and stand biomass [143]. Fertilisation and irrigation, increasing nutrients and water
availability, and reducing competition between trees, increase biomass (and carbon)
storage (for details see [9]). Furthermore, live biomass increases with increasing rates
of mortality. This may be explained by the increase in the growth of the remaining
live trees which compensate for the loss of biomass due to mortality [4].
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The distribution in space and time of the individuals in a stand is dynamic
and results from tree growth, site, natural disturbances (e.g., frost, drought, fires,
storms, pest outbreaks), and silvicultural practices (thinning, pruning, and cuts). The
dynamics of the spatial and temporal distribution of the individuals in a stand are
related to stand structure (cf. Sect. 2), silvicultural systems (cf. Sect. 2), and regen-
eration [48]. Thinning can also increase the variability of the structure of the stand
[150-152]. Moreover, the increase in water availability, along with species comple-
mentarity and silvicultural practices (small scale disturbances), promote the uneven-
aged structures [153]. Inversely, storms and/or large fires (large scale disturbances)
tend to promote even-aged structures [153]. This can be explained by the renewal of
the stand with mainly one cohort [25]. Also, longer cutting cycles promote biomass
accumulation and diversity, whereas shorter ones enhance biomass accumulation and
mitigate the effect of disturbances (biotic and abiotic) [154]. The biomass exports
increase with the removal of large trees (as they store large amounts of biomass).
Additionally, trees may have higher or lower biomass accumulation rates, and leaving
low vigour trees in the stand can reduce biomass storage [155]. Biomass growth
depends on the current biomass and growing space. Yet, other features are determi-
nant of biomass growth, such as tree internal structure, allometry, and morphology
(e.g., crown size, root size, stem shape). Thus, past silvicultural practices might
change allometry, structure, and growth patterns. Tree crown allometry can also be
modified by disturbances (e.g., wind, storms) and abrasion, which are not directly
linked to photosynthesis or respiration processes [139].

The biomass dynamics vary per stand structure. Above ground biomass, in pure
even-aged stands increases with ageing until a threshold is reached, after which it
flattens or has a very slow increase [117, 156]. The peak occurs earlier in dense
even-aged stands as species traits are similar, and later in uneven-aged stands due to
the differences in tree allometry and growth [157]. Root biomass seems to have first
an increasing trend with ageing and then stabilises, with a share of circa 15-20% of
total tree biomass [11, 158]. The above ground biomass (and carbon) sequestration
and storage are higher in even-aged stands when compared to uneven-aged ones. The
carbon sequestration and storage in the soil might be higher or lower in uneven-aged
stands compared to even-aged ones [132]. Soil carbon increases until a threshold with
tree growth and then decreases slowly due to management, overstorey tree shading,
or understorey growth inhibition [156]. The high carbon soil content in uneven-aged
stands is attributed to the continuous input of litter and protection of the watershed,
whereas in even-aged stands after harvest, litter inputs are scarce and the soil is not
or is partially covered. This may lead to the decrease in soil carbon [159].

Biomass in mixed stands can be higher or smaller than in pure stands [136, 160].
When compared to pure stands, mixed stands tend to have a smaller share of crown
biomass (branches and leaves). This could be due to competition in the canopy, with
some species having competitive advantages (e.g., Fagus sylvatica) and promoting
the reduction of the crowns of other species [161-165]. The different biomass allo-
cation is related to the species plastic morphology. This can mean that for an equal
stem biomass different stands may have different crown biomass [162]. In mixed
stands, the litter inputs, nutrient cycles, and litter decomposition are higher than in
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pure stands, thus tending to increase the soil organic matter and the storage of carbon
[159] and the productivity of the stands [132, 140].

Biomass in uneven-aged stands can be higher or smaller than in even-aged stands
[166, 167]. Some authors refer that the increase in structure heterogeneity (i.e., the
increase in the number of cohorts in uneven-aged stands) increases above ground
biomass [168—170], whereas others found it decreases [170—172]. This could be
due to the negative effect of disturbances, or to the different proportions of large
trees that store much larger amounts of biomass [170]. As biomass accumulation is
proportional to basal area, larger trees’ contribution to stand biomass is greater than
that of the small trees. Additionally, above ground biomass storage is higher when
there is a direct proportionality between the growth and the dimension of the trees
in a stand [79].

Unmanaged stands have frequently higher biomass stored than managed stands,
due to the periodical removal of biomass in the harvest in the latter [107, 159].
However, mixed uneven-aged stands of broadleaved and conifer species, when
compared to unmanaged stands, have similar biomass for moderate growing stocks,
and slightly higher for low growing stocks. The increase in growing stock increases
mortality in unmanaged stands and is higher than in mixed uneven-aged stands,
regardless of the growing stock. This can be explained by management: trees are cut
in mixed uneven-aged stands before they die. Furthermore, biomass (and carbon)
sequestration a few years after the cuts is the highest, so harvesting cycles with short
periodicities enhance biomass (and carbon) sequestration [173].

Silvicultural systems also result in differences in biomass sequestration and
dynamics. In clearcut systems, at the end of the cutting cycle, all above ground
biomass is removed [25]. It may alter forest stands from carbon sinks to carbon
sources due to the reduction of biomass (wood export), increase of respiration (with
the increase of light and temperature in the soil), and decrease of photosynthesis
(reduction of leaf area) [132]. The regeneration in the clearcutting systems increases
biomass gradually with ageing [54, 74]. The shelterwood and the selection systems,
by not removing all the biomass in one cut, have a positive effect on biomass (and
carbon) storage. The magnitude of the effect is dependent on the intensity and period-
icity of the cuts as well as their spatial arrangement, which is related to post-harvest
mortality, in particular to blowdown [132]. As in irregular shelterwood and selection
systems, part of the trees is not harvested, it enables them to provide shelter (shade)
and are also a source of litter inputs that buffer temperature and water in the soil, that
is, reduces temperature ranges and tends to preserve soil moisture [174].

In a stand, apart from live trees, biomass exists also in deadwood, as below ground
(dead root system) and above ground as fine or coarse dead wood, both standing and
downed trees (Fig. 4). Due to their physiology and phenology, trees renovate period-
ically their leaves (annually in deciduous species and every 2-3 years in evergreen
species) and the fine roots (usually annually). The litter produced decomposes into
soil organic matter. This originates the reallocation of some of the above and below
ground biomass into soil organic matter [15]. The development of the stands, due to
competition, results in the death of the less competitive individuals (self-thinning),
thus the reallocation of live to dead biomass [144]. Deadwood tends to increase from
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young to mature development stages and decrease from mature to old growth ones
[15]. This above ground dead biomass can be standing or downed and decomposes
at faster or slower rates, incorporating carbon and nutrients into the soil [15, 144].
Standing dead trees have lower decomposition rates than downed debris or the forest
floor. Furthermore, burned trees have very slow rates of decomposition due to their
content in charcoal [133]. Disturbances, whether natural or silvicultural practices
influence the deadwood dynamics [133, 144]. When biomass is not exported, is
promoted the reallocation of biomass from the live stand into fine and coarse woody
debris, which will be incorporated into the soil through decomposition as carbon and
nutrients [15, 144]. Inversely, when biomass is exported, deadwood decreases [117].
Salvage cuts reduce the dead downed biomass, which results in lower amounts of
carbon in downed woody debris and slight reductions in the forest floor [133].

4 Forest Systems Sustainability

The effects of harvest on forest system sustainability are linked to harvest intensity,
frequency, quantity [17, 18, 105], and the proportion of the components of biomass
exported [17, 105]. Harvest affects soil, hydrology, and diversity [106, 175]. The
forest system sustainability is dependent on the balance between biomass storage
and export [176]. In general, the higher the biomass exports, the higher the nutrients
removed [17, 177-179]. However, the allocation of nutrients in the tree components
varies. The newest tissues (i.e., leaves, twigs, and small branches) have a higher share
of nutrients when compared to older tissues (i.e., large branches and stems) [17, 180].
Moreover, the share of biomass per component varies per development stage (age)
and stand structure (cf. Sect. 3). Biomass exports can have negative [17, 179] or
positive [105, 181] effects on forest system sustainability.

The effects of harvest on soils are related to the changes in the soil’s physical [174],
chemical [17, 179], and biological [21] characteristics, as well as on tree growth [174]
and regeneration [182] of the stands. The soil’s physical properties are affected by
soil compaction by the mechanical equipment [174] and, consequently, affects soil
water holding capacity, and aeration [17, 21, 174]. The effects of harvesting and
biomass exports on soil chemical properties are related to the changes in the inputs
and outputs of carbon and nutrients on the soil and the relationship live/dead biomass
[17, 174, 183, 184].

The effects of harvest are common to all stand structures, silvicultural systems,
and practices [17, 174, 180]. Yet, they vary in intensity, frequency, and amount of
biomass exported from the stand. In general, the higher the intensity and frequency
the higher the biomass removal and the higher the export of nutrients [17, 155, 179].
Overall, the negative impacts of biomass removal increase from good to poor quality
sites, affecting site and stand productivity [17, 105, 181]. Moreover, the nutrients’
exports increase from stem harvest to whole tree harvest [181, 185]. This is related to
the nutrients contents of each biomass component. Stem is poor in nutrients, thus their
removal exports less nutrients [186] while leaves and bark removal (due to their high
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content in nutrients) result in larger nutrients exports [17, 21]. Yet, nutrients exports
are also dependent on species, stand structure, and silvicultural systems. Exports
of nutrients are higher in conifer than in broadleaved species (when the harvest is
in the winter, part of the leaves of conifers are exported), which also reduces tree
growth [17]. Coppice stands harvest tends to export more nutrients when compared
to high forest stands [ 180], due to the higher density and proportion of crown biomass
[17]. Inversely, high forest stands, especially those with long cutting cycles, tend to
export fewer nutrients, as the largest biomass component is the stem, which is poor
in nutrients [17].

Harvesting, with the reduction of crown cover, alters the forest microclimate
[174]. The reduction of crown cover may result in losses of nutrients in the soil due
to organic matter mineralisation, leaching, and/or reduction of soil biological activity
[17,21, 181]. Moreover, soil carbon losses are higher with the removal of the forest
floor and spontaneous vegetation. Yet, deep soil layers after whole tree harvest have
higher concentrations of carbon and nitrogen, suggesting leaching to deeper soil
layers [185, 187], while whole tree harvest, forest floor removal, and spontaneous
vegetation removal, decrease carbon and nitrogen concentrations in all depth layers
of the soil [185].

Biomass removal’s negative effects mitigation on the soil can maintain the soil’s
productive potential. One alternative is to export the stem biomass and keep the forest
residues, especially those rich in nutrients, such as leaves and bark [178]. More-
over, the small and large debris left after harvest protects the forest floor [188] and
increases the nutrients in the soil through decomposition [174]. Another alternative
is harvesting when trees have no leaves or delaying the removal of forest residues
to keep the leaves and small branches in the stand [17, 183]. Another alternative
still, to maintain the system’s productive potential, is fertilisation, with inorganic or
organic compounds, as long as it is realistic technically and/or economically [21,
143, 178, 189]. The negative effects of residues removal are short or medium term
lasting (0.2-33 years), after which tree growth promotes the recovery of the system
[179, 183, 190]. This is related to the increase in crown cover and the amount of litter
produced by the trees, after harvest, of the remaining stand in the case of thinning, and
the new regenerated stand in cuts [191, 192]. When compared to coppice systems,
high forest ones tend to originate larger quantities of litter in a longer timeframe
(due to the larger crowns and longer cutting cycles). This results in the decomposi-
tion of larger amounts of litter and thus larger quantities of soil organic matter [193].
However, soil chemical properties can be affected by composition. Species with litter
poor in nutrients (e.g., Pinus sylvestris or Quercus robur) may reduce nutrients avail-
ability through increasing soil acidity, whereas species with litter rich in nutrients
may improve soil potential productivity (e.g., Betula pendula or Carpinus betulus).
Mixed stands of species with litter rich and poor in nutrients tend to improve soil
productive potential [194]. Moreover, increasing the cutting cycle length will enable
the nutrients exports to be compensated by the inputs of nutrients in the soil through
the decomposition of the deadwood and litter [21].

The maintenance of the forest residues in the stands is not always a viable option
due to the increase in fire risk or to improve soil conditions for regeneration. In these
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cases, the residues should be pilled and burned. Yet, pile combustion has negative
effects on the soil (compaction, temperature of soil surface, light reaching the soil);
burning the piles increases soil temperature and has effects on its soil physical,
chemical, and biological characteristics. The higher the fire severity, the higher the
impacts on soil properties. The vegetation (trees, shrubs, and herbaceous plants)
is also affected. However, while some species are tolerant to fire (the lower the
intensity the higher the tolerance), others are more sensitive. In general, fires with
high intensity tend to reduce the number of species and diversity. The effects are
stronger in the centre of the pile than on its boundaries. The litter layer is destroyed.
Large piles cause more damages than small piles, due to higher temperatures in the
former. The recovery of the soil and vegetation is system dependent [195].

The forest residues harvesting has positive and negative impacts on the remaining
stand and regeneration. Positive effects are due to the creation of better suited condi-
tions for regeneration and seedling vigour. For example, the increase in temperature
in cold climates, the decrease of root diseases by stump removal, and by the control of
spontaneous vegetation [17, 105]. Likewise, the increase in temperature, minimisa-
tion of vapour pressure deficits, and reduction of the incidence of frosts improve the
microclimatic conditions [181]. The negative impacts are related to the decrease in
tree growth (3—7%) [17], the stronger the decrease of growth, the higher the intensity
of forest residues removal [182, 183, 185, 187, 196, 197]. Fertilisation can mitigate
the decrease in tree growth due to the increase in soil carbon and nitrogen stocks
[183] and productivity [196].

Biomass is affected by hydrology. Biomass residues may have negative and posi-
tive effects on water quality [21]. The positive effects of biomass removal on water
quality are the reduction of eutrophication due to the reduction of nitrogen leaching
[21] and the negative effects are the runoff, nutrient leaching, and/or erosion and
deposition of sediments on the water surfaces [21, 198, 199]. The risk increases with
the increase in the number of machine entries in the stand, with slope, and for fragile
soils when not using woody biomass to protect the roads [21].

The mitigation of the negative effects can be done by the maintenance of the
biomass residues in the stand due to their mulch effect, thus keeping soil water,
reducing temperature ranges, and consequently maintaining organic matter content
[17, 200], not removing stumps because their decomposition is slow, incorporating
nutrients in the soil and having also a protection effect in forest systems on steeper
slopes and reducing the risk of deadwood and snow slides [198, 201], and/or fertil-
ising the site [198]. The risk of runoff, nutrient leaching, and erosion increases from
selection to clearcut systems due to the increase in biomass removed in one harvest
from the former to the latter [200].

Forest systems’ sustainability is also linked to diversity. This is related to the
stand structure, silvicultural systems, and habitats for fauna and flora. In general,
diversity increases from pure even-aged to mixed uneven-aged stands [153, 202].
This is related to the increase in the number of species as well as their proportions
([27] and references therein); tree dimensions’ variability [28]; the arrangement of
the individuals in the stands, both on the horizontal and vertical planes [203]; and
resilience [7]. Additionally, longer cutting cycles tend to increase diversity [204].
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The variability in stand structure results in different niches enabling the regeneration
of different tree species, therefore maintaining or promoting diversity [205, 206].

During stand development, due to competition or disturbances (e.g., silvicultural
practices, storms, fires, pests, and diseases), some trees die, originating deadwood,
either standing or downed. This deadwood provides shelter and food sources for
flora and fauna [21, 207]. Moreover, old growth or unmanaged forests stands have
high diversity and store large carbon stocks, both in the trees and in the soil [132,
208]. However, the removal of biomass residues can also have positive impacts on
diversity, by promoting the decomposition of soil organic matter and hence increasing
soil biological diversity [209].

Removal of biomass in harvest, regardless of its use, has, to a lesser or greater
extent, effects on diversity. This is linked to the stand structure, silvicultural system,
and intensity, frequency, and type of biomass removed. In general, diversity decreases
from selection or shelterwood systems [79, 210] to clearcut systems [211]. This can
be explained, at least partially, by the higher heterogeneity of the spatial [210] and
temporal [198] patterns of harvest; and the maintenance of habitats, whether as
individual trees or as clusters of trees, increasing the diversity of birds and small
mammals [211]. Furthermore, it seems that there is a trend toward the decrease of
diversity in the whole tree harvest when compared to the stem only harvest [212].
The difference between stem and whole tree harvest is the amount of residues that are
maintained in the stand (larger in the stem than in whole tree harvest) that affect the
amount of deadwood in the stand [198, 209]. In general, thinning effects on diversity
tend to be neutral or positive due to their short lasting effects, but it depends on their
method and intensity [21].

The removal of biomass in general and of residues, in particular, reduces deadwood
in the stand [117, 133]. The deadwood supports a wide range of flora and fauna.
On one hand, deadwood hosts a large number of insects [198], which are food
sources for birds and mammals [198]. On the other hand, deadwood, standing or
downed, scattered or pilled in the stand, provide shelter for several species [195,
198]. Therefore, the removal of biomass residues can reduce diversity, by reducing
food sources and shelter for several species; by destroying tree regeneration; and
reducing soil invertebrates and soil nutrients [195, 198].

The mitigation of the negative effects of biomass removal on diversity can be
done by leaving some deadwood in the stands (the amount is dependent on the stand
structure, species, and site) [198]; by retaining habitat trees (dead or alive) [207,
213]; and/or by fertilising [209].

Biomass can be affected by the increase in diversity. The maintenance of forest
residues in the stand may increase pest populations that breed on dead wood,
increasing the risk of attack to live trees, especially if live trees have low vigour.
A measure to mitigate the pest population increase is either to remove the residues;
or to make piles of residues, because the pests tend to colonise the pile’s outer part
and not the inner one, thus reducing the pest population [214].
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5 Biomass Yields, Harvest and Exports

Biomass Yields

The quantification of the production and productivity of forest stands is traditionally
calculated in volume. This is related to the main goal of many forest stands being
timber products (e.g., [166]). Only a few studies quantify yield in biomass (e.g.,
[12]). Moreover, production and productivity per stand structure are uncommon in
the literature, though some studies quantify yield per composition or per structure
(e.g., [14, 160]). Similarly, the yield in biomass in some agroforestry systems is not
frequently calculated. This is related to the main goal in these systems being bark
and/or fruit and not woody products [98]. Inversely, for energy plantations, there are
many references to the mean annual increment in biomass (e.g., [13]).

The biomass yields for the six stand structures already described (cf. Sect. 3) will
be presented. The coppice pure even-aged stands were further divided into energy
plantations and coppices of medium rotation. Energy plantations (cf. chapter “Energy
Plantations”) are coppice pure even-aged stands managed in very short rotation cycles
(2-6 years), in which above ground biomass is all removed in harvest and used for
energy purposes [55, 177, 215]. Coppices of medium rotation are coppice pure even-
aged stands managed in short rotation cycles (6—15 years), in which all above ground
biomass is removed in harvest and used for pulp and paper and energy purposes
[216-218]. Thus, a total of seven stand structures are considered.

The biomass yields are presented as a range of values (Fig. 5) of the mean annual
increment (t-ha=!-y~!). Several references were used that included productivity eval-
uation in biomass. However, others were used that estimated productivity in volume
(m3~ha‘1'y‘1) or carbon (toha‘1~y‘1). The volume mean annual increments were
converted to biomass, considering that biomass was the product of volume times
the wood density of the species, using the ICRAF wood density data base (ICRAF,
2021-http://db.worldagroforestry.org/). The mean annual increments in carbon were
converted to biomass considering the wood density conversion factors of Wales et al.
[219]. Other references had above ground biomass and age, and the mean annual
increment in biomass was calculated as the ratio between above ground biomass and
age [219]

[lustrative values of yield in mean annual increment per stand structure are
presented in Fig. 5. In energy plantations vary between 1.0 and 66.0 t-ha='-y~! [13,
220-225], coppices pure even-aged of medium rotations among 0.6-55.9 t-ha=!-y~!
[216-218, 226], high forest mixed even-aged stands 0.8—14.5 t-ha=!.y~! [136, 160,
227], high forest pure even-aged stands 1.0-10.0 t-ha~! ~y’1 [12, 136, 166, 167, 228],
high forest mixed uneven-aged stands 1.0-8.0 t-ha='-y~! [12, 14,79, 173], high forest
pure uneven-aged stands 0.4-3.1 tha™! ~y’1 [14,53, 166, 167, 228], and agroforestry
systems between 0.5 and 2.6 t-ha=!-y~! [219, 229].
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Fig. 5 Relation between stand structure and above ground biomass productivity (t-ha=!-y~1)

Harvest and Biomass Exports

The sustainability of the stands and forests aims to maintain constant biomass (and
carbon) stocks, which are attained by the balance between storage and exports [176].
Traditionally, harvesting was centred on the timber of large, medium, and small
dimensions [230]. Thus, corresponding to the export of, essentially, stem (or heart-
wood) and leaving forest residues in the stand. The heartwood proportion of non-
active biomass is much larger than the active one. Therefore, the biomass (and carbon)
stocks of the forest systems are maintained by the reallocation of biomass of the
removed trees to the remaining trees and regeneration through growth and to soil
organic matter through decomposition [176].

The potential of a forest stand to generate biomass for energy (Fig. 6) is directly
related to the woody product’s dimensions, quality, and market value [16, 231-233].
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Timber has a higher market value than biomass for energy, hence, the latter generally
corresponds to the part of the woody products that are not used for timber [20-22,
234]. Moreover, the market can also promote the use of whole trees for energy when
there is a low demand for timberwood or pulpwood of certain species that result in a
supply increase that is not absorbed by saw timber and pulp and paper industries [21].
Another source of biomass for energy is the salvage cuttings that are prescribed after
disturbances such as fire, windthrow, snow storms, or pathogen outbreaks. These
woody products are not suitable for timber products, and biomass for energy can be
away toreduce losses [235, 236]. One more source of biomass for energy is damaged
trees during harvest. The damages in harvesting (felling and skidding) have a wide
variability and are species dependent. Crown architecture and wood density are two
main factors that influence the damages. Trees with wide crowns, thick and low
flexibility, and/or wood of low specific gravity are more prone to damages during
felling and skidding (e.g., Populus tremuloides) because their resistance to rupture
is lower [237]. Furthermore, the increase in demand for forest woody products for
energy may increase the biomass removal intensity whether by cuts and thinnings
[21] or prunings [82, 238], which brings about the issue of stands’ and forests’
sustainability (cf. Sect. 3).

Biomass that can be used for energy (called biomass/forest residues, or sometimes
by-products of harvesting) can be grouped into three broad classes (Fig. 6): (i) whole
tree, corresponding to dead and disease trees (salvage cuttings), trees damaged by
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Fig. 6 Potential biomass for energy from silvicultural operations and harvests
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natural disturbances, trees without quality for timber (including those removed in
thinning), or trees from energy plantations [13, 16, 232, 239, 240]; (ii) trees of good
quality timber damaged during harvest, which cannot be used for timber [237]; or
(iii) forest residues that correspond to tops, branches, and stumps [16, 231-233].
Moreover, in terms of forest management, two options can be considered for the
biomass residues (Fig. 6): (i) their maintenance in the stand, or ii) their removal. The
first option is chosen when management is driven by protection and conservation
objectives [105]. In this case, forest residues can be distributed across the stand
or piled [16] to maintain or improve the soil’s physical, chemical, and biological
properties, as they have a strong mulch effect [105]. The hydrologic cycle, habitats,
and diversity are also enhanced by the maintenance of forest residues in the stand
[105, 241]. The second option is chosen when negative effects on the site, stand and
yield sustainability, and diversity are not to fear [106, 107, 198].

Harvesting can be directed to timber or timber and forest residues. The latter
has advantages as it integrates both removals of timber and forest residues, namely,
reduction of costs, operational and machine productivity are higher, and there is a
reduction of the number of entries in the forest stand ([19] and references therein).
Studies report that most harvests are centred on timber, but forest residues are a
by-product [19, 242]. A set of advantages were associated with biomass harvesting
(including forest residues), namely increase of aesthetic values, reduction of the costs
of site preparation when regenerating the stands, landowners’ increased satisfaction,
and contribution to bioenergy production. The disadvantages were related to the low
forest residues’ prices, instability of the market, and operational costs (increase of
costs with acquisition, number of working hours, and maintenance of the equipment)
[19]. Forest residues harvesting seem to have an increasing trend. The profitability
of forest residues harvest is not consensual; while some authors report profitable
harvests others do not ([19] and references therein). It seems that the longer the
forest residues are harvested the higher the profitability of the operation [19].

Stump harvest can or cannot be considered for energy purposes. Stump biomass
corresponds to 1-33% of the total downed wood, and its variability is dependent on
species stand structure, and site [201]. The stump harvesting is not recommended in
stands or forests under protection or conservation status, in sensitive soils, in poor
quality sites, where diversity is to be maintained, and/or to maintain and store carbon
stock levels [17, 201].

Typically, harvest is more concentrated in the clearcut systems, where all the
stand is removed in one harvest, than in the shelterwood and selection systems,
where cuts are dispersed by several interventions [132, 180]. The clearcut system
also removes more biomass per harvest than the shelterwood and selection systems,
where biomass removal is done in more than four cuts [132, 174]. Thinnings export
increasing biomass amounts in time, which is related to tree dimensions but also
depends on the method, intensity, and periodicity [127, 243]. Stem only harvest
export less biomass than whole tree harvest [181, 185].
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Biomass Residues Collection

Several factors influence the recovery rate of biomass residues (i.e., the amount of
residues that is possible to remove from the stands), namely stand structure, func-
tion (production, protection), topography, site, harvesting equipment, logistics, and
costs [237, 244]. In general, pure even-aged stands (in particular plantations) tend to
have higher recovery rates [200, 245] than uneven-aged stands [200]. While clearcut
can have higher [200] or lower [245] recovery rates than selection or shelterwood
systems. Production forest systems tend to have higher recovery rates than protec-
tion and conservation forest systems [244]. The site can affect the recovery rate, as
it can influence the damages to the felled trees. For example, rocky soils or irregular
topography increase the proportion of stems that are damaged in cuttings. Similarly,
the cutting season also influences damages. For example, cuttings during seasons
with low temperatures and/or snow tend to make trees more susceptible to damages
[237].

Several references are found to the percentage of available forest residues. One
study estimated the mean percentage of residues per biome and forest system [200]
indicating the following values: for the boreal biome of 69% for clearcut and 78%
for plantations; for the temperate biome of conifers, broadleaved species, and mixed
stands of 53% for clearcut and 63% for plantations; and for savannah and tropical
forests of 39% for clearcut, 18% for selection systems, and 52% for plantations.
Others indicated that for Eucalyptus spp. plantations 25-30% of residues [239, 246].
Thinning forest residues were estimated for pure even-aged stands varying between
29 and 46% of above ground biomass, increasing with ageing. The first thinning with
29% and the fourth with 46%, whereas for mixed stands were 60% [243].

In a meta-analysis, the average values of recovery rates per biomass component
were: 100% for stem; 20-80% for bark (80% for chain saw and 20% for logging
machines that detach substantial quantities of bark), 60% for stump and roots, 50—
60% for branches (50% for conifers species and 60% for broadleaved species), and
0—40% for leaves (0% for leafless individuals, 0% with delay of biomass residues
collection for broadleaved species and 10% for conifer species, 0% when harvest
is done in autumn or winter, and 40% when the aforementioned conditions are not
satisfied) ([17] and references therein).

Another study evaluated the recovery rate, at the stand level, considering stand
origin (natural vs plantation), type of species and composition (conifers, broadleaved
and mixed stands), silvicultural system (clearcutting vs partial cutting, including
shelterwood and selection systems), and harvesting equipment [245]. The average
recovery rate was 52.2%, the median 54.1%, the minimum 2%, and the maximum
89.1%. The recovery rate of natural stands was 48.8% and of plantations 58.2%.
Broadleaved, conifers and mixed stands had 48.1%, 57.1% and 47.0% recovery rates,
respectively. The recovery rate of clearcut was 52.0% and that of the partial harvest
54.2%. The recovery rates of plantations under clearcut were 50.9% for broadleaved
species and 60.0% for conifers. Recovery rates for natural stands are presented in
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Table 1 Recovery rate (%) for stands of natural origin per type of species and type of harvest

Type of species/composition Clearcut Partial harvest Average
Broadleaved species 46.0 50.7 47.2
Mixed stands 45.9 53.9 47.0
Conifers 51.3 68.8 52.6
Average 47.7 54.2 48.8

Table 1. The recovery rate per harvest equipment was for stem only with residues scat-
tered in the cutting block 235.6%, and whole tree harvest with residues stored near the
roads in the summer 48.1% and in the autumn, winter and spring 60.7%. In general,
there was a trend toward higher recovery rates for conifers than broadleaved species
due to the uniformity of the stands in species, size, and spacing [245]. Other empirical
studies report recovery rates between 0 and 80% for several conifer and broadleaved
species [22], 13-17% for Eucalyptus spp. stands [239, 247], 10% for Eucalyptus
spp. plantations [239, 248], and via simulation approach, indicated recovery rates
between 20.8 and 91.7% at stand level and 59.1-64.1% at landscape level [244].

6 Final Considerations

Biomass storage and dynamics in space and time are dependent on stand structure
(cf . Sect. 2), silvicultural systems (cf. Sect. 2), silvicultural practices (cf. Sect. 2), and
biomass partitioning (cf. Sect. 3). In general, above ground biomass storage tends to
be higher in pure even-aged stands, whereas total tree biomass and carbon storage
are higher in mixed and uneven-aged stands [132, 159, 160]. In clearcutting system:s,
biomass storage increases in time up to the end of the cutting cycle when all the
trees are removed. There is an interruption in biomass storage, that restarts with the
regeneration of the stand [74]. Inversely, selection and irregular shelterwood systems
tend towards constant biomass storage [14]. Moreover, deadwood is an important
biomass sink that, through decomposition, enables the maintenance or improvement
of soil productive potential and diversity (e.g., [15]).

Overall, harvest removes, to a smaller or larger extent, biomass from the forest
system. Its intensity, frequency, and quality (total or per component) influence site
quality, due to the impacts on soil’s physical, chemical, and biological characteris-
tics (e.g., [17]), hydrology (e.g., [21]) and diversity (e.g., [198]). Sustainable forest
management guidelines were defined for harvesting the biomass, including stem and
residues, for North America, Europe and Japan. Thirty-two harvest guidelines were
defined to promote the sustainability of the forest systems while providing timber
and forest residues. Criteria and indicators were defined that promoted biodiversity,
soil, and water protection, as well as compensatory actions to mitigate the negative
effect of harvesting on the forest system’s sustainability while keeping harvesting
economical return [249].
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Biomass yields, harvest, and exports tend to be higher in energy plantations than
in agroforestry systems (cf. Sect. 5). Forest biomass removal for energy (forest
residues) is considered when stands are not under protection or conservation status.
The amount of available biomass for bioenergy is dependent on stand structure,
silvicultural system [200], and its collection on the recovery rate [245].

Though many studies have been published there is still the need for further
research. Many studies when estimating biomass define the composition, and less
commonly structure and regime, but seldom characterise stand structure, which can
derive in under or over estimates of biomass. These stresses the need to further inves-
tigate the effects of stand structure on biomass and their spatial and temporal vari-
ability, and also the availability of forest residues. The estimation of forest residues
and their recovery rate also needs further studies that enable to discriminate the
impact of stand structure, silvicultural system, and harvest type on the quantity of
residues available for energy.

Funding This work is funded by National Funds through FCT - Foundation for Science and
Technology under the Project UIDB/05183/2020.
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Ana Cristina Gongalves

Abstract Energy plantations have been gaining importance in the supply of biomass
for energy purposes, due to their high yield in short timeframes. These forest systems
also enable to reduce the pressure in other forest systems to provide biomass for
energy, in particular those under protection and conservation status. This chapter
reviews the state of the art of energy plantations and their yields. It addresses the
selection of species, density, rotation, harvest cycles, site selection, management
practices, harvesting, biomass yields, and their estimation. Overall, there is a wide set
of species and management options that can be used in energy plantations. Similarly,
there is a large variability in yields, that vary between and within species, due to site,
density, rotation, harvest cycles, and management. Though there are many studies,
further research is needed on yield optimisation, rotation length, harvest cycles,
management practices, and harvesting.

Keywords Species - Clones * Regime - Site - Management + Yield

1 Introduction

Wood is considered one of the most important raw materials as it satisfies several
human needs, among which is energy [1]. In the last decades, energy plantations
have been gaining importance as a source of energy because of the energy crises,
the concerns about the reduction of greenhouse gas emissions, the dependency on
fossil fuels, the increase of carbon sequestration, and to release the pressure on
other forests systems [1-8]. These forest systems date back to ancient times, but
management practices have been improved to increase their yield [1, 9-11]. Their
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importance was recognised by the International Union of Forest Research Organi-
zations (IUFRO; http://www.iufro.org) through the creation of the research group
1.03.00-Short-rotation forestry.

Dickmann [1] identifies several terms for forest energy plantations: short-rotation
woody crops (SRWC), short-rotation forestry (SRF), short-rotation coppice (SRC),
short-rotation intensive culture, intensive culture of forest crops, intensive plantation
culture, biomass plantation culture, bioenergy plantation culture, biofuels feedstock
production system, energy forestry, short-rotation fiber production system, mini-
rotation forestry, silage sycamore, wood grass. The most frequently used terms are
short-rotation woody crops (SRWC), short-rotation forestry (SRF), and short-rotation
coppice (SRC). As no standard term has been defined in this chapter the term energy
plantations will be used.

The goals of this review are to provide insights into energy plantations from the
selection of species or clones to harvest and yields. This chapter is divided in two
sections. One that analyses the energy plantations, including the selection of species,
initial density, rotation, harvest cycles, site selection, management practices, and
harvesting (Sect. 2), and another that evaluates biomass yields (Sect. 3).

2 Forest Energy Plantations

Forest energy plantations are forest systems whose main goal, frequently the only
one, is producing biomass for energy, and have specific spatial and temporal features
[6, 12]. The plantations are composed of very fast or fast growing tree species,
many times improved hybrids. These stands have frequently very high densities
(from 1000 to more than 300,000 stems-ha™"), in coppice systems most of the times,
with very short or short rotations (1-12 years), cutting cycles of 10 to 30 years,
managed in clearcutting systems, where all aerial biomass is removed in each harvest,
and are intensively managed. Their establishment and management (Fig. 1) include
site selection, control of spontaneous vegetation, selection of planting techniques,
fertilisation, control of pathogens, and irrigation [1, 13—-24]. Planting design and
management are frequently adapted to a fully mechanised system [25-27].

Biomass from forest energy plantations, when compared to other renewable
energy sources, has several advantages: biomass is relatively easy to transport and
store [28]; it has different uses, such as heating, electricity or biofuels [3, 28-30];
it is available worldwide [3, 13, 31, 32]; in a specific location its quantity can be
increased through anticipated harvest in times of shortage or high prices of other
fuels [28] or reduced through delayed harvest when its market price is low or other
fuels have low prices [33]; it allows decentralisation of the energy systems [3, 28];
and it is suitable in regions with biomass availability and low population density
[28, 34].

Forest energy plantations are considered economically viable when compared to
other forest and agricultural productions at the management unit level. These forest
systems have low risk and high economic viability. Its harvest flexibility (anticipated
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Fig. 1 Factors influencing
the establishment and
management of energy
plantations

Management
practices

| Energy plantations

Rotation

or delayed) promotes the reduction of risks, especially if included in agricultural crops
portfolios; and it also provides ecosystem services without adding costs, especially in
areas of intensive agriculture [2, 4, 5,7, 35-37]. However, energy plantations can pose
arisk when established in areas suited for agriculture, and therefore, it is recognised
that they should be settled in set aside agricultural lands or marginal lands [3, 6,
12, 13, 31-33, 38], enabling simultaneously rural development and environmental
benefits [1, 2, 12, 39, 40]. These plantations can also be settled for phytoremediation
purposes, i.e., using trees in energy plantation systems to remediate contaminated
sites while using the biomass for energy [26, 41-45]. Forest energy plantations are
well represented, for example, in Canada [46], China [47], United States of America
[48, 49], and Europe, northern and central, and to a lesser extent in the southern
[13, 31, 32].

Selection of the Species

The selection of tree species for energy plantations encompasses a set of requirements
that should be fulfilled [S0-53]: biomass should have high specific energy and quality
as fuel, high biomass production in dry weight, good resprouting ability, fast juvenile
growth, narrow crowns or large size leaves in the upper crown, adaptability to a wide
range of sites, and resistance to biotic and abiotic disturbances (Fig. 2a). Ideally, the
species should have [3]: maximum possible production in dry matter per stand area
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Fig. 2 Species requirements for energy plantations a and ideal features for management and high
yields b

unit, production with low energy input (including nutrient requirements), low cost,
and wood composition with the least possible contaminants (Fig. 2b).

These requirements can be satisfied by a large set of species, characterised by a
fast initial growth which enables them to outcompete other species for the available
growing space. From the many species that can be used for energy plantations some
of the referred in literature are presented in Table 1.

Due to their characteristics, i.e., fast or very fast growth, wide genetic base, easy
propagation, short improvement cycles, easy vegetative reproduction, and ability to
resprout, the aforementioned species are adapted to several climatic and soil condi-
tions. They have also the ability to improve soil quality and to have high productions
[51-53, 101]. In European Union countries three genera are considered to have
the largest potential for energy plantations, namely Populus spp., Salix spp., and
Eucalyptus spp. [51-53, 101].

In energy plantations, hybrids are frequently used to improve several tree species
traits such as survival rate, biomass productivity, resprouting ability, adaptation to a
variety of environmental conditions, and resistance to pathogens. The hybrids can
be developed through genetic improvement [26, 98] and/or biotechnology [102]. For
example, clones of Populus spp. and Salix spp. can differ in what regards survival
rate, growth, and woody properties due to site quality and/or planting density [103]
or not [104]. Relevant are also the relations genotype-environment (e.g., [86, 105]).

Density, Rotation, and Harvest Cycles

In energy plantations density and rotation length are strictly linked as the main goal is
to achieve the highest possible biomass production in the shortest possible time (e.g.,
[26, 56, 89, 106]). Sixto et al. [6] refer to three principles that are associated with
the design and management of forest energy plantations: (a) Law of final constant
vield that states that biomass yield increases with the increase of density up to an
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Table 1 Forest species used in energy plantations

Genus/Specie References
Acacia spp. [54, 55]

Acer pseudoplatanus [56-59]

Ailanthus spp. [55]

Alnus spp [60-67],

Bambusa spp. [68, 69]

Betula spp. [58,59]
Casuarina spp. [55, 70]
Eucalyptus spp. [1,37,50,71-75]
Fraxinus spp. [76]

Gmelina arborea [77-79]

Leucaena spp. [1,55,77]
Liquidambar styraciflua [1, 80, 81]
Paulownia spp. [82, 83]

Pinus taeda [1, 84]

Platanus occidentalis [57, 80, 81, 84-87]
Platanus spp. [48]

Populus spp [1, 38,47, 50, 56, 58, 59, 63, 80, 86, 88-93]
Prosopis spp. [94, 95]

Robinia pseudoacacia [56, 96, 97]

Salix spp. [1, 38,50, 58, 59, 63, 92, 98]
Swetenia mahogany [99]

Tectona spp. [99, 100]

Ulmus pumila [48]

Yushane spp. [68]

upper threshold, above which it becomes independent of density. It can be used to
determine the maximum number of stems per area unit; (b) The development of social
classes in a stand, with dominant and dominated individuals competing among them.
Harvest should be done before competition affects the growth of the individuals and
the vitality of stumps; (c) Self-thinning law states that without mortality total biomass
per area unit increases exponentially until canopy closure, after which stems tend to
reduce growth. After canopy closure, some trees become dominated and eventually
die unless there is a density reduction. Thus, canopy closure should be avoided.

The three aforementioned principles are the basis for trials to determine both
density and rotation length in energy plantations. A wide range of densities has been
studied, from 1000 stems-ha~! to 310 000 stems-ha! [12, 21, 48, 58, 59, 92, 98,
101, 107-109]. Similarly, a large range of rotations has been studied, from 1 to 20
years [12, 21, 38, 48, 58, 59, 92, 98, 101, 107-109].
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According to Dickmann [1], there seems to be a dichotomy regarding density
and rotation length that is also linked with the woody products and yields to be
obtained. It should be taken into consideration the production per area versus per
individual tree. Higher densities result in higher biomass per area unit but lower
biomass per individual stem [103, 110]. Thus, energy plantations can be divided
into (Fig. 3): (i) higher densities and shorter rotations, and (ii) lower densities and
longer rotations. The former has densities ranging from 5 000 to 200 000 stems/ha,
and rotations from 1 to 5 years. Their main goal is biomass for energy where the
maximum conversion of solar energy is attained and the flexibility of the biomass as
raw material is not important. This strategy is also used when phytoremediation or
application of vegetation as a filter of soil contaminants is needed. The latter have
densities ranging from 1000 to 2500 stems-ha~!, rotations from 8 to 12 years, and
enables more flexibility in terms of woody products, small dimension timber, pulp
and paper, and biomass for energy. Yet, a wide variety of combinations of densities
and rotations can be found in the literature. Examples of stands of higher densities
and shorter rotations are suggested by some authors [21, 26, 39, 86, 98, 101, 107,
108, 111, 112], while stands of lower densities and longer rotations are suggested by
other authors [37, 39, 58, 59, 74, 75, 109-111, 113-115].

Though there is a wide range of literature references focused on determining
the optimal density, and rotation, the results are not always coincident. This is, at
least partially, explained by the constraints related to the tree species, clone, site,
and climate. It is well known in silviculture that the maximum volume (or biomass)
is reached when the mean annual increment equals the current annual increment
[10, 116-118]. Several authors have studied the rotation that maximised biomass
production as a function of density (e.g., [92, 101, 106, 119]). For densities up to
10 000 stems-ha~! higher yields are attained at longer rotations (e.g., 4 years versus
2 years) [101] while densities higher than 10 000 stems-ha~' the higher yields are
attained at shorter rotations [119]. The wider the spacing the higher the growing
space for each individual, and the higher the dimensions of the individual stems. The
reduction of biomass production seems to be related to biomass allocation due to full
growing space occupancy and competition among individuals [62]. The reduction of
the yield with the increase of rotation length for high densities seems to be related to
self-thinning. Its effects result from the increase of competition between individuals
and an overall reduction of growth and, consequently, of yield. Thus, the mitigation
of the self-thinning effect on yield can be attained with shorter rotations [119]. It
seems that for a density equal or higher to 10 000 stems-ha~' rotations of 2-years
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length are better suited for maximising yield while for lower density longer rotations
can be used [106].

Two other aspects should be considered: one is technical, and the other is the maxi-
mization of biomass per stem or per area unit. The rotation length can be influenced
by technical aspects. On one hand, mechanical harvest equipment has a maximum
threshold cutting diameter, which can reduce rotation length [26]. On the other hand,
mechanical harvest is also described as problematic for high densities, in which case
the option is to reduce density and increase rotation length [1]. The other aspect
relates to the maximisation of production per stem or per area unit, i.e., fewer stems
with larger dimensions or otherwise. In the former, products have a higher proportion
of wood, and smaller of bark, leaves, and branches. This implies smaller densities,
longer rotations, and products that can be used for energy, pulp and paper, or other
small dimension timber products. Thus, the model of silviculture is more flexible in
terms of products. As growth is concentrated in fewer trees, whenever competition is
a limiting factor thinning or sprout selection could be considered as well as pruning
for small dimension timber products, to increase quality [1, 117]. But this approach
has the disadvantage of having lower densities and longer rotations [1, 19], resins,
and other undesirable chemical components for the use of biomass for energy [19].
The energy plantations with higher densities and trees of small dimensions have the
advantage of maximising the conversion of solar energy in biomass, which results in
a yield of biomass oriented to bioenergy, but with less flexibility in terms of woody
products [1, 107]. Other advantages are reducing the spontaneous vegetation [120]
and not needing thinning, sprout selection, or pruning [1].

The harvest cycle, i.e., the number of harvests until the end of the production
cycle, when there is the need to regenerate the stands, is constrained by stump vigour,
stump mortality, and rotation. Stump vigour influences the stump’s ability to resprout
as well as stool survival. The higher the stump vigour the higher the resprout ability
and the stool survival. Thus, the higher the stump vigour the higher the potential
yield. Stump mortality influences density and productivity. The lower mortality rates
enhance higher productions [121]. Productivity is also affected by the successive
rotations with a trend towards the increase from the first to second or third rotation,
and a tendency towards yield decrease more or less accentuated, from the fourth
rotation onwards. Yet, it also depends on the stump vigour, stump mortality, species,
and site. In general, the harvest cycle’s length is determined by productivity. When
productivity between successive harvests decrease it is considered that the end of
the production cycle has been reached [122]. Several authors refer to cutting cycles
between 10 and 30 years with 3 to 10 rotations [12, 17, 26, 56, 63, 123].

Site Selection and Management Practices

In the establishment of any forest stand, and in particular of energy plantations, site
selection (Fig. 4), which is related to the soil and climate [1, 3, 17], has a strong
influence on the survival, growth, and yield. Overall, there is a trend toward higher



98 A. C. Gongalves

yields on better quality sites [1, 26, 104]. But it is also dependent on the ecological
traits of the species or clones. Thus, considering that a high yield is to be attained, soils
should have adequate physical and chemical properties. The soil characteristics that
enhance biomass production are soil moisture availability during the yearly growing
season, nutrient availability, and aeration. The soils that should be avoided are those
with drainage problems (either poorly or excessively drained), with pH too acid or
too alkaline, degraded through erosion, saline, shallow, or infertile. Climate should
also be considered in particular, the mean annual temperature, annual precipitation
and precipitation during the growing season, frosts, and snow. Climate conditions
should be within the ecological range of the species or clones, preferably close to
their optimum for their growth. Steep slopes should be avoided if mechanisation is
foreseen [1, 12, 19, 26].

One issue related to biomass for energy is the identification of the areas available
for energy plantations. These areas can be determined following a methodology
in four steps [17]: (1) selection of the species to be used and assessment of their
ecological and cultural characteristics; (2) determination of the suitability of the
sites, which refers to the selection of a set of data, frequently in a geographical
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information systems (GIS) environment, including soils, land morphology, climate,
protected areas, administrative boundaries, a suite of assumptions and a subsequent
set of operations that enable the identification of the areas where the selected species
can be grown; (3) availability of land, which refers to the identification of the potential
areas available, considering the existing restrictions, whether economic or social; (4)
assignment of the land, which refers to the definition of a decision process that
enables the determination of the areas where the energy plantations can be installed.
The areas identified are dependent on the initial assumptions made. If only the optimal
conditions that potentially originate the higher yields are considered, then the area
estimation could be rather conservative [17].

Management practices include the control of spontaneous vegetation, planting
techniques, initial development, control of pathogens, and irrigation (Fig. 5). The
control of spontaneous vegetation enables the reduction of competition between the
tree species or clones and other vegetation. It is especially relevant in the competition
for light, water, and nutrients [19, 124]. It should be done during site preparation, as
the control of herbaceous and shrub species is simpler and makes plantation opera-
tions easier. Several methods of control of spontaneous vegetation can be considered.
Their selection should take into account a suite of factors that include the type of
spontaneous vegetation, site, climate, and tree species or clones to be planted. It
can be mechanical or chemical or even a combination of both [1, 26, 86, 124-126].
The control of spontaneous vegetation after each harvest might [127] or not [128]
be necessary and is frequently chemical [129]. It is recommended when competi-
tion with spontaneous vegetation and/or production losses are expected, though care
should be taken not to affect either the stumps or the sprouts [6, 26].

Regarding the selection of planting techniques, two main choices can be pointed
out, namely plantation of cuttings or plantation of seedlings. Cuttings, i.e., unrooted
hardwood cuttings for species that have a good ability to develop the root system
and the aerial part, are frequently used with Salix spp. [1, 26, 130—132]. Seedlings,
most of the times, with plants produced in containers whether from seed origin or
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vegetative propagation [1], are used with for example Populus spp. or Eucalyptus
spp. [1, 130-132],

Energy plantations establishment should consider the spatial arrangement of
the individuals, which is related to spacing and density. Regular spacing design
is frequently used to promote better use of the growing space while at the same time
enhancing its mechanical harvest. The spacing can be in single, double, or triple rows
(Fig. 6) depending on the density. Typically, the distance between rows ranges from
2.0 m to 3.0 m in the higher density and shorter rotation plantations and between
4.0 m to 6.0 m in the lower density and longer rotation ones [12, 16, 75, 133]. In the
single row design, the distance within the rows ranges from 0.5 m to 3.0 m [12, 16,
75, 133]. In the double row design, the spacing between the double rows is between
0.75 m and 1.50 m, and the distance within the rows ranges from 0.45 m to 0.80 m
[12, 133, 134]. For the triple row design, the spacing between the triple rows is about
0.6 m, and the distance within the rows of 0.6 m [135]. According to some authors
[12, 136], long lines increase the efficiency of harvest. Also, the head and bound-
aries of the energy plantations should be wide enough for the machinery manoeuvres
and to reduce to a minimum its turns [12]. Density and spatial arrangement affect
competition between individuals. There is a trend towards lower competition in the
square spacing when compared with the rectangular one [103].

Regarding the initial development of the plantation, two approaches can be
followed [26, 107, 108]: (i) the plantation is harvested at about 1 year old to promote
coppicing, which increases the density. The sprouts take advantage of the existing
stump root system that promotes the growth rate and the increase of biomass produc-
tion; and (ii) the first harvest is done at the end of the rotation and the coppice derives
from this first harvest. Before choosing one or the other, both costs and biomass
production should be considered to increase the economic viability [6].

The need for fertilisation is determined by the site, especially by the site’s produc-
tive potential as it plays a key role in the intensive forest systems of biomass produc-
tion [6]. Because it is an expensive operation its necessity should be evaluated [1].
Some energy plantations’ studies reported that fertilisation did not increase yield
when compared with not fertilised ones (e.g., [12, 130-132, 137-141]). This effect
could be due to the high quality of the soils, as many are set aside agricultural lands
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Fig. 6 Schematic representation of single, double and triple row energy plantation design (where
a is the distance between rows, b distance within the row, c¢ the distance between double rows, and
d the distance between triple rows)
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[6, 132]. Conversely, in other studies, fertilisation originated the increase in yield, due
to the increase of the nutrients’ availability (e.g., [12, 131, 139, 141-143]). In others
still, a negative effect of fertilisation was described, which was related to polluting
mineral elements (e.g., salts) and/or antibiotics (e.g., [144—146]). A thorough revision
of the effects of fertilisation on energy plantations can be found in Marron [147].

The assessment of soil and foliar nutrient levels should be considered to determine
the need and quantity of fertiliser. If the nutrient’s concentrations are below their
critical level then fertilisation should be done [1]. It can either be done by inorganic
fertilisers [26, 86, 148], or organic fertilisers, residual waters, or intensive cattle
grazing muds [98, 149—153]. In any case, a thorough evaluation of the soil’s physical,
chemical, and biological (e.g., organic matter and amount of seeds of spontaneous
vegetation) characteristics should be carried out before considering the application of
fertilisers [26] as well as their application costs [6]. The distinction between the first
and the other successive harvests should also be made. In successive harvests, the
export of large amounts of nutrients from the site is expectable. Yet, leaf fall and its
decomposition incorporate nutrients in the soil, though the reallocation of nutrients
from leaves to woody organs varies between species. Thus, the decomposition of
leaves incorporates larger or smaller amounts of nitrogen, phosphorous, potassium,
calcium, and magnesium promoting the maintenance of soil fertility and, potentially,
compensating for the removal of woody biomass [154]. When the exports are not
compensated forest energy plantations might need to be fertilised [1, 22, 155].

The control of pathogens should be considered whenever outbreaks of pests or
diseases occur. One of the ways to minimise the effect of pathogens is by using
clones resistant to pests and diseases [156, 157] or increasing the genetic diversity
[1, 158]. Alternatively, plant protection products (phytopharmaceuticals) can be used,
in which case legislation should be followed [6] and the economic and environmental
viability should be justified [1, 86, 159]. These products should only be applied as
an answer to a specific problem when large damages are to be expected and not as a
prophylactic treatment [6].

Irrigation in forestry is not frequent [10, 116—-118, 160]. In many forest energy
plantations, annual precipitation and its annual distribution along with soil water
holding capacity are sufficient to cover the trees’ water needs. Irrigation should be
considered when water stress is expected to occur, to avoid the reduction of biomass
production or mortality [161-163]. The quantity of water to be used should be calcu-
lated as a function of the plantation evapotranspiration and cultural coefficient (i.e.,
water balance) to promote the best possible use of water [6, 164].

Harvesting

The optimisation of harvesting is of the utmost importance [165], due to its share of
costs and inputs. The harvesting costs correspond to about 45% of the total energy
plantation costs [134]. Also, the energy input corresponds to up to 33% of the total
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input of energy [166], being the second largest (the first is fertilisation) fossil energy
inputs in the system [167].

Several machinery existing on the market has been used to harvest energy planta-
tions. Moreover, to improve harvest efficiency other machinery has been developed
(for detailed revision see [168]). In literature four main harvesting techniques are
referred [136]: single pass cut-and-chip, double pass cut-and-store, single pass cut-
and-bale, and single pass cut-and-billet. The single pass cut-and-chip being the most
flexible, can be used with different stand structures (species, ages, diameter, density,
and stocking). The harvesting is done with a single pass making the operations simpler
and reducing labour and machinery costs [169] because other cultural practices can
be done with these machinery [170]. Furthermore, single tree harvesting productivity
was improved by multiple tree harvesting with a system based on software [171].
In the double pass cut-and-store harvest system, the stems are cut and left to dry
in a specific location after which are chipped, corresponding to two passes. When
compared with the other systems its advantages are related to not needing biomass to
be stored in a covered place; to the reduction of the losses due to microbial activity
and emission of undesired gases during the storage of the chips; the reduction of the
costs of transport because of the lower moisture content of the chips; forest chipper
provides a high material effective capacity as well as a favourable particle size distri-
bution [172]. The two latter harvesting systems are much less representative than the
former two. The cut-and-bale and cut-and-billet derive in different biomass formats
than the single pass cut-and-chip and double pass cut-and-store, resulting in biomass
bales, billets, and chips, respectively [136]. The most used and improved mechanical
harvesting technique is single pass cut-and chip, followed by double pass cut-and
store (for details see [136]).

Species dormant season (winter in the northern hemisphere) is the best one for
harvesting. The advantages are related to the recycling of leaf nutrients [154]. Addi-
tionally, cutting should leave stumps between 10 cm and 20 cm to preserve the buds
and to maintain resprouting stump ability [173].

3 Biomass Yields in Energy Plantations

Estimation of Biomass in Energy Plantations

Biomass can be estimated by destructive or non-destructive methods (cf. chapter
“Modelling Biomass”). The former can be done either through sampling, frequently
used for modelling; or at the end of the rotation when trees in a certain area are
harvested. The disadvantage of the latter is that it does not allow to make predictions.
The non-destructive methods use allometric biomass functions and enable to predict
yields. However, due to the specificities of these forest systems the numerous existing
allometric equations, many developed for high forest systems, originate bias in the
estimation of biomass. Thus, several authors developed allometric equations specific
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to energy plantations for tree species and/or clones. In literature was found a set of
allometric equations for Populus spp. [39, 47, 59, 88, 91, 93, 108, 109, 113, 133,
1741, for Salix spp. ([26, 59, 62, 112, 175-178], and for Eucalyptus spp. [37, 74,75,
114, 179, 180].

Estimations of biomass of energy plantations have been done at the local or
regional levels. Frequently growth and production models (which include allometric
biomass functions) are used to generate several scenarios of management [130, 181—
185]. At local level, the models are frequently based on the biomass allometric
functions per species. Conversely, at broader scales, the models used in the estimation
of biomass include usually several soil and climatic data variables, along with plant
growth principles and management options, and also the interaction between the
four factors. Bandaru et al. [186] classified climatic data sets in two categories: (i)
collected from meteorological stations; and (ii) gridded weather data sets. The first
is predominantly used at a local scale while the latter are used at a regional scale
[187]. The gridded weather data can be obtained by (i) interpolation techniques
of weather data and topographic characteristics or (ii) modelling and assimilation
techniques [188]. A modified version of 3-PG for energy plantations with coppice
management, 3-PG-Coppice model [ 183] was used by Bandaru et al. [186]. It requires
four types of variables, namely weather, soil characteristics, plant growth parameters,
and management regime. The main goal of the study was to analyse the effect of
different weather data sets in the estimation of biomass from short rotation woody
crops of hybrid Populus spp., using flux towers and four different high resolution
gridded weather data at five different locations. The same authors refer that high
resolution gridded weather data has some bias when compared with that of the flux
towers [186]. This can be, at least partially, explained as modelling and assimilation
techniques are not able to characterise in detail the climate that is affected by the
topography and land use [186, 187, 189, 190]. Moreover, there seem to be smaller
biases for the higher spatial resolutions [186, 188, 191, 192]. Bandaru et al. [186] also
stress the importance of the bias determination on the weather as influences as well
the biomass estimations. Other authors [28, 193] estimated the biomass for a short
rotation coppice in a geographical information systems environment allowing the
inclusion of climate and soil variables and the analysis of biomass spatial variability.
The use of average yields to estimate biomass over a region results in bias on biomass
potential, which might affect the planning of its use due to the variability of local
conditions, species, and growth rates. Moreover, in the case of need, short term
biomass potential yield can be increased by reducing coppices rotation lengths [28].

Biomass Yield of Energy Plantations

Biomass yield is related to initial density, regime, rotation length, and cultural prac-
tices. The analysis will be focused on three genera Populus spp., Salix spp., and
Eucalyptus spp. It was based on 33 literature references, corresponding to a total of
415 trials (Table 2). Overall, there seems to be a trend towards higher densities for
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Salix spp., when compared to Populus spp. and Eucalyptus spp., whereas yield tends
to be higher for Eucalyptus spp. than for the other two genera. Rotation length shows
similar trends for all three genera. Yet, the variability is rather large (Fig. 7). This
variability results from the interactions between species and/or clone traits, site, and
management practices. The yield of the Eucalyptus spp., Populus spp., and Salix spp.
varies between 1-63.8 tha='-y~!,0.3-66 t-ha='-y~! and 0.3-27.5 t-ha~!-y~'; density
varies between 20007142 stems-ha—!, 278-33,333 stemsha™! and 6666—107,600
stems-ha~!; and rotation length among 2-6 y, 1-12 y and 2—19 y, respectively.

For all genera, there is a yield increase from the first to the second rotation, due
to the increase of density, i.e., each stump had more than one stool, for Eucalyptus
[74], Populus [101, 109, 113, 133, 165, 174] and Salix [26]. However, other studies
report a decrease in yield from the first to the second rotation for Populus [21, 108].
From the second to the third rotation some studies report an increase in yield for
Eucalyptus [74] and Populus [101, 109, 113] while others account for its reduction
for Populus [133, 165] and for Salix [26]. In the fourth rotation, it is observed a
reduction of yield for all species [26, 74, 113].

There was no clear trend between density and production. This is probably related
to the site quality and climate as well as the management practices. Yet, consid-
ering studies where several densities have been analysed it can be seen an increase
in production with the increase of density. For example, for Salix, Schweier and
Becker [178] reported for an initial density of 12,000 stems-ha™! a yield of 6.8
tha~!-y~! and 9.7 tha~'-y~!, while for a density of 13,200 stems-ha~! a yield of
11.7 tha=!-y~!. This corresponds to an increase of 10% in the number of stems and
an increase in yield of 72% and 20%, respectively. For Populus, in Italy, Di Matteo
etal. [111] reported that an increase in initial density from 7140 stems-ha~" to 10,360
stems-ha™! (an increase of circa 45%) resulted in an increase of yield, from 12.2
tha=!-y~! to 13.9 tha='-y~! (circa plus 14%). For Populus, in Germany, an increase
of 10% in density (from 10,000 stems-ha~! to 11,000 stems-ha~!) [199] attained an
increase in yield between 27% and 86% (from 4.4 tha~!-y~! and 5.9 tha=!-y~'t0 5.6
t-ha='-y~!, and 8.2 t-ha='-y~!, respectively). Yet, the same authors for the same initial
density increase observed also a reduction of yield of—6.2% (from 5.9 t-ha~!-y~!to
5.6 tha='-y~!). In another study, for Populus, Oliveira at al. [39] tested eight
different initial densities (6666 stems-ha=!, 10,000 stems-ha~!, 13,333 stems-ha~!,
15,000 stems-ha—', 17,316 stems-ha~!, 20,000 stems-ha~!, 25,000 stems-ha~', and
33,333 stems-ha~!) resulting in the increase of yield from the lowest initial density
(6666 stems-ha™!) to the fourth lowest (15,000 stems-ha~') when compared with
the highest one (33,333 stems-ha™!) of 179.6%, 54.3%, 76.0%, and 24.7%, respec-
tively. The fifth and the seventh initial densities (17,316 stems-ha~! and 25,000
stems-ha™!) resulted in a reduction of yield of —38.8% and —13.2%, respectively,
while for the sixth (20,000 stems-ha~') a small increase of 8.3% was observed. These
results underpin the variability in the yields, which are probably related to the site
conditions, climate, and competition between individuals.

It is known that some broadleaved species show considerable variability in their
ability to coppice which is associated with their ability to produce sprouts from
dormant or adventitious buds or ligno-tubers [ 117,200, 201]. Sims et al. [74] observed
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Table 2 Energy plantations density, rotation, and cultural practices referred on literature (where C
is control of spontaneous vegetation, F fertilisation, and I irrigation)

Genus Country | Density | Rotation |Rotation | Cultural | Number | Reference
length number | practices | of trials
Eucalyptus | Brazil 2380, 2 1 F 4 [114]
7142
Eucalyptus | Spain 2000 6 1 CJF 1 [37]
Eucalyptus | New 2200 3 1 C 19 [75]
Zeeland
Eucalyptus | New 2200 3 1,2,34,5 |C 62 [74]
Zeeland
Eucalyptus | Australia | 4000 1 F [180]
Populus UK 10,000 |24 1,2 C [101]
Populus UK 10,000 3 1,2 C 32 [194]
Populus Czech 2222 4 1,2,3,4 CFI 48 [113]
Republic
Populus Italy 6666 3 2 - [179]
Populus Italy 7140, 3 C,E1 [111]
10,360
Populus Belgium | 10,000 4 1-4 C 1 [195]
Populus Italy 14,100 |2 1,2,3 - 5 [165]
Populus Canada 18,000 4 1 None 4 [98]
Populus Belgium | 10,000 3 1,2 C,FI 3 [21]
Populus Belgium | 10,000 4 1 C,EF1 2 [108]
Populus Belgium |10,000 |3 2 None 17 [108]
Populus Belgium | 10,000 |3 2 C 2 [107]
Populus Belgium | 10,000 |4 2 None 6 [107]
Populus Italy 5000 3 2 F 1 [196]
Populus Italy 5000 3 2 F 1 [196]
Populus Spain 66606, 3 1 FI 8 [39]
10,000,
13,333,
15,000,
17,316,
20,000,
25,000,
33,333
Populus Italy 5900 3,10 1,2 CFEI 52 [109]
Populus France 15,625 1 C,EI 2 [197]
Populus UK 4444, 5 1 None 3 [63]
10,000
Populus UK 10,000 5 1 - 1 [92]

(continued)
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Table 2 (continued)

Genus Country | Density |Rotation |Rotation | Cultural |Number |Reference
length number | practices | of trials
Populus China 278, 12 1 F 12 [103]
4000
Populus Spain 33,333 3 1 CFEl 1 [198]
Populus Italy 10,000 1,2 1,2,3 - 10 [133]
Populus Czech 2222, 3 5,6 None 16 [123]
Republic | 7407

Populus France 7272 3 1 C 4 [174]
Populus Belgium | 20,000 |4 1 None 1 [58]
Salix USA 107,600 |3 - F Fl 10 [175]
Salix UK 10,000 |3 1,2 C 32 [194]
Salix Canada 17,000 |3 1,234,5 |CF 5 [26])
Salix Finland 20,000 |6,11,19 |1 F 6 [112]
Salix Canada 18,000 4 1 None 10 [98])
Salix UK 10,000 |5 1 None 1 [63]
Salix UK 10,000 |5 1 - 1 [92]
Salix Germany | 14,800 3 1 - 5 [199]
Salix Germany | 13,200 2,3 1 C,I 6 [178]
Salix Belgium |20,000 |4 1 None 1 [58]

awide variation in the ability to sprout of 19 Eucalyptus species and Dillen atal. [195]
of 17 Populus clones. Furthermore, survival rates had considerable variations in both
studies. As yield in energy plantations depends on density [75] the Eucalyptus species
with higher densities were those that reached the higher yields [74], regardless of the
rotation. The higher yields in the coppice regime can also be explained by the faster
growth of the sprouts as their initial development takes advantage of the existing
stump root system, thus not experiencing the plantation stress that the seedlings have
to surpass [117, 200-202]. It is also known that the ability of a stump to resprout
after successive harvests tends to decline. One or several factors can contribute to this
decline: stump mortality due to competition, root mortality, disease infection of the
cut surfaces, nutrient depletion of the soil, and variation of the tree ratios root/shoot
[74, 117,200, 201]. Thus, the better suited species for energy plantations, under the
coppice regime, are those that are able to maintain stumps and root systems with high
vigour, to resprout vigorously, and have sprouts with high growth rates, enabling in
this way to have stands of high densities and yields [74].

Overall, circa 19% of the studies had no information (7%) or was not made
(12%) the control of spontaneous vegetation, fertilisation, and irrigation. From the
remaining 81% of studies, control of spontaneous vegetation was used in about
85% of the studies, fertilisation with or without control of spontaneous vegetation
in 51%, and irrigation with or without spontaneous vegetation and fertilisation in



Energy Plantations 107

g
8 a) 87 b)
~8
— 87 e S
8 28
™ ]
v E
] 28
A i 5 81
o B L%
[] X = 1
= H g
o £
o i o
F'nplu-'us gé,l,x Euca!‘yprus Popluius sé;m Euca'lyp:us
(=
~ )
w_}
=7
£
=3
Sl
§
k]
-1
& g
w0
&

T T
Populus Salix Ei ucaﬁyptus

Fig. 7 Boxplots of yield, density, and rotation length

32%. The analysis per species revealed that for Eucalyptus spp., none of the trials
was irrigated, in 60% control of spontaneous vegetation was done, in 36% control
of spontaneous vegetation and fertilisation were used, and in 4% were fertilised.
For Populus spp., 35% had control of spontaneous vegetation, 54% had control of
spontaneous vegetation, fertilisation, and irrigation, 7% were fertilised and 4% were
fertilised and irrigated. For Salix spp., in 61% control of spontaneous vegetation
was made, 12% were fertilised, 12% were fertilised, and irrigated, 7% control of
spontaneous vegetation, and fertilisation was made, and 7% control of spontaneous
vegetation, and irrigation were used.

The large variability of yields of the energy plantations seems to be related to
soil fertility (physical, and chemical characteristics) [58, 59]. The decrease in yields
was also associated with the decrease in rainfall (the lower the site quality, and
rainfall the lower the yield) [108, 113]. Another source of variability in yields is
related to different mortality, growth rates, and patterns of the species, and clones
[74,75, 107, 108, 174].
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4 Final Considerations

Energy plantations have an important role in the biomass for energy availability
and may release pressure on other forest systems to supply bioenergy (e.g., [2, 7]).
Their advantages are related to their high yields [26], short rotations [12], worldwide
availability [31], harvest flexibility through anticipated or delayed harvest [28, 33],
and easy transportation, and storage [28].

The energy plantations are most frequently pure even-aged stands of high densi-
ties, and usually under coppice regime [1, 12, 21]. Many species can be used (cf.
Table 1) although the most frequent, at least in Europe, are Populus spp., Salix spp.,
and Eucalyptus spp. [51, 53].

The selection of the site and management should be suited to the species or
clones [1]. Soil and climate are of primordial importance to achieve high yields, and
should be near the optimum of the ecological range of the species [12]. Manage-
ment practices range from planting to harvest and include the selection of density,
[12], rotation [109], harvest cycle [110], spatial arrangement [133, 135], plantations
techniques [1], control of spontaneous vegetation [86], fertilisation [147], irrigation
[163], control of pests, and diseases [86], and harvesting [136]. A wide range of
species and management options exist, and the suitability of the species or clones to
the site and management practices is of primordial importance to the optimisation
of the yield.

Biomass estimation is frequently assessed with allometric functions. Due to the
energy plantations’ specificities, the existing functions resulted in biased estimations,
especially the functions developed for high forest, and long production cycles [113].
Thus, allometric functions were developed for energy plantations (e.g., [26, 174,
179]).

Moreover, yield has a trend towards the increase from the first to the second
rotation, due to density increase; and a decrease from the third to the fourth rotation.
Yet, the variability is high and contrasting results are found in the literature (cf.
Sect. 3), which were related to site productivity and climate.

Funding This work is funded by National Funds through FCT-Foundation for Science and
Technology under the Project UIDB/05183/2020.
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Abstract Models are abstractions that enable to assess and predict forest stands vari-
ables. Two broad methods to estimate biomass were defined. The direct method, the
most accurate, has the disadvantage of resulting from destructive sampling. Inversely,
the indirect method uses a variety of mathematical methods, with forest inventory,
remote sensing, and ancillary data as explanatory variables. The accuracy of the
biomass models is dependent on data acquisition precision and accuracy as well
as on the model’s uncertainties. Moreover, model accuracy is also dependent on
species, individual tree biomass partitioning, stand structure, region, and spatial and
temporal scales. This chapter overviews the data sets and mathematical methods used
for modelling biomass and their uncertainties. Overall, the performance of the forest
biomass functions is linked to its ability to accommodate the variability inherent to
forest data and to make biomass assessments, monitoring, and predictions with the
best possible precision and accuracy and the smallest bias.

Keywords Data sets - Forest inventory + Remote sensing - Regression *
Uncertainties

1 Introduction

The long span of production cycles and the variability in species, site, and stand struc-
ture [ 1] isreflected in the tree allometry as well as in the variability within and between
stands (cf. chapter “Stand Structure and Biomass”). This brings about several chal-
lenges when estimating biomass in stands and forests whether in the selection of
predictive variables, of the modelling approach, and the target uncertainties.
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Models are abstractions, that apply mathematical methods and techniques to
develop equations (or systems of equations) to assess and predict dependent vari-
ables. Yet, they are much more than the application of the aforementioned methods as
they can be used not only to assess a certain variable in a determined moment in time
but also to predict its dynamics in time and to explore management alternatives [2].
Models are also determinant in the assessment and monitoring, in space and time, of
biomass due to the dynamics of stand structure, disturbances whether natural (biotic
or abiotic) and/or artificial (forest management). In space, small, medium, and/or
large scales can be used whereas in time short, medium, and/or long term may be
used. The space and time levels influence the data sets used for modelling and the
mathematical models [3, 4].

The choice of the mathematical modelling approach is dependent on the available
data sets and their quality, which in turn are linked to the species, individual tree
biomass partitioning, stand structure, geographic region, and spatial and temporal
scales. The aforementioned originated the use of many mathematical methods less or
more complex, from parametric to non-parametric methods as well as the selection
of the variables with the best predictive ability that have low correlation among them.
The vast number of biomass models reflects the variability and complexity of the
stands and forests and the continuous search for improving predictions.

This chapter aims to provide an overview of the data sets, modelling methods,
and techniques and their uncertainties for biomass estimation. The chapter is divided
into three sections: data sets (Sect. 2), methods for estimating biomass, including at
tree level and per area basis (Sect. 3), and model uncertainties (Sect. 4).

2 Data Sets

Data sets for biomass modelling can be broadly grouped into those derived from
(Table 1): destructive sampling, and non-destructive sampling, the latter including
forest inventory, remote sensing, and ancillary data.

The direct method implies a destructive sampling of a set of trees with an appro-
priate sampling design. The trees are cut and separated by component (Fig. 1),
frequently stem, bark, branches, and leaves (or alternatively, crown including
branches and leaves), and if below ground biomass is to be considered, roots

Table 1 Data sources for biomass modelling as function of the spatial and temporal scales (where
DS is destructive sampling, RS remote sensing, FI forest inventory, AD ancillary data)

Scale Temporal
Short (<5 y) Medium (5-10y) Long (>10y)
Spatial Small RS FI, RS DS, FI, RS, AD
Medium RS FL, RS FIL, RS, AD
Large RS FI, RS FI, RS, AD
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[3, 5, 6]. The dry weight of each component is determined and the tree biomass
is the sum of the biomass of all components. Frequently, the different components
are aggregated in two broad classes: above ground biomass (stem, bark, branches,
and leaves) and below ground biomass (roots). The advantage of this method is
its accuracy, but the disadvantages are that it is labour demanding, expensive, and
destructive. Moreover, it is not suitable for forests with low accessibility or under
protection and/or conservation status [4, 5] because of the disturbances on habitat,
flora, and fauna [7]. One alternative to sampling design for the destructive sampling
data acquisition was developed by Xu et al. [8], in which biomass data is collected
from recently wind fallen trees, using the same procedures to collect data as those of
the direct method. The advantages are the collection of data in areas under conser-
vation status where tree cutting is seldom allowed. The disadvantages are that data
collection is dependent on the wind, not enabling a sampling design (e.g., random),
and does not guarantee that all tree dimension classes are adequately represented.
Despite the limitations, with appropriate methods of regression, the disadvantages
can be overcome [8]. The detailed data sets obtained through direct methods are
of the utmost importance for the development of the indirect methods of biomass
estimation [3].

The indirect method uses data from forest inventory, remote sensing and ancillary
data as explanatory variables with different mathematical formulations.

Data sets

!

Fig. 1 Data sets used for biomass modelling
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Based on the objectives and target area, forest inventory can be divided in national
forest inventories (NFI) and forest management inventories (FMI). National forest
inventories’ main goal is to provide regional, national, and international statis-
tics while forest management inventories’ main goal is to the support planning of
management and silvicultural practices [9].

Forest inventories are based on a sampling design, for a given threshold error,
and field plots [5, 6, 10]. The variables most frequently measured are forest area,
crown cover, tree species, number of trees, diameter at breast height (dbh), and
height (h) [3, 5, 6, 11-14]. Forest area and crown cover are frequently assessed with
remote sensing techniques [5, 15—-18], while tree species, number of trees, diameter
at breast height and height are usually obtained in field inventory plots [6, 10]. Field
plots also enable the evaluation of basal area, volume, and biomass [3, 5, 6, 11-14].
The latter two with functions in which the most frequent explanatory variables are
diameter at breast height and height (cf. Sect. 3). Similarly to the other absolute
density measures, such as number of trees, basal area, and volume, biomass can be
calculated with allometric functions at tree level or relations between volume and
wood density that allow the estimation of the biomass per plot (sum of the biomass
of all the trees in the plot) and scale it to a measure per area (typically, the hectare).

Remote sensing data is an alternative to obtain biomass estimates at different
scales (from local to global), at short or long time periods, and at low cost [9, 19, 20].
The availability of remote sensing data with different spectral, spatial, radiometric,
and temporal resolutions, obtained with diverse technologies enables a wide range of
monitoring scales [15, 19, 21] of forest area distribution, species, and their physical
and biochemical properties [22]. The tree level allometric functions are frequently
used to estimate biomass (dependent variable) (Fig. 2) and biomass models have,
as explanatory variables, data derived from remote sensing (e.g., crown horizontal
projection, crown cover, vegetation indices, textural indices, height metrics).

Data sets from remote sensing differ in the variables and spatial and temporal
resolution [15]. The data sets derived from passive sensors, varying from low spatial
resolution to high spatial resolution, include multispectral bands and auxiliary bands
(vegetation and texture indices). The vegetation indices are a function of two or more
spectral bands and have the advantage of enhancing the spectral response per species
orits traits (e.g., vigour, leaf water content, biomass), and the interference of the atmo-
sphere is minimised [23]. The texture indices quantify the spatial distribution of the
pixels’ grey tones that enable the characterisation of the tree crowns (e.g., shadows,
size, and shape) through several mathematical models (e.g., nearest neighbours, grey
level co-occurrence matrix, grey level co-occurrence matrix) [24, 25]. The texture
indices enable the separation of forest classes with similar spectral behaviours [26,
27]. The data sets derived from active sensors comprise Radio Detection and Ranging
(RaDAR) bands with different wavelengths and polarisations, and for Ratio Light
Detection and Ranging (LiDAR) a three-dimensional point could whose characteris-
tics depend on the platform (spaceborne, airborne, and terrestrial), signal return (full
waveform vs discrete) and footprint (small, medium or large) resolution [20, 28, 29].

When forest inventory and remote sensing techniques are compared several advan-
tages can be pointed out to the latter: (i) ability to obtain measurements in the entire
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study area [9, 30], (ii) relatively low cost for many types of remote sensing data and
short time to obtain and process them [20]; (iii) possibility of estimating biomass
for small and large areas [15, 20], which is of special importance in forest systems
where inventory field work is hard to accomplished due to topography, climate and/or
stand structure [5, 20] or when the number of field plots needed make forest inven-
tory costs prohibitive [15]; (iv) possibility of collecting data in short time cycles,
enabling time series analysis [9, 18], for ground plot data, cycles shorter than those
of the forest inventories (5 or 10 years) are not feasible, due to labour and costs [5];
(v) possibility of collecting data, at different scales, as a function of the imagery
spatial resolution [15, 18]; (v) calculation of biomass for all the area without the
need of an extrapolation methods [9, 30-33].

Remote sensing data characteristics are related to the target scale. Passive sensors’
images of low spatial resolution are better suited for large scales (regional and global)
and homogeneous forest areas [4], due to its pixel size, especially in heterogeneous
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forest areas several land uses/classes may be present which may decrease the accuracy
of the models [34]; the medium spatial resolution is indicated for regional or local
scales and the effect of mixed land uses/classes pixels is reduced [35, 36]; the high
spatial resolution is better suited for local or regional scales and mixed pixels are much
less frequent than in the two former spatial resolutions, being suited for heterogeneous
and complex forest areas [31, 37]. The RaDAR derived data sets are better suited
for large areas where stands are homogeneous, have low density and/or are at the
initial stages of development [4] and have the disadvantages of saturating in stands
with high biomass [29] and also the small objects are difficult to construct [4]. The
LiDAR derived data sets from spaceborne and airborne platforms are suited for large
areas whereas the terrestrial ones are for smaller areas [4, 15, 38].

Ancillary data correspond, usually, to thematic maps (frequently in raster format)
that characterise the topography (e.g., altitude, slope, aspect), climate (e.g., temper-
ature, precipitation), soil (e.g., chemical, physical and biological characteristics),
forests (e.g., area, composition, crown cover, harvested areas, burned areas, areas
affected by storms and/or pest and diseases), and areas under protection and/or
conservation status. These themes can be used to generate other themes, such as
maps of the number of trees, basal area, volume, climatic indices, and soil water
holding capacity [5, 9].

3 Methods for Estimating Forest Biomass

Tree Level

Biomass (and carbon stocks) at tree level can be estimated with forest inventory
data by a ratio between volume and wood density, which is the relation between
dry weight and the volume of water equal to wood volume [3, 39, 40]. This method
is used either for stem [3] or merchantable [40] volume. The biomass of crown
(or branches and leaves), bark, and roots can be determined with component ratios
(proportion of the component in relation to above ground or total biomass) [41].
The proportions of biomass per component present high variability as function of
the species, stand development stage, stand structure, site, and silvicultural practices
(cf . chapter “Stand Structure and Biomass”). This indirect method is easier and more
cost effective than the destructive one, yet bias can occur due to the variability of
wood density.

Wood density (or specific gravity) varies per species, site, genetics, and silvi-
cultural treatments. It is dependent on trees’ growth patterns which in turn are
dependent on the available growing space, thus, dependent on site (both edaphic
and climatic conditions) and silvicultural practices [42—47]. Moreover, genetics and
age are also pivotal to wood density. At early ages, trees develop juvenile wood,
which has different characteristics than that of mature wood, and frequently lower
density. With ageing trees make the transition, more or less abruptly, from juvenile
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to mature wood. Mature wood, apart from having better technological characteristics
for timber and pulp, has also higher wood density [3, 42, 44]. Additionally, wood
density in a tree varies along its vertical profile [43, 48]. A comprehensive list of
wood density per species can be found in Chave et al. [43] and at ICRAF (http://db.
worldagroforestry.org/).

The evaluation of the biomass components’ proportions per species, stand devel-
opment stage, stand structure, site, and silvicultural practices can improve accuracy
and precision, and reduce the bias in the biomass estimations [39]. Furthermore,
uncertainties are introduced by using volume equations [49].

The allometric functions at tree level result in mathematical functions that are
derived from the relation between biomass (total or per component) obtained from
the direct method (dependent variable) and one or several dendrometric variables,
usually easy to measure, of standing trees (explanatory variables) [3]. The relation
between these two data sets is frequently done by regression analysis. The most used
models are the linear with additive error (y = By + Y_i_,(Bi x x;) + &, where y
is the component or total biomass, x; the i explanatory variable, B; the i model

parameter and ¢ the error term), nonlinear with additive error (y = By x xf % xf ? X

s X x,’? "+e¢,wheren = 1,...,Nis the number of explanatory variables) and nonlinear
with multiplicative error (y = By % xf" X xfz X - X xf“ x &) [3].

Model fitting techniques with least squares or maximum likelihood assume the
independence of residuals, homoscedasticity (or constant variance), and normal
distribution of the residuals. Yet, forest data may not meet the abovementioned
assumptions, due to data spatial, temporal, and/or hierarchical structure [50, 51].
Mixed effects models; combining fixed effects (i.e., related to all the population or
with factors that have repeatable levels), and random effects (i.e., linked to the exper-
imental entities that for a population are taken at random) are an alternative. These
models can be considered an extension of linear models (with only fixed effects) by
the incorporation of random effects. This approach enables to accommodate the vari-
ability within and between the different variables of a model. Mixed effects models
can have a linear formulation (y; = X;8 4+ Z;b; + ¢;,1=1,...,M, where X; and Z;
are fixed and random effects regressor matrices, f§ vector of fixed effects, b; vector of
random effects and ; error vector) or nonlinear (y;; = f (qﬁ,- s Ui j) +ej,i=1,...M,
j=1,...., nj, where g;j is a vector of a specific group of parameters, v;; a covariate
vector, g;; error vector, M is the number of groups and n; number of observations of
the it group) (for details see [50]).

Two issues related to biomass modelling are the functions transformation and
the additivity of the per component and total biomass models. Biomass models
can be fitted in their nonlinear formulation or can be transformed into a linear one
(frequently the logarithm of both equation sides), which is simpler and might reduce
the variance heterogeneity. However, these functions have to be re-transformed in
nonlinear ones to enable to have the predictions in their assessment units [3]. Yet, the
back transformation to nonlinear functions results in bias, thus a correction factor is
used [52, 53], which can be an exponential function of for example the estimated
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mean of a variable and regression variance [3], an average of the mean square error
of site and regression [53], or half of the standard error of the residuals [52].

The wide variability in species traits, site, stand structure, and silvicultural systems
and practices is not only reflected in total biomass but also in the biomass per compo-
nent. The per component biomass allometric equations, to minimise the prediction
errors, should have compatible additivity, i.e., the sum of all components should
be equal to the total biomass [54]. When fitting functions per component or total
biomass the compatible additivity is not always achieved. Moreover, fitting the func-
tions per component does not take into account the correlation between them [54,
55]. This can be overcome with the simultaneous fitting of a system of equations.
Three alternative approaches were developed for linear regression [56] and two for
nonlinear regression [54] to force the sum of per component biomass predictions to
be equal to total biomass one. From those, the most general and with more flexibility
are for linear regression and nonlinear regression, the seemingly unrelated regression
(SUR) and nonlinear seemingly unrelated regression (NSUR), respectively. These
two techniques to force additivity have been widely used (e.g., [8, 55, 57-60]). In
linear (not transformed) functions additivity is relatively easy to obtain [40, 61, 62]
whereas for logarithm transformed variables is not possible [60]. Furthermore, the
additive models seem to have a higher predictive ability for stem and bark than for
branches and leaves [8, 55] which can be explained by the interactions between the
trees in the stand (cf. chapter “Stand Structure and Biomass”™).

The selection of the explanatory variables of the models should ensure that they
will provide predictions that are biologically realistic, which can be done by imposing
restrictions (e.g., model parameters values, value at the origin, maximum, inflection
point, asymptote) [63, 64] to enable the function to have a biological significance.

Explanatory variables can be continuous (e.g., diameter at breast height, dbh, and/
or height, /), binary (also called dummy, which is useful to separate a variable in two
classes, e.g., between sites, composition or structure of the stand) or qualitative (e.g.,
different types of soils) [65]. Typically, it is assumed that the explanatory variables
in a model are independent. Yet, in multiple regression, the criteria of independence
of the variables are not always met [3, 65], due to collinearity (or multicollinearity),
i.e., amongst explanatory variables exist strong dependencies [3]. Multicollinearity
results in imprecise regression coefficients, i.e., include more explanatory variables
than needed, which results in predictions with irregular precision [3, 65]. To tackle
collinearity several alternatives, exist [3, 36, 65, 66]: (i) select the explanatory vari-
ables so that those that are correlated are not included in the model (e.g., using
correlation analysis); (ii) remove explanatory variables from the model that have
strong correlations (e.g., with variance inflation factor, VIF); (iii) a priori combining
explanatory variables (e.g., with principal component analysis, PCA); or iv) combine
explanatory variables in the model equation (e.g., dbhh).

The most frequently used explanatory variables for biomass modelling at tree level
are diameter at breast height and height. Several studies [53, 66—69] demonstrated
that the inclusion of height as an explanatory variable improved the predictive ability
of the biomass functions. This can be explained by the interaction between site and
height. It is known that in better quality sites trees tend to reach higher total heights



Modelling Biomass 129

than in poorer quality sites [53]. Inversely, diameter at breast height seems to be more
related to competition between trees in a stand. Thus, allometric biomass functions
for sites of similar quality, the inclusion of height as an explanatory variable might
not improve model performance. Yet, when developing biomass allometric functions
of sites of different quality, height mitigates their specificity to the site [53, 66, 70],
but has the disadvantage of including and propagating the errors associated with the
measurements of heights [66].

The formulation of biomass allometric functions has to be considered, as some
explanatory variables might have collinearity. One example is the diameter at breast
height and height. Thus, integrating these two variables in one (e.g., dbh*h) over-
comes the collinearity between variables [53, 66, 70]. Other variables that are also
used are related to crown dimensions, namely crown diameter, crown length, crown
width, crown area, crown volume, and live crown [45, 57, 67, 71, 72]; wood density
[48, 66, 67, 73]; age [52]; and base diameter [72, 74].

The allometric functions at tree level are considered the most accurate indirect
method [15, 75-83]. Nonetheless, as many other forest estimation functions, they
have a species and site specific character, which results in a very large number of
available functions. Many allometric functions are also regime, stand development, or
composition specific; some were developed for high forest stands (e.g., [41, 84, 85]),
while others were fitted for coppice stands (e.g., [86—88]), per stand development
stage (e.g., [52, 74]), and per composition (e.g., [72]). For more examples of the
influence of species, stand structure, and site on biomass allometric functions at tree
level see chapter “Overview of the Biomass Models”.

The shortcoming that can be pointed out to allometric functions at tree level is that
the function for a stand has to be chosen according to the species, stand structure,
and site. This is frequently done for boreal and temperate forests. When more than
one allometric function exists, the most suitable one has to be chosen. This can
be a difficult task because more than one equation may exist for a given species,
stand structure, and ecological zone, or, on the contrary, there might be no allometric
equation or those that exist might not be reliable [89].

Conversely, in tropical forests, characterised by mixed stands with high species
richness, it is difficult to acquire data per species, through the destructive method, to
fit the allometric functions. Alternatively, many biomass equations were developed
as a function of a group of species, forest types, and/or bioclimatic zones [90—
92], frequently with the diameter at breast height or diameter at breast height and
height as explanatory variables. The disadvantage of these functions is that they
should only be applied in forests similar to those where the data sets were collected
[93-97] or for species with similar wood density [48, 91, 98], otherwise, bias may
arise. Additionally, environmental variables may also be included in the models,
which makes the use of allometric functions in other regions or forests more difficult
[76, 99].

There is still the case where no allometric equation exists for biomass for a certain
species or of a specific forest. In this case, the biomass allometric functions of the
web platform GlobAllomeTree [100] can be used. GlobAllomeTree is a free soft-
ware (http://www.globallometree.org/), where more than 4600 allometric equations
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were compiled for Europe, North America, and Africa, whenever possible with the
georreferencing of the data used to develop the functions [100]. Nonetheless, due to
their general character, they are not as accurate as the functions that use diameter
at breast height, height, and/or wood density as explanatory variables per species
and/or per site [91, 97, 101]. Another compilation of data and allometric equations
is Biomass and Allometric database (BAAD) which contains a very large database
of dendrometric variables that were structured, organised, and standardised in one
database that can be used to develop biomass functions for 678 species [102].

Area Level

Forest Inventory Data

Biomass for an area can be calculated with conversion and expansion factors [78,
84, 103-105]. While allometric functions are used at the individual tree level, these
factors are used at the stand level (Fig. 3). They are frequently function of one
stand absolute density measure (e.g., stand development stage or age, number of
trees, biomass or, most frequently, volume per hectare). Conversion factors can have
simple (e.g., coefficient between biomass and volume) or complex (e.g., exponential
or other non-linear functions) formulations [78, 103, 105]. Their advantage is that
they require less labour and are used for large areas, while their disadvantages are
related to their lower accuracy, due to the variability of stand structure. For example,
in young stands, volume is frequently not calculated in forest inventories and the
variability between volume and biomass is high [78, 103, 104].

Expansion factors (Fig. 3) can be based only on the forest area attributes (e.g.,
stand structure and/or soil type) or on remote sensing data. The former approach uses
the target area as the multiplier to attain the estimate for a certain absolute density
measure, such as biomass, derived from inventory plots [5]. With this method, the
accuracy decreases with the increase of the forest area and with the variability of
stand structure, topography, soil, and climate [106]. These estimations have accept-
able errors, between 15-40%, being 25% the reference value [39, 107]. Yet, they are
frequently attained for time periods corresponding to those of the forest inventories
(5-10 years). Therefore, the biomass mapping derived from field work is not contin-
uous in space and time. For the latter, a set of thematic maps and K-nearest neighbour
methods are used (cf. Sect. 3). The expansion factor is derived from a constellation
of neighbour pixels, with similar characteristics to the pixel corresponding to the plot
centre [5]. The use of thematic raster maps leads to the improvement of the absolute
density measure estimates (e.g., biomass). This is the result of the inclusion of the
ancillary data, which enables more detail for the target area (by using several forest,
soil, and topographic variables), subdividing it in more homogeneous subareas [5, 9].
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Fig. 3 Biomass indirect estimation methods

Remote Sensing Data

Biomass functions with data from remote sensing have been developed with para-
metric and non-parametric methods (Fig. 4). The parametric models include linear
regression, both single and multiple; and non-linear models, power. The non-
parametric models include k-nearest neighbour, artificial neural network, regres-
sion tree, random forest, support vector machine, and maximum entropy. The single
and multiple linear regression and the power regression were already described (cf.
Sect. 3). The difference is that the explanatory variables are derived from remote
sensing imagery, such as bands, vegetation indices, texture indices, and/or crown
cover. The following paragraphs describe briefly the mostly used non-parametric
models.

Geographically weighted regression (GWR) is a regression method that takes into
account the geographical location of the observations, whether in the plane (X, y)
or space (X, y, z). It uses a fixed or moving window (kernel), depending on the data
distribution function. The weighting is inversely proportional to the distance between
the observations, and for the weighting function, Gaussian or bi-square methods and
fixed or adaptive kernels can be used. For continuous data, the Gaussian method
is the most frequently used. The fixed kernel is used when data presents a random
distribution while the adaptive is used for non-random distributions. The advantages
of this regression method are related to the inclusion of the spatial location while the
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disadvantages are linked to the number of samples and the distance between them
[108-111]

In the K-Nearest Neighbours’ method (K-NN), the estimation of the value of a
certain variable (e.g., above ground biomass) is predicted considering a constellation
of the k nearest neighbours, as a function of the distance (inverse) between the target
pixel and their neighbours. For the weighted distance, several functions can be used,
e.g., Buclidean, weighted Euclidean, Mahalanobis, canonical correlation analysis
based metrics, and canonical correspondence analysis. Accuracy is determined by the
weighted distance function and location between the inventory plots and the satellite
image pixel. Additionally, primordial to the accuracy is the number of explanatory
variables. Though one variable can be used, frequently more than two variables are
used to improve accuracy. The advantages that can be pointed out to this method
are the avoidance of uncertainties related to unbalanced samples and that several
predictor variables can be used. The disadvantages are related to the time needed to
select the most appropriate variables [112-117].

Artificial Neural Network (ANN) is a black box model, that uses several complex
functions that connect the output variable with the input ones through network
training. It is constituted by three groups of layers: input (one), hidden (one or
more), and output (one). Several advantages are referred to this method: explanatory
variables from remote sensing and ancillary (continuous or categorical) can be used;
itis independent of data distribution (e.g., normal distribution); regardless of whether
data is incomplete or imprecise or not, the solutions are robust; provides efficient
and accurate solutions for both linear and nonlinear complex patterns; and physical
limitations of knowledge or representativeness of the biophysical traits are analysed
[118, 119]. Their disadvantages are related to their black box model, i.e., the internal
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mechanism of the relationships between the dependent and explanatory variables
is not disclosed straightforwardly; training and learning the iterative procedures are
required; the number of plots required is large; and when the optimisation of the
parameters is not appropriately done by the algorithm the resulting accuracy may be
poor [15].

Maximum Entropy (MaxEnt) is a black box model belonging to the general
purpose machine learning methods. This method either predicts or infers a target
probability distribution of maximum entropy. Two data sets are needed, one is the
set of sample points and the other is the set of variables such as those of remote
sensing and ancillary. The variables can be continuous or categorical. The advan-
tages of this method are not requiring any assumptions to the input data; can be
efficient with small sample size data; and can be used with presence only data. The
disadvantages are the need of a priori information; and the overfitting that occurs
when constraints are based on the sample data empirical averages, particularly when
the set of environmental variables is very large [120, 121].

Regression Tree (RT) is a tree based model, using a recursive partitioning algo-
rithm, that assembles the input data in clusters with a set of hierarchical criteria. The
clusters are function of the homogeneity of the dependent variable. Overall, three
hierarchical nodes can be identified, i.e., the root at the highest level (the highest
homogeneity), several internal nodes at an intermediate level, and the terminal nodes
at the lowest level. The terminal nodes correspond to the class with the highest
probability for discrete variables, named classification tree, or to the average for
continuous variables, called regression tree. The advantages that can be pointed out
to this method are related to the selection of the variables; the fitting being iterative;
not requiring any assumptions to the input data, can be efficient in the presence of
outliers, incomplete data, and correlation and collinearity between the explanatory
variables; and the output is easy to understand. The disadvantages are twofold; due to
the wide range of variance, when data suffers small fluctuations the output derived is
different; and it tends to result in over estimations for forest stands with low biomass
and under estimations for those with high biomass [15, 122-127]. The improvement
of the accuracy of this method can be done with a data resampling technique, either
bagging (the probability of reaching the following bootstrap has the same proba-
bility for all the observations) or boosting (the probability of reaching the following
bootstrap has a higher probability for those observations that are often mistyped)
[122, 123].

Random Forest (RF) is a tree based model, where a wide range of not correlated
regression trees are constructed iteratively through random bootstrap sampling. Every
tree is created independently without pruning, deriving in a set of nodes. For each
node, a subset of explanatory variables is selected and used to determine the best
split. The definition of the latter is achieved when the largest reduction of the residual
sum of squares among the observations and the average of the node is attained. When
the extent of the trees reaches a maximum, the variance and the bias of trees produced
by the algorithm are high and low, respectively. All the regression trees contribute
to the final output by their average value [128]. It can be used with continuous or
categorical data. The advantages of this approach are not requiring any assumptions
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to the input data; its ability to work with data with high variability; enables working
with a small and large number of input variables; allows using large data sets; and
is robust to overfitting. The disadvantage is related to the possibility of overfitting
when data has a very wide variability (noise) [15, 19, 108, 128-130].

Support Vector Machine (SVM) is a statistical learning algorithm. Input data is
transformed, by support vector regression (SVR) in a n-dimensional feature. The
latter is attained with a nonlinear kernel function (e.g., Gaussian radial, linear, poly-
nomial), which minimises both the error associated with training and the model
complexity. In this approach is of primordial importance the identification of the
meta parameters (kernel, precision, and penalty). The advantages of this method
are the performance optimisation, the overfitting minimisation attained using the
minimisation of the structural risk, and the higher accuracies attained when small
data sets are used for training. The disadvantages are related to the selection of the
better suited kernel and to the difficulty to develop the model if the number of training
samples is large [131-134].

Forest Inventory, Remote Sensing and Geographical Information
Systems

The improvement of remote sensing and geographical information systems allowed
the estimation of some variables, especially forest areas, crown cover (distinguishing
forest from other land use classes based on a minimum crown cover threshold,
frequently of 10%), and stand structures [17, 135, 136]. It enabled the forest inventory
field work rationalisation, through the increase of sample efficiency and the reduction
of error, labour, and costs [5, 6]. During the last two decades, a set of functions were
developed to estimate several stand and forest absolute density parameters, such as
the number of trees, basal area, volume, and biomass per area (e.g., [30-33, 112,
137]).

In the last years, raster maps of forest resources have been produced with national
forest inventory field plots and remote sensing data of passive or active sensors [138].
The accuracy of the maps depends on the target area, less accurate for larger areas
(e.g., country) than for small areas (e.g., management units), and on the type of remote
sensing data, namely 2D or 3D, and on pixel size. Typically, 3D data and smaller pixel
sizes enable higher accuracy but are mainly used in small areas because of processing
time and remote sensing data availability [9]. Although with less accuracy, national
forest inventory data associated with auxiliary data enables the production of forest
resource maps at country level [9]. In this approach, the features of the forest areas
(e.g., number of trees, basal area, volume, and biomass) are predicted on an area basis
(grid cells or pixels), through statistical modelling, most frequently with K-Nearest
Neighbours [139]. The advantages of this approach are: (i) it enables the estimation
of forest variables for cells with no data from field inventory, based on remote sensing
and ancillary data; (ii) it is possible to collect data in short time periods, which enables
obtaining time series data sets and thematic maps with a suite of images from the
same year; (iii) it enables automatic mapping; (iv) it allows working at both high and
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low resolution scales. Their disadvantages are: (i) the low spatial resolution, large
pixels enable a nationwide analysis, but do not have enough precision for decision
making at the management unit level, which requires high spatial resolution data
(frequently not freely available); (ii) poor correlations of data from remote sensing
from passive sensors with forest variables, yet this constraint can be circumvented
by the use of data from active sensors; (iii) the different dimensions that field plots
and pixel size many times have, which is reflected in the accuracy of the models that
in turn is also dependent on the structure and homogeneity of the stands and forests
[9].

Especially for large areas, but also for small ones, the variability and heterogeneity
of the stand structures, crown allometry and ancillary variables (e.g., climate, altitude,
latitude) can result in significant differences in the estimation of the forest variables
[138]. For the enhancement of the model accuracy, three approaches can be used [9]:
(i) when local data is available, it is preferable to use models that can be calibrated
with those data with kriging or mixed models; (ii) to use geographically weighted
regression; (iii) to select data for a determined spatial range using non-parametric
models such as the k nearest neighbours.

4 Models Uncertainties

Uncertainties are inherent to data acquisition and model development (Table 2). The
errors in data acquisition are related to [ 15, 35, 140-145]: (i) forest inventory, in what
regards sampling design and its implementation, tree measuring and data recording;
(i) tree level biomass indirect methods (allometric functions) where two sources of
errors can be pointed out; one is the error of the model and the other is related to
the inadequate selection of the model; (iii) upscaling biomass from tree level to plot
level and to forest areas; iv) remote sensing data, which is related with the errors
derived from the atmospheric conditions, topography (e.g., slope), image corrections
(geometrical, radiometric and atmospheric), data analysis and technical aspects (e.g.,
platforms, scanner motions), level of saturation, effects of the understorey and soil; v)
plot geographical location, linked with errors associated to the determination of the
coordinates of the plots in the field with Global Navigation Satellite System (GNSS)
devices, geometric correction (especially in areas with steep slopes) and discrepancy
between the inventory plots and the image pixels; (vi) size of the inventory plots and
image pixel, associated to field plot areas not being multiple of the image pixel area
or due to trees in the inventory plots boundaries; (vii) temporal displacement, related
to the difference in time between field measurements and remote sensing data.

The second source of error is associated with model development, inherent to the
mathematical representation of biophysical parameters. In forestry it is well known
that most tree features and stand structures have high variability, reason why the
accuracy of the models is evaluated. Typically, one of three methods is used to fit and
validate the models [3, 146, 147]: (i) one data set is divided randomly in two subsets,
one for model fitting and another for validation; (ii) cross validation, where the
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Table 2 Error sources on biomass models (where FI is forest inventory, RS remote sensing, and
GIS Geographical Information Systems)

Error source Data source / method
Direct tree level | Indirect tree level | FI |FI+ RS |FI + RS + GIS

Forest inventory J Vv
sampling design

Tree measurement Vv

Conversion methods

Allometric functions

L] &

NS
SN N S LS L

Remote sensing data

Plot geographical
location

Size of the plots and
pixels

S U R S LG SO LS S S

Temporal difference
between data sets

population is divided in subsets with an equal number of observations and the model
is fitted for each subset, deriving the statistic prediction sum of squares (PRESS);
(iii) two data sets are used, one for fitting and the other for validation. The model
validation with an independent data set from that of the fitting is the best suited
method as it meets the criterion of independent sampling of the two data sets. Yet,
it is frequently not used due to cost and labour. From the other two methods, cross
validation as it ensures the independence of the data to fit the model and to computed
residuals reduces the accuracy overestimation when compared with a method that
splits the data in two data sets, one for fitting and another for validation as both
subsets derive from one sampling design [146, 147].

The most frequently used statistical measures to evaluate accuracy are the coeffi-
cient of determination (R?), the adjusted coefficient of determination (R2aj), and the
root mean square error (RMSE), model bias, model precision, model efficiency, as
well as the graphical analysis of the plots of observed and predicted values, normal
quantile—quantile plots and normality tests [3, 65, 146, 147]. The adjusted coefficient
of determination (Rzaj) and the relative root mean square error (RMSE;) enable the
comparison among studies, as they are a relative measure. Inversely, RMSE is an
absolute measure (e.g., t-ha~!), which does not allow to compare studies directly.
For example, two biomass models with an RMSE of 1 t-ha=!, for two stands one
with 10 t-ha™! and another with 50 t-ha™', the error corresponds likely to different
accuracy. Alternatively, the relative root mean square error (RMSE;) could provide
a straightforward measure to compare different models.

Apart from the aforementioned methods, several others have been used. For
example, four were defined to deal with the uncertainties at the regional and national
levels. In the first approach, error propagation, the variance of the different sources of
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uncertainties are summed, with a first order Taylor series [140]. As no direct interac-
tion exists between different sources of error, this approach may lead to inaccuracies
[148]. The second approach is based on the analysis of the model and is founded on
sampling theory and the principles of the series of Taylor. It enables to calculate the
sampling errors independently of those of the model [148, 149]. Its disadvantage is
that it is dependent on dataset characteristics [150]. The third approach is based on
simulation techniques (e.g., the Monte Carlo method) by attaining the distribution of
probability as well as the model’s parameters estimates [151]. The four approach is
based on simulation techniques (e.g., Monte Carlo) in which the principles of Taylor’s
series are associated. It enables the separation of the sampling error from that of the
model and reduces the model parameters’ effect variability [150]. Another method
to tackle uncertainties is via covariance matrix for parameters estimates [67].

In literature, many statistics, apart from the abovementioned, have been used to
evaluate the accuracy and uncertainties of the models (e.g., [143, 152]). The major
drawbacks that can be pointed out are the number of different statistical measures
used; the same terms are sometimes used for different statistical formulations; and
formulas are not always provided in the studies. The inclusion of the formulas and
statistical measures providing relative measures for accuracy are suggested as they
enable the comparison between studies.

Errors vary depending on input data and their variability. Relative errors ranging
from 5 to 30% have been reported in the literature [140]. Additionally, the level of
accuracy is linked with the target area. While at regional scale the threshold is set at
90%, and at national or global scale is set at 80% [15].

5 Final Considerations

Biomass modelling has a key role in the assessment, monitoring, and prediction of
the total or per component biomass (e.g., [3, 60]). It can also be used to fit biomass
residues functions, that would substitute the estimations per utilisation rates between
different biomass components. For example, [153] developed nonlinear models
with good performance of recoverable biomass at tree level species-dependent with
diameter at breast height as explanatory variable.

Data sets are of primordial importance in modelling to enable selecting the best
suited explanatory variables and at the same time tackle collinearity amongst them
(e.g., [65, 66]) and uncertainties related to their measurement and acquisition (e.g.,
[35, 143]). Moreover, the specificity of each dataset origin (destructive sampling,
forest inventory, remote sensing, and/or ancillary) has also its own acquisition speci-
ficities and associated uncertainties that should be taken into consideration when
selecting the modelling methods (e.g., [15, 141]).

The wide range of variables available along with the different spatial scales
resulted in a large variety of models. The modelling approach is also linked with
the stand structure, site (edaphic and climatic conditions), objectives of modelling
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(including use and model uncertainties), and available data (some variables acqui-
sition may be constrained by site, atmospheric conditions, stand structure or costs)
(e.g., [6, 15]). Additionally, the modelling approach is also related to biomass use
(e.g., timber, pulp, and paper, bioenergy). Thus, there is a continuous development
of models for estimating biomass that have the primary goal of accommodating the
variability and dynamics of biomass in space and time. In general, there is an increase
in complexity of the models, which reflects the heterogeneity of the forest stands and
enables the reduction of the uncertainties of the models (cf. Sect. 3 and Sect. 4).

The direct method can be classified small spatial scale as it is mainly used to
estimate individual tree biomass and long term temporal scale (Table 1) due to its
cost and labour. Yet, it is of the utmost importance to develop tree level indirect
methods. The indirect methods can be used at the three spatial and temporal scales
(Table 1). However, due to the stand structure heterogeneity bias increase with the
increase of the spatial scale (cf. Sect. 3).
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Abstract The diversity of species, tree allometry, and stand structure makes
modelling forest biomass a challenge. At tree level diameter at breast height, and
height are the most frequently used explanatory variables. Yet, other variables that
encompass the variability in tree allometry due to species, stand structure, compe-
tition between trees, and site allow better performances of the biomass models.
Similarly, at area level, the biomass functions have large variability in the data and
explanatory variables used for modelling. This is due to the differences in species,
stand structure, and their correlation with the remote sensing data. The combination
of different remote sensing data sets from passive and/or active sensors linked with
ancillary data enabled to improve models’ performance. Furthermore, a wide set of
mathematical methods have been used to capture the stands and forests diversity and
variability and accommodate it in the models to improve predictions. Overall, the
wide range of biomass models corresponds to a continuous need to develop biomass
functions that enable assessing, monitoring and predicting total or per component
biomass.
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1 Introduction

The biomass estimation functions reflect the variability of the stand structure (cf.
chapter “Stand Structure and Biomass”), the data sets available and the mathemat-
ical methods and techniques (cf. chapter “Modelling Biomass™). The biomass models
can be, according to the data sets used, broadly grouped in: tree level and area level.
Tree level functions have as explanatory variables dendrometric, tree classification
systems and, sometimes, absolute density variables. These allometric functions are
most frequently derived from destructive sampling. The area level functions are based
on the former to obtain the biomass (dependent variable) with data from forest inven-
tory, whereas the explanatory variables are from forest inventory, remote sensing and
ancillary. The remote sensing data is dependent on the sensors (passive or active),
and its spatial resolution and temporal resolution. The passive sensors data includes
spectral bands, vegetation indices and texture indices while the active sensors data
comprise bands, point clouds and indices. Many ancillary variables have also been
used in biomass modelling, including topographic (altitude, slope, aspect), climatic
(precipitation, temperature) and soil (pH, texture, depth).

The main difference between volume and biomass is that volume evaluates the
mass that can be used for timber while biomass is of more general application as
it evaluates not only stem but also crown and root system mass. Volume modelling
preceded biomass modelling due to its importance in the evaluation of timber yield of
stands and forests. Biomass has been gaining importance as a parameter to evaluate
biomass and carbon sequestration and sustainability of forest areas. Furthermore,
in forest systems where the main production is not timber, the volume has little
importance, conversely to biomass that can be used in all forest types.

Reflecting the diversity of stand structures, data sets and mathematical methods,
there has been a wide range of studies that developed biomass estimation functions.
In this chapter some examples will be given of the models developed at tree level
and at area level with data from destructive sampling, forest inventory, and remote
sensing, for both passive and active sensors and ancillary data. The goal of this
chapter is to present the diversity of biomass models, their potential use, and their
advantages and disadvantages.

2 Functions at Tree Level

Biomass has been having the attention of researchers as a way to evaluate forest
sustainability, yield, biomass and carbon stocks [1, 2]. The most frequently used
explanatory variables in the biomass functions at tree level are diameter at breast
height and total height, though other variables such as wood density and crown area
have also been used [3-5]. At tree level, single and multiple linear regression and
nonlinear regression (exponential) are the most frequent functions [6].
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Many biomass allometric functions at tree level have been developed for different
species and stand structures. Most are linear or exponential functions. Their number
is related to uncertainties encountered when calculating biomass. The biomass allo-
metric functions have been usually fitted per species [7-13]. This is a consequence
of the growth patterns of each specie (cf. chapter “Stand Structure and Biomass”).
The regime also introduces differences in the growth and allometry of the individual
trees. As a consequence, biomass functions were developed for high forest individ-
uals (e.g., [7-10, 12-16]) and coppice individuals (e.g., [17-24]). For high forest
stands several authors analysed and compiled biomass allometric functions at tree
level, with the best accuracy, for 39 forest species in Europe ([13]; 65 [12] and 85 [9]
in North America; 40 in Australia [8], 102 in South America [11] and 8 for mixed
tropical American, African and Asian forests [7]. For Australia, Keith et al. [10]
revised more than 100 equations, improved some of them and stressed the need to
improve their accuracy.

For some forest areas, especially in tropical forests, is not always possible to fit
biomass functions per species. Inversely, functions have been developed per group of
species, or even with groups more broad, like the forest type or the bioclimatic zones.
The groups of species are defined according to the species traits, such as patterns
of growth, density of wood and the species’ habits. The drawback of this method is
that accuracy might decrease and bias increase when compared with the allometric
functions per species [25-32].

The influence of the variability in tree allometry, due to species, stand structure,
social status, stand development stage (age), regime and site were studied. Tabacchi
etal. [33] modelled above ground biomass, at national level, for the 25 most important
species in Italy, with destructive sampling, using linear regression with a weighted
function. The authors referred that above ground biomass estimates were unbiased.
Yet, the authors pinpointed two problems: (i) individual tree allometry variability,
caused by the geographical gradients coupled with the low number of sampled trees
for some species, might explain the error level; and (ii) though the use of weighted
regression overcome the heteroscedasticity of the residuals, error distribution did
not meet the normality criterion, thus, in general, the intervals of confidence are not
valid. Mankou et al. [4] also found that species traits affected tree biomass allom-
etry in a study of 54 species in 8 sites in Africa. Mixed effects models were able
to accommodate diameter at breast height, height, shade tolerance (shade intolerant
species had lower crown ratios than shade tolerant ones), and wood density (which
seems to be linked to the direct relation between crown and stem diameters) vari-
ability [4]. The inclusion of crown and/or height as explanatory variables in biomass
models (mixed effects) for 10 Eucalyptus spp. plantations in 24 sites in Australia,
increased the accuracy of the allometric equations at tree level, in particular for the
foliage component. Crown dimensions or height may express, in biomass models,
the competition effects between trees, which in turn are dependent on stand structure
(e.g., density, composition, stand development stage) or site (edaphic and climatic
conditions) [34]. For Pinus contorta var latifolia plantations, with different ages
(20-87 years), variability among 37 sites was detected and minimised with mixed
effects models, by the inclusion of height as explanatory variable [35].
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Apart from diameter at breast height, other variables amongst which stand devel-
opment stage, are determinant in the model accuracy. In mixed stands with three
different development stages (young, mature and old) the inclusion of the species
and the stand development stage as explanatory variables in biomass models attained
better performances than just with diameter at breast height and height. Moreover,
mixed models fixed and random effects accommodated better the variability in
biomass than the linear models, reaching better performances [36]. Silvicultural
practices such as control of spontaneous vegetation and fertilisation were tested for
their effect on estimating biomass with mixed effects models for Pinus ponderosa
plantations in young stands in three sites. Both control of spontaneous vegetation
and/or fertilisation resulted in the increase of biomass per stand, especially in poor
quality sites. Yet, in biomass modelling, while the site had a significant effect, silvi-
cultural practices did not, implying that the site was a better predictor of biomass
than silvicultural practices [37]. Jorge et al. [38] developed biomass allometric func-
tions for Quercus suber with a joined data set from Portugal, Spain and Tunisia,
using seemingly unrelated regression (SUR) with diameter at breast height, with
and without height and a dummy variable for the country as explanatory variables.
The models with the best performance were those with all the explanatory variables.
The increase of accuracy by the inclusion of height in the model was that it enabled
to accommodate the variability of the diameter at breast height/height relationship,
due to competition whereas the dummy variable for the country accounted for the
variability of tree allometry due to stand structure, silvicultural practices as well as
site variability.

In Europe, Annighofer et al. [39], considering the areas with young stands, iden-
tified the need to have biomass allometric functions for seedlings and saplings. The
authors collected data from 19 European forest species and developed specific and
generic allometric functions, with root collar diameter or height or the combination
of both variables. Similarly, Jagodziriski et al. [16] identified bias in the estimation
of biomass with the existing allometric functions for young Pinus sylvestris stands
and developed new functions with improved accuracy. Sillett et al. [40] developed
and compiled a large set of allometric functions at tree level for several species. The
authors identified the need to develop functions considering climatic areas, stand
composition, tree social status and stand development stage, to improve the models’
accuracy, due to the difference in biomass increments [40]. Li and Zhao [41] for
Cunninghamia lanceolate in China improved the existing allometric functions with
diameter at breast height as explanatory variable, considering the vertical stand profile
divided into 2 to 5 height classes. The best performance was attained with three height
classes. Paul et al. [15] developed, for Australian forest stands, allometric functions
considering or not the specificity of species, genus and growth habit. They concluded
that, as species and site introduce variability in the tree allometry, at a local level the
best accuracy was attained by the allometric functions species and site specific while
at regional level the generic functions were better suited.

The coppice regime corresponds to tree habits different from those of the high
forest, reason why specific coppice biomass allometric functions were developed.
Reed and Tomé [17] fitted models for coppice Eucalyptus globulus stands in Portugal
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with and without irrigation and referred that the development of models for irrigated
and non-irrigated stands improved the performance of the models, due to the different
growth patterns of the poles. Oliveira and Tomé [24] also for Eucalyptus spp. stands
in Portugal stressed that dominant height, age and regime improved model accuracy.
The different pole growth habits occurred not only for different species but also
for different clones. Vande Walle et al. [19] developed allometric functions for four
species while Zabek and Prescott [18] and Dillen at el. [42] did it for clones of
Populus spp. and Salix spp. As referred, high forest and coppice regime derived in
different tree biomass partitioning, which resulted in the development of biomass
allometric functions for coppices of Castanea sativa, Quercus frainetto, Quercus
cerris and Quercus petraea [20, 43, 44].

The differences in biomass partition and their effects on biomass modelling
were studied for high forest stands of 13 species and 39 sites with nonlinear
models. Though similarities were observed between species, there were differences
in biomass partitioning between broadleaved and conifer species (with higher vari-
ability for the former than for the latter) along with the variability of wood density
per species. The species specific allometric equations were better suited than group-
species aggregations. The biomass models with diameter at breast height and height
as explanatory variables attained better performances than those with nonlinear
seemingly unrelated regression, due to the increase of bias [45].

Modelling 4-15 years old Picea abies plantations with mixed effects models indi-
cated that 2/3 of the model variance was due to interactions between the trees in the
stands whereas the remaining 1/3 was due to variability among stands. The alloca-
tion patterns were considered the main factors in the variability of biomass between
trees in a stand. The proportion of crown biomass was interlinked with competition
within the stand, hd (the ratio between height and diameter at breast height) was
site related (better quality sites had higher hd at early stages of development) and
wood density. As a result, the formulae that better described the aforementioned rela-
tion was a compound explanatory variable with both diameter at breast height and
height (dbh’>h). Moreover, it seemed that for small young trees (in contrast to large
trees) the primordial factor of specificity to the site was the patterns of allocation of
photoassimilates to roots, needles and branches [46].

Many other examples could be given that emphasise the specificity of the biomass
functions at tree level. Overall, there seems to be a trend towards linear and exponen-
tial biomass equations; the functions’ accuracy improves when they are specific to
the species, clones, regime, composition, structure, stand development stage or age,
site and tree social status; and the generic functions are better suited for the regional
level for a similar performance than the local level functions.
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3 Biomass Functions with Remote Sensing Data

The diversity of models to estimate biomass with satellite image data reflects the
spatial and temporal scales, the species, the stand structure, the forest inventory,
the remote sensing sensors and the mathematical methods (cf. chapter “Modelling
Biomass”). The range of variables derived from satellite images (including the combi-
nation of data with different spatial resolutions and/or passive and/or active sensors)
and the variety of mathematical models to fit the functions are related to a constant
search to improve the accuracy of the models.

Biomass Functions with Passive Sensors Data

Passive sensors can be classified by their spatial resolution in three broad classes,
low spatial resolution (pixel larger than 500 x 500 m), corresponding to the
sensors National Oceanic Atmospheric Administration-Advanced Very High Reso-
Iution Radiometer (NOAA-AVHRR), and Moderate Resolution Imaging Spectrora-
diometer (MODIS); medium spatial resolution (pixel size between 10 x 10 m and
30 x 30 m), corresponding to Landsat, Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER), Sentinel-2 and Satellite pour I’Observation de
la Terre (SPOT) sensors; and high spatial resolution (pixel smaller than 5 x 5 m),
corresponding to Geoeye, IKONOS, Quickbird, WorldView and Pleiades sensors.

The passive sensors with low spatial resolution have been used to derive biomass
models. Linear regression was used by Al-Bakri et al. [47] to developed a biomass
function for arid and semi-arid climate in Jordan (Africa) for herbaceous, shrub and
arboreal strata with NOAA-AVHRR sensor data. The best performing model had
vegetation indices as explanatory variables. Li et al. [48] used random forest (RF) to
model the biomass of a bamboo forest in subtropical China, using MODIS (spatial
resolution of 1000 m) with a time series, including spectral bands and Leaf Area
Index (LAI) product. The authors referred that the inclusion of LAI as explanatory
variable greatly improved the model accuracy, due to LAI being able to reflect the
bamboo growth. MODIS, climate, topographic, soil data, central coordinates of the
raster cells and distance metrics with K-Nearest Neighbours (K-NN) and random
forest, for boreal forests in China were used by Zhang et al. [49]. The performance
of the models with single month or with a time series data had similar performance.
Moreover, accuracy depended on the species and the stand structure variability. K-
nearest neighbours model was able to account for disturbances like fire and harvest,
and was considered a useful tool for large scale monitoring. The accuracy of this
model for young and early mature stands was similar to that derived from Light
Detection and Ranging (LiDAR) data.

Blackard et al. [50] used both MODIS and Landsat TM along with climatic and
topographic data with regression tree to model biomass at country level for United
States of America and Puerto Rico. Overall, the models had a good performance
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being comparable to those obtained by plot estimation and conversion/expansion
functions. Yet, under and over estimation of biomass occurred for stands with low
and high density, which was related to satellite image data saturation. The authors
stressed the importance of presenting uncertainty maps along with those that predict
biomass. Propastin [51] combined MODIS and Landsat ETM+ sensors for Indonesia
tropical forests with linear regression where spectral bands were the explanatory
variables. The combination of the two sensors’ spectral bands enabled to map with
accuracy large forest areas, which was not feasible with only Landsat ETM+ data.

The need to improve accuracy led to the use of medium spatial resolution satellite
image data. Steininger [52] used Landsat TM and linear and nonlinear (exponential)
regression for tropical forests in Brazil and Bolivia. Contrasting results were observed
among canopy reflectance/biomass for the two countries due probably to the low sun
angle of the Bolivian satellite images, the age of the forest stands and the difference in
the canopy structure. In Bolivia shading effect was smaller on the upper canopy than
in Brazil, explaining, at least partially, the weak correlation between age and biomass.
Additionally, the contrasting patterns among the stands of Brazil and Bolivia could be
related to the differences in the canopy structure composition of the stands. The best
performance model was the linear model with reflectance as explanatory variable.
Landsat 7 ETM+ was used by Zheng et al. [53] with multiple linear regression for pure
and mixed forests of conifer and broadleaved species in Wisconsin, United States of
America. The above ground biomass model with medium spatial resolution aimed to
discriminate the forest management practices and stand development stages (in three
classes: young, intermediate and mature). The models’ performance improved when
conifer and broadleaved species were fitted separately. This was due to different
correlations between biomass and the explanatory variables. While the broadleaved
species biomass had stronger correlations with stand stand development stage (or
age) and near-infrared reflectance, for the conifers the strongest correlation was with
the Normalized Difference Vegetation Index (NDVI).

With Landsat 7 ETM+, Gasparri et al. [54] modelled biomass in a semi-arid
region in Argentina, with linear and non-linear models and vegetation indices as
the explanatory variables. The best performing model was the linear with NDVI as
explanatory variable, which was related to the sparse density resulting that NDVI
did not reach saturation levels, and was sensitive to traits related to the absorption
of photosynthetically active radiation. Landsat TM and neural networks were used
by Foody et al. [55] in Malaysia, with vegetation indices as explanatory variables.
The authors concluded that the fitting method was suited to model biomass with
accuracy. For tropical forests in Brazil, Thailand and Malaysia, Foody et al. [56]
used Landsat 4 and 5 with multiple linear regression and neural networks algorithms,
where vegetation indices were the explanatory variables. The best performing models
were attained with neural networks fitted per site. The variability of the forests
between sites and their influence on the spectral signal explained the variation in
accuracy.

Powell et al. [57] used Landsat time series (1985-2006) with Reduced Major
Axisregression (RMA), Gradient Nearest Neighbour imputation (GNN), and random
forest, for forest stands in Arizona and Minnesota, United States of America. The
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explanatory variables considered were spectral bands, tasselled cap indices, vegeta-
tion indices, topographic variables and climate variables. It was not clear whether
one regression method was superior to another. Random forest was the best model
in error minimisation, while for maintaining the variation (e.g., old growth forests)
reduced major axis regression or gradient nearest neighbour imputation had better
performances, and for the maintenance of the covariance of structure forest attributes
gradient nearest neighbour imputation should be chosen. The authors stressed the
importance of plot and scene validation, and that the Landsat time series enabled
a consistent evaluation of the dynamics of biomass accurately. Maps of forest
disturbances and biomass made the bridge between temporal dynamics of biomass,
including the regrowth, and accuracy.

Zhu and Liu [58] used Landsat time series, with simple linear, multiple-linear
(SML), Partial Least Squares (PLS), Reduced Major Axis (RMA), random forest
and Artificial Neural Network (ANN) regression for temperate forest stands in Ohio,
United States of America. The explanatory variables considered were NDVI at the
time frame (different seasons). In autumn the correlation between NDVI and above
ground biomass was stronger than in the peak season. The time series highlighted
the importance of the NDVI to make the bridge to the trees’ phenological phase. The
accuracy of the models improved with the use of time series. Different modelling
methods had similar accuracies which indicated that they did not play a key role
in the improvement of the models’ accuracy. The different models had weaknesses
and strengths, thus the selection should be dependent on the use. The advantages of
passive sensors were that they were easily accessible and had a wide temporal range.
Yet, the models’ accuracy might be lower than those with active sensors data.

ASTER sensor was used by several authors to model biomass. Ferndndez-Manso
et al. [59] for Pinus pinaster in Spain, used multiple linear regression. The best
performance model included as explanatory variable the fraction images from Linear
Spectral Mixture Analysis (LSMA), which much improved its performance. This
model can be used at regional level for monitoring biomass, carbon sequestration
and management practices. Heiskanen [60] used linear and non-linear regression for
forest stands in Finland. The best models had Simple Ratio index (SR) or NDVI
vegetation indices or reflectance canonical correlation analysis as explanatory vari-
ables. Linear and nonlinear models had similar performances. The authors indicated
as possible sources of bias the understorey vegetation and the reflectance of the
background. Poulain et al. [61] for Nothofagus pumilio stands in Chilean Andes
used linear and nonlinear regression (exponential). The explanatory variables were
simple ratio index and the vegetation cover fraction. As in the former study, the
performance of the linear regression was better than the nonlinear one.

Random forests were used by Pham and Brabyn [62] with SPOT 4 and 5 (fusion
with panchromatic spectral bands -10 m spatial resolution) with a 12 year time series
(2000-2011) in mangrove forests in Vietnam. Vegetation type and texture improved
models’ accuracy for complex forest systems like mangroves. Random forest was
suited for modelling above ground biomass with a small number of plots. The increase
in the image classification accuracy (e.g., with ancillary data) improved the models’
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performance. Plot location might originate bias, which could be reduced by placing
the plots in large homogeneous patches.

Linear regression and Sentinel-2 data were used by Askar et al. [63] to model
above ground biomass for tree forest species in Indonesia with vegetation indices
as explanatory variables. The explanatory variables were the Normalised Difference
Index attained with bands 4 and 5 (NDI45) and Enhanced Vegetation Index (EVI).
The authors stated that these two vegetation indices had a better performance in
linking the biophysical parameters of vegetation (NDI45) and dense vegetation (EVI,
as it was able to reduce the effect of atmosphere and canopy background). Random
forest was used by Pandit et al. [64] with Sentinel-2 in modelling biomass in forest
stands in Nepal. The explanatory variables considered were the spectral bands and
vegetation indices. Though the model had a good performance the authors stated that
spectral texture indices might improve model accuracy.

High spatial resolution (Geoeye, IKONOS, Quickbird, WorldView and Pleiades)
passive sensors have been used for smaller areas than low and medium spatial reso-
Iution remote sensing data, for modelling biomass with high accuracy. Quickbird
sensor was used in several studies. Leboeuf et al. [65] used linear regression for
Picea mariana stands for three sites, in Canada. The model had shadow fraction as
explanatory variable, and similar performance at the three sites, which was consid-
ered efficient for mapping. The authors pointed out that the methodology was easy to
apply, and as local regressions were similar among the three sites it was possible to
derive a generic function. Sousa et al. [66] and Macedo et al. [67] used linear regres-
sion to model above ground biomass in Quercus rotundifolia stands in Portugal.
The former used crown horizontal projection as explanatory variable while the latter
used vegetation indices (the best model had the median simple ratio as explanatory
variable). When comparing both studies it seemed that crown horizontal projection
was a better predictor than the vegetation indices. This could be, at least partially,
explained by stand structure; one layer, low density, with many free growth trees.
Sousa et al. [68] used multiple linear regression to model above ground biomass in
Quercus rotundifolia and Quercus suber stands in Portugal, with crown horizontal
projection (total and per species) and dummy variables for the stand composition.
Overall, the best model included the total crown horizontal projection and dummy
variables for the species.

Quickbird and WorldView were used in other studies. Gongalves et al. [69] used
multiple linear regression to model above ground biomass in Quercus rotundifolia,
Quercus suber and Pinus pinea stands in Portugal, with crown cover (total and per
species) and dummy variables for the stand composition as explanatory variables.
The best model had as explanatory variables the total crown cover and dummy vari-
ables for composition. The function reflected the variability among species and stand
structure. Moreover, as modelling was based on a square grid the estimations should
use the same grid dimension. Gongalves et al. [70] used multiple linear regression
for Pinus pinaster stands in Portugal, with crown horizontal projection as explana-
tory variable. A time series of satellite images (2004, 2007 and 2011) was used to
evaluate the temporal dynamics of the stands. It enabled the evaluation of growth as
well as of fire effects on above ground biomass. Lourengo et al. [71] for Quercus
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rotundifolia, Quercus suber and Pinus pinea modelled above ground biomass with
random forest and the spectral bands, vegetation indices and texture indices (Grey-
Level Co-occurrence Matrix) and crown horizontal projection (vegetation mask) as
explanatory variables. The explanatory variable with the highest relative importance
was Grey-Level Co-occurrence Matrix, followed by the vegetation indices and the
spectral bands. Moreover, the explanatory variables calculated with the vegetation
mask had a stronger relationship with above ground biomass. This was related to the
stand structure (including low density) and irregular spatial distribution of the trees
in the stands (both in clusters or isolated).

Biomass has been modelled for mangrove forests in China with Pléiades and
single and multiple regression by Wang et al. [72]. The best performance model had
as explanatory variables texture indices. The authors’ main conclusions were that
the variability captured by texture variables was larger than that of the spectral ones;
the window size determined the sensitivity of the texture variables with accuracy
increasing with the window increase; and when texture and spectral variables were
associated, the accuracy of the model decreased.

Random forest was used by Ploton et al. [73] with Pléiades in tropical forests
in French Guiana, Africa and India, with texture indices (Fourier and lacunity),
principal component analysis, site and forest type as explanatory variables. The goal
was to derive a generalised biomass model based on a canopy texture index that
could be used at local and global levels. The performance of the model improved
with lacunity and bioclimatic as explanatory variables, that captured the variability
of hd. The drawbacks found were related to the variability of the tree height and
slenderness, which could not be evaluated using remote sensing 2D canopy texture
metrics. Jachowski et al. [74] used GeoEye-1 and ASTER sensors data with support
vector machine algorithms, in mangroves in Thailand. Higher errors were observed
for higher biomass ranges, indicating the need to improve the existing models. Also,
it was a good tool for monitoring forest systems.

Biomass Functions with Active Sensors Data

Active remote sensing sensors have been used to acquire forest stand variables,
especially for areas where forest inventory plots are scarce, due to stand structure and/
or topographic features, cost and labour. The main goal is acquiring active sensor data
and fitting biomass estimation functions with high accuracy. Two main active sensors,
Radio Detection and Ranging (RaDAR) and Light Detection and Ranging (LiDAR)
have been used either independently or a combination of both, to derive a wide range
of variables. Their combination showed the potential to develop continuous detailed
maps at global and regional scales [75].

Synthetic Aperture RaDAR (SAR) was used to model forest biomass in several
studies. Santos [76] used logarithmic and polynomial functions for Amazon tropical
forest in Brazil. Both models had a suitable performance. The Iterated Conditional
Modes (ICM) classification originated accurate above ground biomass mapping.
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Solberg et al. [77] utilised linear and exponential regression for Picea abies and
Pinus sylvestris stands in boreal forests in Norway. The best model was the linear
and the saturation effect did not occur. The higher accuracy was attained with digital
terrain model of high quality derived from Airborne Laser Scanning (ALS) which
outperformed the digital terrain model derived from topographic maps. Moreover,
accuracy slightly increased when the boundaries of the stands were removed from
the analysis.

Other studies focused on LiDAR. Linear regression was used by Lau et al. [78]
with Terrestrial Laser Scanning (TLS) and destructive tree sampling, to model
biomass at tree level, in tropical forests in Guyana. The best model included crown
diameter as explanatory variable while the inclusion of height had a worse perfor-
mance. Salum et al. [79] used linear regression, for mangroves in Guaras Island in
Brazil. The model with canopy height as explanatory variable had the best perfor-
mance. The model enabled to detect the differences between different species which
had diverse morphologies and allowed the mapping above ground biomass. Yet, its
use in other mangroves could not be extrapolated due to species morphologies vari-
ability. For mangroves in other regions, it should be carried out the calibration of the
model.

Esteban et al. [80] modelled biomass and their dynamics in time with Airborne
Laser Scanning and random forest, at an area level, for Spanish and Norwegian
temperate forests. The authors concluded that the relationship between biomass and
remote sensing data were described adequately with random forest; the biomass
estimations with random forest models had a better performance than the expansion
based estimations; and the bootstrapping influenced the performance of the model,
with wild bootstrapping being the better suited.

Biomass and its variability in time were studied by Knapp et al. [81] with LiDAR,
and a forest model (FORMIND), with linear regression, nonlinear regression (expo-
nential) and random forest, for tropical forests in Panama. Linear regression models
had bias, while the other two methods did not. The two latter models had similar
performance. It was considered a tool to monitor biomass in time, but further improve-
ments are needed, as it was not able to detect small variations in biomass. Swatantran
et al. [82] developed biomass models with Laser Vegetation Imaging Sensor (LVIS)
and Airborne Visible Infrared Imaging Spectrometer (AVIRIS) with linear (single
and multiple) regression for Mediterranean forests in California, United States of
America. The models with LVIS data had good performances, improving when
species were stratified. The models with the fusion of the data of the two sensors and
with each sensor alone did not had significant differences in the derived maps. LIDAR
derived variables were suitable when no species stratification was made while the
hyperspectral derived variables were better suited when species stratification was
done. LiDAR data and ancillary variables (e.g., Gini index, wood density), with
multivariate regression (nonlinear regression), for tropical forests in Panama, French
Guiana, Gabon, and temperate forests in United States of America and Germany
were used by Knapp et al. [83] to model biomass. The models’ performance was
good. It was highlighted the importance of the explanatory variables (e.g., height,
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density, vertical heterogeneity and wood density) in the biomass predictions as well
as interactions that originated those relationships.

Biomass was also modelled with data from both RaDAR and LiDAR. Nelson
et al. [84] modelled biomass with airborne BioSAR RaDAR and PALS LiDAR
with linear (single and multiple) regression for Pinus taeda pure even-aged stands
with closed canopies in North Carolina, United States of America. The models with
explanatory variables derived from LiDAR were more accurate than those of RaDAR,
whereas those with both sensors’ data did not improve accuracy when compared with
those of LIDAR. Nasset et al. [85] used LiDAR, Interferometric Synthetic Aperture
RADAR (InSAR), and aerial photographs, with linear and nonlinear regression for
Picea abies, Pinus sylvestris and Betula pubecens stands in boreal forests in Norway.
The modelling was done at three levels, district, village and stand. The explana-
tory variables considered were the height metrics (LiDAR and InSAR), canopy
density metrics (LiDAR), and strata as function of age and composition of the stands
(aerial photographs). Models with LIDAR data outperformed those of InSAR. The
error sources were linked to the time displacement between InSAR data and forest
inventory.

Tsui et al. [86] used Advanced Land Observation Satellite and Phased Array L-
band Synthetic Aperture RaDAR (ALOS PALSAR), RaDARSAT-2 and LiDAR with
multiple linear regression to model biomass in Pseudotsuga menziesii and Tsuga
heterophyla stands in a temperate forest in Vancouver Island, British Columbia,
Canada. Stem biomass had the strongest relationship with LiDAR data while crown
had the lowest; and the combination of horizontal and vertical polarisation (HH
and VYV, respectively) backscatter from RaDAR had the strongest correlation above
ground biomass. When to the best model of LIDAR was added the C-band of RaDAR
there was an improvement in the performance of the model; and the best biomass
model was attained with InSAR coherence magnitude of repeated passes and the
combination of the C and L bands. Montesano et al. [87] developed biomass functions
with LiDAR, SAR and linear and nonlinear (power) regression for boreal forests in
Maine, United States of America. The results indicated variability in accuracy and
uncertainty across the biomass gradient of the studied area. The spaceborne and
airborne sensors had an overall trend towards error reduction with the increase of
biomass (especially from 0 to 60 t-ha~') and spaceborne data had lower accuracies
than airborne. The spaceborne data did not enable the estimation of biomass with
sufficient accuracy (error 50—-100% for biomass <80 t-ha~'). Tanase et al. [88] used
Polarimetric L-band Imaging Synthetic Aperture RaDAR (PLIS) and ALS LiDAR
with multiple linear regression to model biomass in Callistris glaucophylla and
Eucalyptus microcarpa stands in New South Wales, Australia. The models with
LiDAR explanatory variables had smaller errors than those of RaDAR; for stands
with biomass between 30 and 100 t-ha™! the error between both sensors was around
9%; and the models with explanatory variables of both sensors did not derived in the
improvement of the model. The choice of the most appropriate sensor was dependent
on the desired accuracy, forest area, time range and costs. The most suited models
for forest management were those with LiDAR explanatory variables as they were
the most accurate for all biomass ranges. Omar et al. [§9] used SAR and Sentinel-1A
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with single and multiple linear regression in tropical forests in Malaysia. The best
model had explanatory variables from both sensors while the models with only one
sensor had worse performance. Schlund et al. [90] modelled biomass for several
forest types in Indonesia with SAR and LiDAR, forest inventory and digital terrain
model data with linear regression. The authors stressed the importance of SAR data to
estimate the variability of the canopy height and its effects on above ground biomass
modelling.

Biomass Functions with Passive and Active Sensors Data

Biomass modelling with passive sensors, due to their characteristics and constraints
(cf. Sect. 3) might not enable to achieve the desired model performances. Simi-
larly, active sensors (cf. Sect. 3) characteristics in a different way might also result
in models with accuracies below the desired thresholds. The combination of vari-
ables derived from both passive and active sensors have been used to overcome the
constraints and improve the model’s accuracy.

Shendryk et al. [91] developed biomass functions with SPOT-5 and LiDAR, and
linear regression for conifer-dominated forests in Sweden. The accuracy of the model
was reasonable with the fusion of LiDAR and spectral data, with the best accuracy
achieved with a grid of 3 x 3 m. This method can be used in other conifer stands
and to monitor development and disturbances in time. Sun et al. [92] used LVIS,
SAR ALOS PALSAR, Landsat ETM+ and ASTER with single and multiple linear
regression in mixed broadleaved and conifer species forests in Maine, United States
of America. The wavelength of the RaDAR constrained the accuracy of the biomass
models. The best performing model was the multiple linear regression with height
from LVIS as explanatory variable and was considered the reference for biomass
values. The biomass models with SAR variables as explanatory variables derived
from a time series had a similar performance to that of LVIS variables. Yet, the
differences between the models could be due to the biomass samples not covering
the total range for the existing stand structures; and to the gap of time between the
forest inventory and SAR and LVIS data acquisition.

Lucas et al. [93] used Landsat TM (1988-2016), Synthetic Aperture RaDAR
(SAR) (1988-2016), Interferometric Shuttle RaDAR Topographic Mission (SRTM)
X/C-band (2000), TanDEM-X-band (2010-2016) and WorldView-2 (2016), in
mangroves in Malaysia, with linear and nonlinear regression. The nonlinear regres-
sion was considered the best model. The time series enabled the quantification of
biomass dynamics, including those resulting from silvicultural practices such as
thinning and regeneration. Brovkina et al. [94] modelled biomass with high spatial
resolution hyperspectral (HS), airborne laser scanning and fusion between hyper-
spectral and LiDAR data, for temperate forest stands in Czech Republic, with linear
and nonlinear regression. The model with the highest uncertainties was the one with
HS data as explanatory variables, while the best performance was attained with the
explanatory variable derived from the fusion of HS and LiDAR.
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Multiple linear regression and the combination of several remote sensing data
were used to develop biomass models. Persson [95] used Pléiades and ALS in boreal
forests in Sweden, with explanatory variables the height metrics, principal component
analysis (PCA) of spectral bands and texture metrics. The most important variables
were the height metrics while the latter two gave similar information. Yet, most
models included all variables types. Basuki et al. [96] utilised Landsat-7 ETM+ and
PALSAR in mixed tropical forest, in Indonesia. The fusion of the images improved
above ground biomass estimation and discrete wavelet transform was a key vari-
able to improve qualitatively and quantitatively the performance of the model. Phua
et al. [97] used Landsat 8 OLI, airborne LiDAR for tropical forests in Malaysia. The
model with the highest accuracy included explanatory variables of both sensors. The
authors highlighted that: Landsat 8 OLI texture measures had a higher correlation
with biomass than the vegetation indices probably due to saturation; LIDAR penetra-
tion variables identified the differences in the canopy structures of the different types
of stands; and Landsat 8 OLI and LiDAR explanatory variables of the developed
model improved the accuracy when compared with the models with explanatory
variables of only one sensor. Berninger [98] combined data from ALOS PALSAR,
ALOS-2 PALSAR-2, Sentinel-1, airborne LiDAR, Digital Elevation Model (DEM)
from the Shuttle RaDAR Topography Mission (SRTM), MODIS hotspot information
(product MCD14DL) and European Space Agency (ESA) Climate Change Initiative
(CCI) land cover maps, for tropical forests in Indonesia. A time series of 3 years
was used, deriving in one model per year, with polarisation ratios as explanatory
variables. The accuracy improved by using a time series and enabled the evaluation
of the dynamics of biomass.

Other studies used random forest with a fusion of different remote sensing data.
Cortés et al. [99] used Landsat, ASTER, LiDAR in Pinus radiata, Eucalyptus glob-
ulus and Nothophagus glauca stands in Chile. The best performing model was the
one with the combination of Landsat and LiDAR variables while the combination
of Landsat and ASTER ones performed worse than the former. For Pinus radiata
and Nothophagus glauca the best correlations and smaller errors were attained when
canopy structure was included in the model. Also, the accuracy of the models seemed
to be related to the accuracy of the canopy height estimations. In the case of Euca-
lyptus globulus the LiDAR point density did not seem to be dense enough which
derived in under estimations of the stand height. Huang et al. [100] used Landsat
TM, MODIS, PALSAR, ICEsat/GLAS (Ice, Cloud, and land Elevation Satellite,
Geoscience Laser Altimeter System) in pure and mixed stands, at country level, in
China. The model enabled to produce an above ground biomass map of 30 m of
spatial resolution. The overall biomass estimations were similar to previous ones
based on forest inventory and conversion factors. The uncertainties of the devel-
oped model were related to the biomass derived from allometric models with forest
inventory data and the estimation of heights with spaceborne LiDAR. The study
highlighted the use of spaceborne LiDAR to extend the forest inventory plots (of a
limited number) to a wider set of GLAS data. It also evaluated, on a large scale, the
importance of multi-seasonable Landsat and PALSAR data to improve the model’s
accuracy.
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Chi et al. [101] modelled above ground biomass for high diversity forests (four
types) in a temperate climate in China, with Landsat ETM+ and ICESat/GLAS. The
model performance was good, enabling to detect the variability of the different types
of forests. Ghosh and Behera [102] used Sentinel-1A and Sentinel-2A for Shorea
robusta and Tectona grandis stands in a tropical forest in India. The best model had
vegetation indices and SAR backscatter as explanatory variables. The combination
of the two Sentinels’ enabled a good accuracy for forests with high density. Matasci
et al. [103] utilised Landsat TM and ETM+ and LiDAR for boreal forests in Canada.
The model with explanatory variables of all sensors enabled deriving accurate maps
both detailed and for large areas. Kashongwe et al. [104] used Landsat 8, LiDAR in
tropical forests in Democratic Republic of Congo. For modelling three options were
taken, using dry season image, using wet season image and both images. The model
with both images had the best performance.

Guerra-Hernandez et al. [105] combined data from ALS, ICESat-2, Sentinel-1
and 2, ALOS PALSAR and Shuttle RaDAR Topography Mission (STRM) to model
and map the above ground biomass with random forest, for Mediterranean forests in
Central-West Spain. The five forest types considered were agroforestry systems of
Quercus spp., and stands of Quercus suber, Quercus ilex, Pinus pinaster and Pinus
pinea. The above ground biomass models with explanatory variables of ICESat-2
and ICESat-2 and ALS data had good performances, though the latter was better
than that of the former. The ICESat-2 model accuracy enables its use when neither
field inventory nor ALS data is available, at large scale level.

A set of mathematical models have been tested with the goal of developing accu-
rate biomass models. Kattenborn et al. [106] developed biomass models for pure
and mixed stands for German temperate forests with random forest and generalised
additive models, generalised boosted regression models and boosted version of the
generalised additive models. Data from WorldView-2 and LiDAR and digital surface
models derived from SAR were used with two field sampling designs, a cluster and
a non-cluster. The best models had one or two explanatory variables (from the 26
initial ones). The random forest models were the best. Additionally, the cluster design
enabled the models to detect the relationship between the remote sensing variables
and field surveys. Moreover, clustering seemed to have a smooth effect in the field
samples, which enabled to compensate the effect of the outliers. One drawback
was the overestimation and underestimation for areas with low and high biomass,
respectively. This was explained by the low availability of field samples.

Other mathematical models have been tested, such as k-nearest neighbours,
maximum entropy, geographically weighted regression (GWR), artificial neural
network, and support vector regression (SVR). Andersen et al. [107] used Landsat,
LiDAR, and SAR with bootstrapping approach and k-nearest neighbours for forest
stands in Alaska, United States of America. The biomass estimates with k-nearest
neighbours method outperformed substantially that of the bootstrapping approach.
Tian et al. [108] modelled biomass with SPOT-5, ALOS PALSAR, airborne LiDAR
and k-nearest neighbours and multiple linear regression in a cold arid region in North-
west China. Linear regression performance was very poor, except when explanatory
variables included LiDAR ones. The suited model was k-nearest neighbours as it was
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possible to map biomass with accuracy with SPOT data which was less expensive
than LiDAR. The more homogeneous the stands were the better results were attained.
Carreiras et al. [109] used ALOS PALSAR data, WorldView-2 to derive crown cover
and regression tree algorithms, for Miombo savannah in Mozambique. The model
performance was good and it enabled the prediction of biomass per pixel. However,
two drawbacks were referred to, one was related to validation, which could have
underestimated the error, and the other was related to the sampling design, which
did not consider samples with more than 50% crown cover.

Saatchi et al. [110] used Geoscience Laser Altimeter System (GLAS), LiDAR and
MODIS with maximum entropy algorithm, for tropical forests, all over the world.
A map was derived for all tropical forests with a standard methodology to enable
the analysis within this forest type with accuracy, both for above and below ground
biomass as well as carbon. The model uncertainties were smaller for African and
Asian forests (25% and 26%, respectively) than for South American forests (49%).
The uncertainties were larger at the management unit scale (5%) than at the country
level (1%). Chenetal. [111] modelled above ground biomass for forests in a temperate
continental monsoon climate in China, with Sentinel-1 and Sentinel-2 with geograph-
ically weighted regression, artificial neural network, support vector regression and
random forest. Support vector regression model with sequential minimal optimisation
outperformed the other models in what concerns spatial prediction and mapping. The
variables better suited to explain the variability of biomass were the textures derived
from Sentinel-1 and the vegetation biophysical variables from Sentinel-2. In addition,
for forest stands with high biomass there seemed to be a saturation of Sentinel data.
Chen et al. [112] for forests in a humid continental climate in China, used Sentinel-1
and Sentinel-2 and linear regression, geographically weighted regression, artificial
neural network, support vector regression and random forest. The best model for
prediction and mapping of above ground biomass was that derived from random
forest. The authors concluded that more important for accuracy were the explana-
tory variables rather than the fitting algorithms, and that linear regression was more
dependent on the explanatory variables than the machine learning methods. Castillo
et al. [113] modelled above ground biomass for mangrove forests in the Philippines
with Sentinel-1 and Sentinel-2 with linear regression and 17 non parametric models
(among others, random forest, regression trees and k-nearest neighbours). Some of
the non parametric models outperformed the linear regression while others did not.
The explanatory variable that resulted in an overall better accuracy was LAI derived
from Sentinel-2, while the spectral bands of the passive sensor had lower accuracy.
The models based on SAR had higher accuracy for areas with low crown cover.

Biomass was modelled for Cerrado (grassland and savannah) in Brazil by Zimbres
etal. [114] with forest inventory, LIDAR, Landsat and ALOS data using classification
and regression trees (CART) and random forest. The random forest model had better
accuracy for an above ground biomass range of 50-100 t-ha~! whereas CART had
better accuracy for lower and higher above ground biomass ranges. Moreover, data
from passive sensors were able to detect differences in density that enabled to separate
dense and sparse vegetation while the active sensor data allowed for the separation of
the different tree habits. Su et al. [115] developed models of above ground biomass
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for natural forests and plantations, under tropical climate, in China. The authors used
forest inventory, Landsat, ALOS PALSAR and digital elevation data with random
forest and co-kriging. It was stressed the importance of texture measures in above
ground biomass modelling in stands with complex composition and structure, and of
vegetation indices to reduce the background influence. The above ground biomass
modelling with ALOS PALSAR data had some constraints due to L-band saturation
at circa 150 tha~!. Random forest overestimated and under estimated above ground
biomass for small and large values, respectively. The combination of random forest
and co-kriging outperformed the random forest models.

4 Final Considerations

There have been developed a large set of biomass models at tree and area levels. The
diversity of the models reflects the variability in species, stand structures, site and
data available for modelling and modelling approaches (cf. chapter “Stand Structure
and Biomass”). Yet, the comparison between different models is not straightforward
as most studies use R?> and RMSE. Only a few studies consider relative measures
like relative RMSE (cf. chapter “Modelling Biomass”). For example, two models
can have similar RMSE, but one has relative RMSE double the other. Another issue
when analysing the accuracy of the models is that the statistics are not defined in
the text, metrics with the same name have different formulations and there are no
standard methods to evaluate accuracy and precision.

The set of examples of biomass models with destructive sampling, forest inventory,
remote sensing and ancillary data presented reflected the need to search for the best
possible accuracy. In spite of the diversity some observed trends can be pinpointed: (i)
at tree level, model accuracy is dependent on tree biomass partitioning, which in turn
is dependent on stand structure, thus species, regime, composition, structure, stage
of development, tree social status and site specific models tend to be more accurate
(e.g., [16, 24, 35, 40]); (ii) at area level, the model accuracy depends on the stand
structure and their variability, the wider the gradient of the stand structure the lower
the accuracy (e.g., [49, 69]); (iii) the selection of the explanatory variables has to
consider the statistical algorithm, especially in what concerns data normality criterion
and/or collinearity among variables (e.g., [6, 83, 116]); (iv) good accuracy can be
attained with different mathematical methods, stressing that method might not be of
primordial importance to achieve good accuracy (e.g., [45, 117]); (v) remote sensing
passive sensors data has the advantage of their accessibility and temporal range when
compared with active sensors (e.g., [118, 119]); (vi) accuracy of the models derived
from remote sensing passive sensors increase from low to high spatial resolution,
and when time series and/or more than one sensor are used (e.g., [S1, 62]); (vii)
models accuracy depends on the target area, low, medium and high spatial resolution
are suited for large scale and medium and small scales, respectively (e.g., [97, 119]);
(viii) models derived from remote sensing active sensors data tend to have higher
accuracy than those with remote sensing passive sensors data, especially for complex



164 A. C. Gongalves and A. M. O. Sousa

stand structures (e.g., [100, 101]); (ix) models with explanatory variables from remote
sensing passive and active sensors tend to have higher accuracy than those with
only explanatory variables from one sensor, due to the complementarity among the
variables of the two sensors (e.g., [97, 102]); (x) models accuracy frequently improves
with the combination of forest inventory, remote sensing and/or ancillary data (e.g.,
[77, 98)).

Funding This work is funded by National Funds through FCT—Foundation for Science and
Technology under the Project UIDB/05183/2020.
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Forest Biomass as an Energy Resource )

Check for
updates

Isabel Malico

Abstract Biomass is a highly versatile and reliable source of firm, renewable
energy, capable of generating heat, power and various biofuels. The technolo-
gies used to convert biomass into fuels or energy can be broadly divided into
two categories: biochemical and thermochemical. Biochemical pathways for forest
biomass conversion into fuels still face techno-economic challenges, requiring further
research to make them economically attractive. In contrast, thermochemical conver-
sion processes, including gasification, pyrolysis and combustion, are well suited for
forest biomass conversion, with several technologies having reached a fully commer-
cial stage. Combustion, the most common and mature thermochemical pathway,
converts forest biomass into heat, power, or combined heat and power. While tradi-
tional, inefficient and polluting methods are still used for burning forest biomass,
modern, cleaner, and more efficient combustion technologies are available and in use.
Some pathways based on gasification and pyrolysis are also commercially viable,
providing solid, liquid and gaseous biofuels. These options offer versatility across
combustion systems, heat engines, fuel cells and synthesis applications. This chapter
provides a comprehensive overview of forest biomass as an energy source, covering
processing technologies, technology readiness levels, fuel characteristics and pre-
treatment methods. It emphasizes the potential and challenges associated with using
forest biomass for sustainable energy production.
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1 Introduction

Bioenergy was already used by early hominins who foraged fire for resources through
the landscape around two million years ago and, later on, both early modern humans
and Neanderthals resorted to sophisticated fire technologies [1]. By the end of the
first industrial revolution, biomass was still the main source of energy used to support
human activities—In 1850, it provided more than 80% of the global primary energy
supply [2]. However, the industrial revolution, driven by access to coal, changed this
paradigm [3]. Coal was available in large amounts and provided a denser fuel than
fuelwood, allowing a positive feedback between its use and extraction, the steam
engine, iron and steel production and the transportation system [3]. By the turn of
the twentieth century, coal was already the most widely used energy source [2].

During the last century, energy end-use technologies and energy sources have
diversified. First, oil emerged as an energy source, steadily increasing its share in the
global energy supply and replacing coal as the main energy source around the 1970s;
then, natural gas gained relevance [2]. Figure 1 shows the world total energy supply
by source in the last 50 years and the today’s relatively even distribution among crude
and oil products, coal, natural gas and the rest of the energy sources [4, 5].

At the beginning of the twenty-first century, fossil fuels still dominated the energy
landscape and were the most commonly used energy sources; however, global envi-
ronmental concerns have led to an increased use of renewable energies and the re-
emergence of biomass as an energy source in advanced economies. Despite this resur-
gence, the share of biomass is far from the values it had less than two centuries ago.
The contribution of bioenergy to the world total primary energy supply is currently
around 10% [6]. If the traditional bioenergy is not considered a renewable energy
source, modern biomass represents only about 6% of the world energy supply, which
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Fig. 1 World total energy supply by energy source from 1971 to 2020. (Data source [4, 5])
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corresponds to approximately half of the global renewable energy supply (cf. chapter
“Introduction to Forest Bioenergy”). Of all the possible sources (e.g., wood, sewage
sludge, municipal solid wastes, industrial and agricultural residues), forest biomass
is, by far, the most used nowadays and, therefore, has a very important contribution
to the worldwide renewable energy share [7].

Some of the advantages of using biomass instead of fossil fuels may be: (@) its
renewability; (if) the fact that it is considered carbon neutral; (iii) its local nature,
which, among others, contributes to energy security; (iv) the reduction of pollutant
emissions and waste; (v) possible energy cost savings and sustainable local economic
development (e.g., [8—12]). However, at this point, it is important to say that the
overall sustainability of bioenergy depends on several factors, including the feedstock
and conversion technology used and the location and scale of production [13, 14].

Biomass is a highly versatile and flexible source of renewable energy that can
produce heat, power and fuels in a more reliable manner compared to other renew-
ables, such as wind or solar energy, since it is not weather-dependent [15-17].
Moreover, biomass can be stored and utilised in similar ways to fossil fuels [18],
which further enhances its flexibility and convenience as an energy source and partly
explains its dominance as a renewable energy source.

Because of its characteristics, bioenergy plays an important role in the heat,
electricity and transport sectors and is particularly relevant for hard-to-decarbonise
sectors. The largest and most direct use of forest biomass is for the production of
heat (for which bioenergy is very suitable), but the share of forest biomass for the
production of electricity (electrical power) is also relevant [19]. On the other hand,
the penetration of forest biomass as a source for the production of biofuels used in
the transport sector is still not a reality, although it is a promising pathway. In 2020,
90% of the total energy consumed for transport came from biofuels [7] that were not
produced from forest biomass. They are mainly first-generation biofuels, produced
from food crops or vegetable oils; the share of second-generation biofuels is still very
small and mainly produced from wastes, such as municipal solid wastes or animal
and oil wastes [20].

This chapter presents an overview of forest biomass as an energy source. Section 2
covers the most relevant processing technologies for the conversion of forest biomass
into energy and fuels, their applications and their readiness levels. The most relevant
characteristics of forest biomass as a fuel are then described, followed by a description
of the most relevant pre-treatment methods (upstream conversion technologies). The
chapter ends with some final considerations.

2 Forest Biomass Conversion Technologies

As already mentioned, one of the advantages of forest biomass over other renewable
energy sources is its versatility, since it can satisfy various needs by being converted
into different products (electricity/power, heat and biofuels that may be stored for
later use). The available processes involved in converting forest biomass to energy
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Fig. 2 Conversion paths for the production of fuels, heat and power from forest biomass

or fuels can be broadly categorised as biochemical and thermochemical (Fig. 2);
however, the technological readiness level of each process is very variable.

Technology maturity is an important factor to take into consideration when
choosing the most suitable technology to convert forest biomass into fuels or a
useful form of energy in a specific application. Yet it is not the only one, and others,
such as the properties and quantity of the resource, end-use requirements, environ-
mental standards, local economic conditions, and support schemes, can also play an
important role in determining the optimal technology choice. In this context, taking
the best advantage of the forest biomass available requires in-depth knowledge of all
these factors and the available conversion technologies.

Biochemical conversion processes involve the use of microorganisms to break
down biomass into alternative fuel forms that are appropriate for use in different appli-
cations, including transportation. The most commonly used biochemical biomass
conversion processes are anaerobic digestion and fermentation [21], which result
in the production of, respectively, gaseous and liquid biofuels. Anaerobic diges-
tion technologies are, per se, mature pathways used to convert organic matter to
biogas, a gaseous fuel mixture mainly composed of methane and carbon dioxide.
The process occurs in an oxygen-depleted environment and is most commonly used
for the combined production of heat and power [22]. Historically, the most used feed-
stocks were animal manure and sewage sludge from wastewater treatment plants [23],
but the last decades have seen a rise in the market for biogas from solid substrates
[24], and, more recently, lignocellulosic biomass, including forest residues and wood
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from energy crops, has drawn much attention as a possible feedstock for anaer-
obic digestion [25]. However, the digestion of lignocellulosic biomass still faces
several challenges related to the complexity of its structure [25], and more research
is essential to make this conversion pathway attractive [26, 27].

Fermentation technologies are also mature when used to convert organic matter
rich in directly fermentable sugars or starch into ethanol, a liquid biofuel [28];
however, the techno-economic challenges for the conversion of lignocellulosic
biomass by fermentation are complex, and further research is required [28]. Major
issues involved in the fermentation of lignocellulosic biomass are: (i) the need for
extensive pre-treatment to yield fermentable sugars [29]; (ii) the low concentrations
of ethanol, which require large amounts of energy for downstream separations and
ethanol purification [30] (iii) the presence of both pentose and hexose sugars in the
fermentation broth [31]; and (iv) the presence of toxic compounds that may act as
inhibitors [31]. The technology has reached a demonstration stage at an industrial
scale, but the few existing projects struggle to thrive [32]. It is foreseen that policies
aimed at decarbonising the transport sector and moving away from refined oil prod-
ucts will push oil refineries to potentially adopt entirely new business models, among
them those based on the biochemical conversion of biomass to biofuels, typically
via fermentation systems [33]. Additionally, minimum blending rates for advanced
biofuels imposed in some countries will directly benefit the expansion of cellulose
ethanol [34].

Combustion, by far the most common biomass conversion route [35, 36], is one
of the available thermochemical pathways for the conversion of biomass into energy.
It is a mature technology widely used to convert biomass into heat, power or heat
and power simultaneously (combined heat and power, CHP) [37]. The conversion of
forest biomass into energy by combustion involves the reactions between biomass and
an oxidant, typically air, to produce heat (and, subsequently, power, if desired). The
process can be carried out by means of a wide range of, often very different, technolo-
gies that cover a broad spectrum of capacities. Chaps. Biomass for Domestic Heat
and Biomass for Industrial and District Heating describe some of these technologies.

Essentially, two distinct ways of burning forest biomass exist: one so-called
traditional and the other modern [38]. In 2021, the traditional use of biomass
(e.g., firewood, charcoal), generally burned in basic and inefficient processes and
a source of environmental concern, was still significant worldwide [6] (c¢f. chapter
“Biomass for Domestic Heat”). Nevertheless, technology and market developments
have led to commercially available, highly improved biomass combustion systems
[39], which are mainly employed in countries with advanced economies and techno-
logical capabilities that are actively pursuing the development of modern combustion
technologies (e.g., in Northern Europe and North America) [40].

Together with combustion, gasification and pyrolysis constitute the other commer-
cially available forest biomass thermochemical conversion technologies [41]. Gasi-
fication is an endothermic process used to convert biomass into a low molecular
weight combustible gaseous mixture that varies in composition and name depending
on several factors, such as the gasifying agent and gasifying conditions used (typical
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temperatures are 800—1500 °C [42]). When the gasifying agent is air, the typical gasi-
fication product is producer gas, which mainly contains carbon monoxide, hydrogen,
nitrogen, carbon dioxide, methane and water vapour [43]. On the other hand, syngas,
a gas mixture of predominantly hydrogen and carbon monoxide, is the product of the
gasification process if oxygen and steam are used as gasifying agents and the gasi-
fication is followed by gas separation [44]. Carbon dioxide can also be a gasifying
agent, but the process currently has some limitations and has not been established at
an industrial scale [45]. Usually, the term syngas is widely used and understood in the
context of gasification when referring to the gaseous products from any kind of gasi-
fication process, irrespective of the proportions of the various product components.
This is the term used throughout this book, even though it is not strictly correct.

The heat required for gasification can be obtained by the partial oxidation of
the feedstock (in this case, the process is called autothermal or direct) or indirectly
provided by the gasifying agent or heat exchangers (the gasification process is named
allothermal or indirect gasification). The latter typically results in syngas with a larger
heating value (12-20 MJ-Nm™3), whereas when partial oxidation exists, the syngas
has a significantly inferior heating value (4—7 MJ-Nm~3 when air is the gasifying
agent and 1012 MJ-Nm™> when oxygen is used) [46].

Syngas is a more versatile fuel than the original solid forest biomass [41]. The
combustible mixture produced through forest biomass gasification can be used as
a fuel in a combustion system [43, 47-49], fed into a fuel cell [50, 51] or into a
Stirling engine [52-54] to produce energy, or, if its nitrogen content is low [49],
for the synthesis of substitute natural gas [55], high-quality liquid fuels [12, 31, 56,
571, chemicals [31, 58] or purified to produce hydrogen [59]. Of all these possible
routes, forest biomass gasification used in conjunction with combustion is the only
one that is commercially available [44]. Heat, power and CHP systems are available
on the market [60—-63], but nowadays small-scale CHP gasification units dominate
[64]. Even though forest biomass gasification has the potential to produce a variety
of value-added fuels and chemicals, commercial deployment of the existing tech-
nologies has been hindered by a range of intractable issues [65] and the technologies
have only reached the demonstration phase [63, 66—68].

If forest biomass is heated and thermally decomposed in an inert atmosphere, the
thermochemical process is termed pyrolysis [69]. However, partial oxidation may
still occur, for example, because biomass naturally contains oxygen or because old
kilns lack tightness [70]. As biomass is heated, its temperature will increase. In a first
stage, up to 150-200 °C, the water contained in the fuel will vaporise and around 200
°C pyrolytic decomposition starts, ending at temperatures of 500—700 °C [71]. Most
of the reactions involved in this process are endothermic, so heat must be externally
supplied [71].

In pyrolysis, three types of products may be obtained: bio-oil, non-condensable
gases and charcoal/biochar (the distinction between charcoal and biochar mainly lies
in terms of intended uses [70]). Depending on the process conditions, the formation
of a particular phase can be favoured. If the heating rate is high and the residence time
is short, the liquid phase (bio-oil) is the main product obtained, and the process is
named fast pyrolysis [72, 73]. On the other hand, if the process occurs at a moderate
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temperature with a low heating rate and a longer residence time, it is called slow
pyrolysis and the solid phase (charcoal or biochar) is sought after [72—74]. The
process can occur at intermediate or more extreme conditions (intermediate and flash
pyrolysis), but these are not so common [73]. The range of reaction temperatures in
pyrolysis is wide but typically lower than those in gasification (300-1000 °C, [73]).

The slow thermal degradation of forest biomass is the conventional pyrolytic
process. Indeed, carbonisation, which is a slow pyrolysis with maximum tempera-
tures between 350-700 °C [71], has been used for the production of charcoal since
prehistory [75] and is a commercial technology still used nowadays in many coun-
tries, especially in Africa, Asia and the Americas [76]. Charcoal is mainly used as a
fuel for cooking, heating and steel production [70]. The traditional process consists
of slowly heating a pile of wood covered with plant material and earth to make char-
coal [77]. In the traditional process, the yields of the various gaseous, liquid, and
solid products are not controlled; the yield of charcoal is low; internal heating based
on the partial combustion of the wood is usually employed; and the gases produced
during pyrolysis are not used [76, 77]. The quality and yield of charcoal/biochar can
be enhanced through the use of improved technology and operating conditions [78,
79]. While the majority of earlier studies on slow pyrolysis used an inert gas as the
pyrolysis medium, often nitrogen, using carbon dioxide to substitute the inert gas
in pyrolysis has attracted a lot of attention in recent years because of its apparent
benefits under certain operating conditions, among which are an increase in biochar
yield and an enhancement of important biochar characteristics for environmental and
agricultural applications [80].

Other types of reactors that operate at moderate temperatures (~500 °C) and short
residence times (<2 s) have been developed to maximise bio-oil yields [72, 78, 81].
Bio-oil can be a substitute for heavy fuel oil or coal, light fuel oil, gas oil, and vacuum
gas oil when directly combusted in boilers, furnaces, gas turbines or compression-
ignition engines [81, 82]. This is arelatively simple process, but it has low added value
[81], and the low quality of bio-oil as a fuel makes its commercialisation difficult
[31]. Bio-oil is composed of highly reactive oxygen-containing species, which result
in its immiscibility with hydrocarbon fuels, a low energy density and instability
during storage [82]. Upgrading bio-oil to replace gasoline and diesel seems more
attractive since these are high-quality fuels; however, further process development
is required [31, 81]. The production of higher-value chemicals is also an interesting
option to improve the competitiveness of fast pyrolysis, but further research is also
needed [81]. Another strategy for the utilisation of bio-oil could be its co-processing
in conventional refineries [31]. This would reduce the costs of introducing second-
generation biofuels into the market since existing refineries would be used.

The common strategies based on fast pyrolysis concentrate on the valorisation of
the bio-oil, while the other by-products are usually used to generate process heat,
despite the availability of more valuable uses [12]. For instance, biochar can be
used for soil amendment [83—-85], long-term carbon sequestration [73, 86] or the
production of activated carbon [87, 88] among other valuable products. On the other
hand, the non-condensable gases are hydrogen-rich and can be purified to hydrogen
[12]. The integration of all these processes in a single plant may be a way of improving
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the profitability of pyrolysis plants [12]. Only a few forest biomass fast pyrolysis
plants have so far reached a commercial stage [89]. The technology has been proven
and commercialised for natural gas and heating oil substitution, but great care must
be given to the logistics of feedstock acquisition and product applications [81] and
economic feasibility is the key factor in the development of commercial pyrolysis
[90]. On the other hand, technologies for upgrading fast pyrolysis bio-oil to drop-in
fuels and coproducts have not reached the commercial stage [81, 91].

A last note on gasification and pyrolysis of forest biomass: While they are ther-
mochemical processes, they can be used in conjunction with biochemical processes,
such as fermentation or enzymatic hydrolysis, to convert syngas and bio-oil, respec-
tively, into biofuels, biochemicals or other value-added products. This presents some
advantages since, for example, fermentation is more flexible, requires lower temper-
atures and pressures and requires less gas cleaning than thermochemical processes
[12].

Another promising thermochemical conversion technology is hydrothermal
processing, which involves processing biomass in water slurries at moderate or high
temperatures (160-750 °C) and high pressures (2-28 MPa) to convert organic mate-
rials into useful fuels or chemicals [92-95]. Depending on the process temperatures
and pressures, high-value plant chemicals (e.g., resins, phenolics), carbohydrate,
hydrochar (a solid carbonised product), liquid hydrocarbons (biocrude) or gaseous
products are obtained [94, 96]. Hydrothermal processing is suitable for treating wet
biomass materials without drying [92]. Three main process groups are hydrothermal
carbonisation, hydrothermal liquefaction and hydrothermal gasification [93]. At this
point, however, more research is needed before large-scale hydrothermal processing
plants are developed [94, 95, 97].

Table 1 summarises relevant available pathways for the production of bioenergy
or biofuels, some of their typical advantages and disadvantages compared to the other
bioenergy routes and their commercial application, when appropriate. Only modern
combustion systems were considered when producing this table, but it should be
mentioned that the advantages and disadvantages mentioned in the table should be
critically interpreted. Within each pathway, a variety of available technologies and
energy system configurations exist. Therefore, what is generally an advantage or
disadvantage for a certain conversion pathway may not be so for a specific system
configuration within this pathway. Other important factors to take into consider-
ation are different feedstock characteristics (even when focusing the analysis on
forest biomass alone), the specific context of the application (e.g., location, scale) or
that, sometimes, a problem can be turned into an advantage (e.g., even though the
ash produced in biomass power plants raises environmental concerns and handling
issues, opportunities also arise and ash might be utilised not only in conventional
applications such as agriculture, construction and the cement industry but also in
novel applications such as nanotechnology in industrial catalysis and environmental
applications [98]).
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Table 1 Summary of relevant available conversion processes for bioenergy or biofuel production
from forest biomass

Process Brief Advantages Disadvantages | Commercially
description available?
Combustion | Forest biomass | Simple technology Relatively low | Yes. The process
for heat, is oxidised, Mature technology electrical is
power or usually with air, | Relative low capital efficiency well-established
combined to produce heat | costs Flue gas to produce heat,
heat and that can be used | Fuel flexibility treatment electricity or
power directly and/or | Good scalability systems are combined heat
production converted to Reduced risk required and power
power Allows the use of Ash production,
existent fossil-fuel which requires
based technologies proper handling
and disposal
Gasification | Forest biomass | Higher electrical High capital Yes. The process
associated is converted to a | efficiencies compared to | cost is already
with combustible gas | direct combustion Technical commercially
combustion | that can be systems complexity used to produce
for heat, combusted to Fuel flexibility Gas cleaning heat, electricity,
power or produce heat Syngas is more versatile | required when | or combined heat
combined that can be used | than forest biomass and, | used for power | and power (the
heat and directly and/or | therefore, can or combined last two
power converted to potentially be used in heat and power | associated with
production power more efficient and production internal
cleaner energy systems | Stirling engines | combustion
Allows the use of may be sensible | engines)
existent fossil-fuel to impurities in
based technologies the syngas
Gasification | Forest biomass | Increased electrical High capital No
associated is converted to a | efficiency when cost
with fuel combustible gas | compared to Technical
cells for that, after clean | gasification-combustion | complexity
power or up, can be fed systems Requires
combined into a fuel cell to intensive gas
heat and produce power clean up
power or combined upstream of a
production heat and power fuel cell
Degradation of
fuel cells

(continued)
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Table 1 (continued)
Process Brief Advantages Disadvantages | Commercially
description available?
Gasification | Forest biomass | Syngas can be used High capital No
for fuel is converted into | directly or upgraded to | cost
production a combustible multiple fuels that can | Technical
gas, syngas, that | be used in a broad complexity
can be further variety of applications, | Stringent
processed to including transportation | syngas quality
other advanced | Syngas and upgraded requirements
biofuels fuels can be stored and | Syngas
transported transportation
Growing demand for and storage
advanced renewable involves high
transportation fuels capital costs
Syngas needs
further
upgrading in
many added
value
applications
Slow Forest biomass | Charcoal has high In the traditional | Yes. Slow
pyrolysis for | is slowly heated | energy density process small pyrolysis is
fuel in an inert Charcoal can be more yields of commercially
production atmosphere to | efficiently stored and charcoal are used for charcoal
mainly produce | transported than forest | produced production
charcoal/ biomass
bio-char Bio-char can be used for
a variety of applications
Fast pyrolysis | Forest biomass | Bio-oil can be used High capital Yes, but only a
for fuel is rapidly heated | directly or upgraded to | costs few forest
production in an inert multiple fuels that can | Technical biomass fast
atmosphere to | be used in a broad complexity pyrolysis plants
mainly produce | variety of applications, | Bio-oil needs have so far
bio-oil that can | including transportation | further reached a
be further Liquid biofuels can be | upgrading in commercial
processed to more efficiently stored | many added stage
other advanced | and transported than value
biofuels forest biomass applications

Technology well
developed

Growing demand for
advanced renewable
transportation fuels

(continued)
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Table 1 (continued)
Process Brief Advantages Disadvantages | Commercially
description available?
Anaerobic Forest biomass | Biogas is a versatile fuel | Lignocellulosic | No
digestion for | is digested by that can be used in a biomass is not
heat, power | microorganisms | broad variety of easily digested
or combined | in an oxygen conversion processes Relatively slow
heat and depleted Produces a nutrient-rich | process
power environment to | digestate that can be Sensitive to
production produce biogas | used as fertiliser inhibitors (e.g.,
that can be heavy metals
directly used to present in wood
produce heat, waste and those
power or resulting from
combined heat pre-treatments)
and power
Anaerobic Forest biomass | Biogas can be upgraded | Lignocellulosic | No
digestion for | is digested by to biomethane, a biomass is not
fuel microorganisms | valuable and versatile easily digested
production in an oxygen renewable gas, Relatively slow
depleted substitute of natural gas | process
environment to | Simpler process design | Sensitive to
produce biogas | than other inhibitors (e.g.,
that can be thermochemical or to heavy metals
further biochemical process to | present in wood
processed to convert biomass to waste and those
other biofuels biofuels resulting from
Produces a nutrient-rich | pre-treatments)
digestate that can be High capital
used as fertiliser costs
Fermentation | Forest biomass | Produces versatile fuels | Lignocellulosic | No
for fuel is converted into | that can be used in a biomass is not
production biofuels by broad variety of easily fermented
microorganisms | applications, including | Extensive
such as yeast transportation pre-treatment is
and bacteria Growing demand for required
advanced renewable Energy and
transportation fuels water intensive
Technical
complexity

High capital and
operating costs
Relatively slow
process
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3 Properties of Forest Biomass Fuels

The choice of the most suitable biomass energy conversion pathways is highly depen-
dent on the properties of the resource and, therefore, knowledge of these properties
is fundamental to taking the best advantage of forest biomass as an energy source.
Commonly, forest biomass is used for energy purposes with little or no processing
(i.e., raw biomass, essentially in the form it is produced). However, there is a growing
interest in upgraded solid biofuels derived from forest woody biomass, including
pellets and torrefied biomass. These are densified solid fuels that have higher energy
content and bulk density than raw biomass and meet specific fuel quality standards,
allowing for efficient conversion into energy. Additionally, because of their higher
density, they lead to reduced transportation costs and are easier to handle and store.
Densified solid biomass products are seeing increasing demand and offer a sizable
untapped market in North America, Europe and some parts of Asia [99].

Dry woody biomass originated from forests, industrial or consumer activities is
mainly composed of cellulose, hemicellulose and lignin [100]. The combination of
those three polymers is collectively called lignocellulose. Significant variability in
the relative share of these three main constituents exists within different species and
between anatomical fractions of a specific species, but as a general rule, the variability
within woody biomass is lower than between different biomass types [101]. For
example, Williams et al. [101] report that for 241 samples of woody biomass (23
species), the average cellulose, hemicellulose and lignin contents are 51.2% =+ 8.7%,
21.0% =+ 8.7% and 26.1% =+ 5.3%, respectively, while for 251 samples of corn stover
and 488 samples of Sorghum, herbaceous feedstocks, they are 34.3% =+ 2.5%, 20.7%
£ 2.0% and 15.2% =+ 1.6%, and 28.6% =+ 2.6%, 15.4% £ 1.6% and 12.2% + 1.9%,
respectively.

Cellulose is the main wood constituent, followed by hemicellulose and lignin.
Both hardwoods and softwoods contain a relatively high percentage of lignin [100],
a polymer that is extremely resistant to chemical and enzymatic degradation [102].
Additionally, the complex crystalline structure of cellulose also contributes to the
resistance of wood to biological degradation [27]. The recalcitrant nature of ligno-
cellulosic materials favours thermochemical conversion processes, which is why the
most mature biomass conversion technologies rely on combustion (cf. Sect. 2).

The following sub-sections describe the composition of forest biomass fuels and
their properties that affect their conversion into energy or fuels.

Ultimate Analysis

Knowledge of the elemental composition of forest biomass, determined through
ultimate analysis, is very important for its effective conversion into energy and fuels.
Carbon, C, is the most abundant organic element in dry raw wood (about 50 wt%),
followed by oxygen, O, (about 42 wt%) and hydrogen, H, (about 6 wt%) [100, 101,
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103] (wt% means weight percent). The carbon content of softwood species tends to
be slightly higher than that of hardwood species because of the different lignin and
extractive content [104]. Compared to other conventional fuels, namely coal, raw
biomass presents high O/C and H/C ratios [103]. The higher raw forest biomass O/
C ratio leads to a lower heating value (cf. section “Energy Content”). However, the
chemical exergy increases with the O/C ratio [105]. Additionally, a higher O/C ratio
may potentially result in higher greenhouse gas emissions [106], with the consequent
environmental impacts. When raw woody biomass is subjected to a thermal treatment,
such as pyrolysis, its O/C and H/C ratios decrease and, consequently, its higher
heating value increases.

Typically, forest biomass has very low concentrations of sulphur (usually in quan-
tities less than 1 wt% on a dry basis) [103], generally below 0.05 wt% [107]; however,
black liquor, a residue of the pulp industry (cf. chapter “Sources and Distribution of
Forest Biomass for Energy”), presents a relatively high sulphur content (3.0-5.7 wt%
on a dry basis [108]). This element plays a crucial role in the formation of pollu-
tants, namely sulphur oxide (SOx) emissions. However, although some of the sulphur
present in the biomass contributes to the formation of SOy, ash constituents in the
flue gas, especially calcium, potassium and sodium, which are frequently found in
quite high concentrations in biomass, largely retain SOk [109]. Chemical reactions
of sulphur with ash lead to fouling and slagging [103] and, at low temperatures, the
presence of sulfuric acid in the flue gases may lead to corrosion, even though the
concentrations of sulfuric acid in low-sulphur biomass are usually very small and it is
the presence of hygroscopic salts in deposits that are responsible for low-temperature
corrosion [109].

The nitrogen content of forest biomass is also important for environmental reasons.
Like sulphur, nitrogen is important in the formation of pollutant emissions (in this
case, nitrogen oxides, NOy). The main mechanism for the formation of NOy is the fuel
nitrogen mechanism, since the majority of industrial biomass combustors operate at
relatively low temperatures and thermal NO, represents only a small contribution to
the overall NOy emissions [103]. However, the nitrogen content of woody biomass
is relatively low. It is typically less than 1 wt% on a dry basis [103] and, for example,
Williams et al. [101] report, for 192 samples of woody biomass, comprising several
varieties of hardwoods, softwoods and other wood varieties, an average nitrogen
content of 0.32%.

Another element that is important for environmental reasons is chlorine, Cl. Like
sulphur and nitrogen, it is also present in forest biomass in small quantities (usually in
quantities less than 1 wt% on a dry basis) [103]. Chloride content largely depends on
management and soil rather than plant type or variety [107]. It contributes to fouling,
slagging, corrosion and emissions of important air pollutants, including hydrogen
chloride, HCI, which plays a role in the formation of dioxins and furans [35, 103].

Forest biomass also contains other inorganic elements in relatively high concen-
trations. For the thermochemical conversion processes, for example, the ash and
salt-forming elements of biomass, such as silicon, potassium, sodium, calcium or
magnesium, are crucial [110]. These elements contribute to slag formation and ash
fouling and, therefore, have important consequences for the design and operation of
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conversion equipment. Calcium and magnesium typically increase the ash-melting
temperature, while potassium and sodium decrease it [35]. These two alkali metals,
in combination with sulphur and chlorine, are also important because of corrosion
[110].

Table 2. presents the ultimate analyses for a few selected biomass fuels. The data
was obtained from an online database maintained by TNO Biobased and Circular
Technologies [111]. The table presents the characterisation of raw and processed
forest biomass fuel and black liquor. Since biomass has a significant potential for co-
firing with coal and/or replacing it (cf. chapter “Biomass for Industrial and District
Heating”), the properties of a medium-rank coal are also presented.

Proximate Analysis

In the proximate analysis, the fuel is broken down into moisture, volatiles, fixed
carbon and ash. Water and ash are incombustible substances, while volatiles and fixed
carbon are combustible (even though they also include incombustible components).
Volatile content is determined by standardised methods and refers to the fraction
of the solid biomass, excluding moisture, that is converted to gas when biomass is
heated. Ashis the name given to the solid residue that is formed during the combustion
of biomass with air and is also determined by standardised methods. It is not exactly
equal to the inorganic content of the original biomass because of the oxidation process
involved in its determination, but small corrections can be made for a more exact
calculation of the inorganic content of the biomass [44]. The fixed carbon content, the
mass remaining after the release of volatiles excluding the ash and moisture contents,
is determined by material balance.

Table 2. lists the results of proximate analyses (on a dry basis) for several selected
solid biomass fuels, together with the corresponding higher heating values. The
volatile matter and fixed carbon give an indication of how easily biomass can be
ignited and then gasified or oxidised [112]. Raw wood has relatively high concen-
trations of volatile matter and a relatively low content of fixed carbon. These are
considered very relevant advantages for thermochemical energy conversion [113].
On the other hand, when the content of volatile matter is high, the velocity of combus-
tion is higher, the combustion is more difficult to control, and a larger and better-
designed combustion chamber is needed for complete combustion and low pollu-
tant emissions typical of incomplete combustion [113]. In small appliances where
the combustion process is poor (e.g., fireplaces, stoves), the emission of pollutants
from forest biomass is many times higher than that of coal power plants [114].
Advanced combustion technologies based on air staging enable more efficient and
cleaner combustion (cf: chapter “Biomass for Domestic Heat”).

Upgraded wood fuels (pellets, charcoal and biochar) have a higher fixed carbon
content than the original biomass. Milder thermal treatments result in a smaller loss of
volatiles, while more intense treatments lead to fuels that are similar to coal in terms
of the ratio between volatiles and fixed carbon. For example, the raw pine wood and
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Table 2 Properties of selected biomass fuels and bituminous coal. (Data source [111])

Pine wood | Eucalyptus wood | Bark Wood pellets | Wood chips
(spruce) (willow)

Database ID 126 699 3566 2808 1091
Proximate analysis (Wt% db)
Fixed carbon 14.07 12.86 11.21 18.01 17.62
Volatile matter 85.70 86.61 85.03 81.49 80.77
Ash 0.23 0.53 3.76 0.50 1.61
Ultimate analysis (wt% db)
Carbon 51.58 49.51 52.68 50.15 48.70
Hydrogen 5.78 5.75 6.73 6.07 5.84
Oxygen 42.32 43.98 32.25 43.18 43.40
Nitrogen 0.06 0.14 0.41 0.09 041
Sulphur 0.01 0.03 0.17 0.01 0.04
Higher heating 20.56 19.22 20.57 19.93 19.60
value (MJ-kg ~!
db)

Black Torrefied pellets Biochar | Charcoal Bituminous

liquor (poplar) (oak, 400 coal

°C)

Database 1D 1394 3529 3534 1954 1145
Proximate analysis (wt% db)
Fixed carbon 13.00 26.10 65.20 89.60 61.30
Volatile matter 46.80 72.20 24.00 9.38 32.50
Ash 40.20 1.70 10.80 1.02 6.20
Ultimate analysis (wt% db)
Carbon 29.20 53.81 71.40 92.04 76.73
Hydrogen 4.40 6.21 3.30 2.45 4.69
Oxygen 31.10 39.76 14,10 2.96 10.52
Nitrogen 0.14 0.10 0.34 0.53 1.41
Sulphur 4.90 0.02 0.04 1.00 0.40
Higher heating 11.15 22.20 24.25 34.39 31.60

value (MJ-kg ~!
db)

db dry basis

Eucalyptus samples presented in Table 2. have volatile matter to fixed carbon ratios
above 8, while torrefied pellets have 2.8, biochar has 0.4 (slightly smaller than that
of the bituminous coal sample) and charcoal has 0.1 (very close to the volatile matter
to fixed carbon ratio of an anthracite coal (the highest rank of coal) sample—sample
#1144 of the Phylis2 database and not presented in the table).
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Compared to coal, raw biomass behaves very differently when it comes to the
release of volatiles and, in particular, the oxidation of char [109]. Biomass chars are
more reactive to oxidation by O,, CO,, and H,O than coal chars because of their
high porosity, large internal specific surface area and the presence of catalytically
important ash-forming elements, often potassium [109].

The ash content of raw woody biomass is typically low when compared to coal
(Table 2.), but different tree species and tree components have different ash contents
and, for example, those of bark [104], stumps [107] or tropical woods [115] are signif-
icantly higher. The age of the trees at harvest is also an important factor because of
the varying proportions of wood and bark with age and the number of small branches
[35]. Residual woody biomass from industrial processes that contain contaminants
such as adhesives and coating particles (cf. chapter “Sources and Distribution of
Forest Biomass for Energy”) typically presents higher ash contents [107].

Table 3. presents the ash composition for five forest biomass samples (two for
pine to show the variability within the same wood type). The values are merely
indicative because the minerals contained in the biomass vary widely between and
within species, depending on the soil, growth rate and age of the plants [104].

The minerals contained in forest biomass can be (i) natural components of the
feedstock (such as calcium, Ca, potassium, K, or silicon, Si) or (i) artificially intro-
duced during the biomass supply chain (mostly silica, SiO,, during harvest [101]).
The silica content is usually very small in wood from temperate species but more
important in tropical woods and if it is present in wood in more than 0.5%, it can
damage cutting tools [115].

Knowledge of the quantity and type of inorganic components present in the feed-
stock is important because of fouling, slag formation, corrosion, the formation of
aerosols emitted with the flue gases and the possibilities for using the ashes produced
during combustion [35]. Because of all the ash-related problems, fuels with low ash
content are preferable: they (i) usually lead to lower dust emissions, (ii) require

Table 3. Ash composition of selected forest biomass fuels. (Data source [111])

Eucalyptus wood | Pine wood 1 | Pine wood 2 | Bark Wood pellets
(spruce)

Database ID | 699 122 1786 3158 2808
Ash composition (wt% ash)

AlLO3 7.87 2.52 10.91 1.08 2.83
CaO 26.52 32.90 29.05 39.18 25.18
MgO 7.25 1.55 4.73 5.14 5.47
Na,O 4.98 0.94 0.63 0.33 1.08
K20 7.20 6.75 13.06 7.59 10.48
P,0s 29.11 - 5.27 4.12 2.98
Fe,03 - 2.00 4.48 0.14 2.29
Si0; 17.83 - 46.06 1.50 16.04
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simpler conversion equipment maintenance and design and simpler pollutant abate-
ment equipment, and (iif) simplify ash utilisation and disposal, making ash transport
and storage easier [35]. However, high levels of alkaline earth elements (Ca, K) in
biomass are also beneficial for a number of processes, including: (7) soil amendment
and fertilisation; (ii) production of building materials, adsorbents and ceramics; (iif)
mineral synthesis or (iv) recovery of valuable components [113]. Phosphorous, P,
and magnesium, Mg, are also relevant soil fertilisers [35]. Another advantage of the
alkaline and alkaline earth metals present in biomass is that their catalytic reactivity
allows lower gasification temperatures, which leads to higher gasification efficiencies
[71].

Ash may also contain significant amounts of heavy metals, such as cadmium,
Cd, lead, Pb, and zinc, Zn, which may be particularly important when ash is used.
The amounts of heavy metals are particularly important for waste wood materials
[35]. Also, the longer the rotation time, the larger the accumulation of heavy metals,
so forest residues, which are typically associated with long rotation times, show
accumulations of heavy metals [35]. Cadmium, Cd, is the most environmentally
relevant element in raw biomass [35] and Pb and Zn may be responsible for corrosion
[109].

Moisture Content

The moisture content of biomass quantifies the amount of water contained in a given
biomass material. It is usually expressed in percentage and can be defined in terms of
wet basis (wb), dry basis (db) or dry and ash-free basis (dab). The moisture content
on a wet basis (M, Eq. 1) is given by the ratio between the mass of water (myo) and
the total mass of the moist material (myy) and is the measure used in the marketing
of wood fuels [116].

M= "0 MO 4, (1)

Myp my,0 + Modb

where mogp is the mass of the oven-dry biomass. On the other hand, the moisture
content on a dry basis is given by the ratio between the mass of water and the mass
of oven-dry material and is a term commonly used in the wood industry [116].

The moisture content of forest biomass is highly variable but typically higher than
that of peat and coal, which show less variability and moisture content values up to
around 20% [113]. Freshly harvested green forest biomass generally contains 50%
to 60% moisture on a wet basis [116]. However, the amount of water varies between
different tree components and with the seasons. Typically, leaves and branches
present a higher moisture content than stumps and stems [117, 118]. Furthermore, the
moisture content of freshly harvested forest biomass is reduced if stored and allowed
to dry naturally in the sun and wind. Wood stored for a summer or for several years
has, respectively, 25-35% and 15-25% moisture content on a wet basis [116].
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The industrial residues of the wood-based industries also vary widely. For
example, dry-wood processing residues may have moisture contents below 10%
[119], strong black liquor before entering the recovery boilers in modern mills has a
moisture content of about 20% wb and weak black liquor before concentration has
a moisture content of 80-85% wb [120].

Upgraded solid biofuels produced from forest woody biomass present lower mois-
ture contents than the original feedstocks. For a start, in the production of pellets and
briquettes, the raw material should have a low moisture content of around 8-12%
wb for pellets and 12—-14% wb for briquettes [35]. Furthermore, pelletising reduces
the moisture content of the initial feedstock by around 1.5-3%. [121]. This results
in a fuel with a homogeneous and low moisture content. As a disadvantage, like
raw wood, this type of fuel has a hydrophilic nature and, therefore, cannot be stored
outside for long periods [122]. Forest biomass subjected to torrefaction and slow
pyrolysis also presents low moisture contents [123—125]. First, when the tempera-
ture is increased, the free water present in biomass evaporates and at temperatures
above 200 °C the physically bound water is released [ 125]. An advantage of torrefied
biomass is that it is hydrophobic, which allows for long-term storage [122].

Moisture content is a critical parameter for the choice of the conversion tech-
nology. Typically, forest biomass is not the biomass resource with the highest mois-
ture content and, therefore, it is not the first choice for biochemical conversion tech-
nologies such as fermentation and biodigestion, which favour high-moisture content
biomass. Its most obvious use is in thermal conversion technologies, namely combus-
tion, gasification and pyrolysis. Generally, combustion and gasification technologies
are capable of dealing with forest biomass with a high moisture content (up to 60%
wb). For example, fluidised bed and moving grate furnaces and updraft gasifiers
allow for up to 60% moisture, while understoker furnaces allow for up to 50% [126,
127]. However, some technologies require dried feedstocks and may even need an
additional gas fuel ignition burner for start-up. This is the case with pulverised fuel
firing units that are limited to fuels with up to 20% moisture content [126]. On the
other hand, downdraft gasifiers require biomass with moisture contents below 25%
[126]. Also, low moisture contents (maximum 10%) should be specified for fast
pyrolysis processes to improve bio-oil yield and quality [128], while slow pyrolysis
allows feedstocks with a moisture up to 40-50% [129].

The moisture content of biomass has a very significant impact on its energy
content and density, as will be shown in the next sections. For small residential
heating systems, the moisture content of the wood should be limited to 25-30% wb,
but for larger capacities (e.g., industrial heating, district heating), the use of fuels
with a higher water content is common for economic reasons [116]. In this case,
efficiency and low pollutant emissions are achieved by the technical characteristics of
the energy systems [116]. However, higher moisture contents reduce the combustion
temperatures, increase the residence time needed for complete combustion, increase
the volume of flue gas produced per energy unit and thus require larger equipment
dimensions [35].

Storage durability is also influenced by the moisture content of biomass. For
example, fresh wood chips with a moisture content above 50% wb are not suitable
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for long-term storage and should not be stored in closed rooms [116]. Also, fire-
wood with a high moisture content should not be stored in closed rooms because, in
these conditions, the water contained in the biomass cannot evaporate and fungi and
bacteria degrade the organic material, which results in dry-matter loss and constitutes
a health hazard [116].

Another typical problem related to high-moisture-content forest biomass may be
the necessity of using more energy to reduce the size of the raw feedstock [130]. For
example, hammer mill grinding of wood and wood pellets with high water content
requires substantially more energy than if a low-moisture feedstock is used [131].

Energy Content

The heating value, also referred to as calorific value, is a measure of the energy
content of a fuel. It is defined as the energy released per unit mass of the fuel during
complete combustion with air and can be expressed in several ways, depending on
whether it is determined at constant pressure or at constant volume and on whether
the water contained in the products of combustion is condensed or not. If the water
formed during combustion is in the liquid phase, the heating value is called higher
heating value. This is the maximum amount of energy that the fuel can potentially
deliver. If the water contained in the flue gases is in the gaseous phase, the heating
value is called lower heating value and, as the name indicates, it is lower than when
the water in the flue gas is liquid because there is no heat release associated with the
condensation of water.

The elemental composition of biomass is related to its heating value—the higher the
carbon, hydrogen and sulphur contents, the higher the heat released during combus-
tion per unit mass of fuel. Oxygen, nitrogen and inorganic elements have the opposite
effect (Eq. 2). Usually, forest biomass has a low ash content compared to other solid
fuels [113]. However, some particular feedstocks have a high content of inorganic
materials. For example, a typical value for the ash content of black liquor is 45%,
which results in low heating values (13—15 MJ-kg~! of dry fuel) [120].

Several empirical formulas were developed to express the higher heating value as
a function of the elemental composition of the fuel [132]. For example, Channiwala
and Parikh [132] proposed the following correlation for the higher heating value in
MI per kg of oven-dry fuel (HHV 4y):

HHV 4y = 0.3491wc + 1.1783wy + 0.1005ws — 0.1034wo — 0.0151wy
— O.OlewAsh (2)

where w; is the content of carbon (C), hydrogen (H), sulphur (S), oxygen (O), nitrogen
(N) and ash in wt% of oven-dry fuel. This formula was validated with measured data
for biomass fuels, showing an average absolute error of 1.94% and a bias error of
-0.17% [132].
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The lower heating value of an oven-dry biomass (LHV g,y) can be calculated from
the HHV 4,y if one knows the hydrogen content of the fuel (Eq. 3).

LHVgy = HHV,y — 2.443 - 8.936% 3)

Because raw forest biomass has a lower carbon concentration and higher volatile
matter and oxygen contents than coal (cf. sections “Ultimate Analysis” and “Prox-
imate Analysis”), it is characterised by smaller heating values. This fact, combined
with a low density (cf. section “Density”), leads to low values of energy density.

Different types of oven-dry wood have relatively little variance in their higher
heating values (e.g., Table 2. and Fig. 3). As a reference, the higher heating value of
raw dry softwoods is typically 20-22 MJ-kg~! and of hardwoods, 19-21 MJ-kg™!
[104]. However, in reality, raw wood is frequently not oven-dried and still contains
some water, which has a significant impact on the value of the energy content per
unit mass of fuel.

Figure 3 presents the higher and lower heating values defined per unit mass of
wet biomass for two wood samples with various moisture contents (the ultimate and
proximate analyses for the two samples are presented in Table 2.). For their determi-
nation, the moisture content of the biomass needs to be known and, additionally, for
the calculation of the lower heating value, the energy associated with the vaporisation
of the water present in the flue gas has to be considered (Eqgs. 4 and 5).

HHV,;, = HHV 4y (1 — M/100) 4)
LHVu, = LHV4y(1 — M/100) — 2.443M/100 5
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Fig. 3 Higher and lower heating values for wood (HV ) as a function of the moisture content



Forest Biomass as an Energy Resource 191

where HHVy,, and LHV,, are, respectively, the higher and lower heating values of
a biomass fuel with a moisture content M (wt% wb) defined per unit mass of wet
biomass.

The moisture content of the biomass results in a substantial decrease in the HHV
and LHV,,;, (Fig. 3). The reduction in HHV ;, with the moisture content is explained
by the fact that the energy released during complete combustion with liquid water in
the flue gases is divided by a larger mass of fuel, which contains water. In terms of
energy release, the heat lost to evaporate the water present in the fuel is recovered
when the water in the flue gases condensates.

It is important, when reporting heating values, to clearly indicate whether they are
higher or lower heating values and if the biomass is oven-dry or contains water (and
in this circumstance also the moisture content of the biomass). This is not always
the case. Also, when reporting efficiencies of conversion systems, it is important to
state the basis for their calculation. The efficiency of a conversion process (1) can
generically be expressed as:

E useful

= 6
1 Ebiomass ( )
InEq. 6, E ety 18 the useful energy delivered by the conversion system and E'biomass
refers to the energy content of the biomass. Both the lower heating value or the higher
heating value of the biomass are used; the efficiency calculated with the latter being

smaller.

Density

When referring to the density (i.e., the ratio between mass and volume) of solid
biomass, several definitions may be applied. Wood density was historically measured
at ambient air moisture after air drying, but nowadays it is usually measured at a fixed
moisture content (for example, the international standard is that the mass and volume
of the samples are both measured at 12% moisture db) [133]. This metric is relevant
for the traditional wood-based industries, but for bioenergy studies, the most useful
measure of density is the basic density, which refers to the ratio between the mass
of oven-dry biomass and the volume of green biomass. Since both the mass and the
volume of wood increase with its water content up to around 30% moisture [104],
density values measured at different moisture contents should be converted into basic
densities (above 30% moisture only mass increases).

Another important density measure for energy conversion systems is the bulk
density, which is defined as the mass of a portion of material constituted by several
pieces/particles divided by the volume they occupy (consisting of solid volume,
inter-particle void volume and internal pore volume). However, this is a challenging
property to measure consistently, which is affected by several factors such as moisture
content, material size or methodology used [134]. In contrast to bulk density, which
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is not an intrinsic property of the material, particle density, defined as the density of
a single particle, is an intrinsic property of the solid.

The density of wood has a wide variation, depending on the tree species, growth
conditions and part of the tree. Fast-growing, short-lived species have generally lower
wood densities than slow-growing, long-lived species [133]. Basic wood densities
can be as low as about 200 kg-m~ and as high as about 1100 kg-m~3 [133], tropical
woods showing wider variations [104].

The bulk density of forest biomass also has a large variation from around
200 kg-m 3 for loose materials (e.g., sawdust from sawmills) to more than 800 kg-m >
for densified materials (e.g., pellets) (Table 4).

Raw forest biomass has a much lower bulk density than coal (typically one fifth
that of coal [135]). This, combined with also lower heating value, results in an
overall lower energy density than coal. As a consequence, larger material handling
systems and more space for transport and storage are needed, which results in more
complex supply chains and higher costs. To overcome this disadvantage, in some
applications, the energy density of biomass is increased through compaction and/or
thermal pre-treatments.

Table 4 Typical moisture and bulk density of selected forest biomass fuels

Feedstock Moisture (Wt% wb) | Bulk density (kg~m*3 wb) | Source
Stemwood from final fellings 48.3 360 (320-420) [136]
(hardwoods)

Stemwood from final fellings 53.9 (30-55) 330 (310-350) [136]
(softwoods)

Logging residues (hardwoods)?* | 48.3 (25-50) 250 (200-400) [136]
Logging residues (softwoods)® | 53.6 (25-55) 250 (200-350) [136]
Stumps from final fellingsIJ 30 (35-40) 250 (200-400) [136]
Sawdust from sawmills? 50 (6-55) 150-300 [136]
Sawmill residues (excluding 50 (6-55) 236 (150-300) [136]
sawdust)”

Residues from industries 10 (6-15) 236 (150-300) [136]
producing semi-finished

wood-based panels and further

wood processing industries

Bark 50 (40-60) 236 (150-300) [136]
Wood pellets 7.7 591 (520-640) [137]
Wood pellets 5.0 765 (728-808) [138]

2 Logging residues are composed of tops and branches both from final fellings or thinnings and
stemwood from thinnings
b From hardwoods and softwoods
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Other Properties

The size, size distribution and shape of the biomass material are also important phys-
ical properties to consider in the conversion of forest biomass into energy and fuels,
especially when it comes to the fuel-feeding system and conversion technology used.
Forest biomass is available in many sizes and shapes: as bulk material, constituted
by several small pieces (e.g., sawdust, wood chips, pellets) or as larger fuel materials
(e.g., log wood). Table 5 lists the main woody biomass fuels traded and their typical
sizes.

Feedstock size affects its collection, transport, storage, handling and feeding to
the conversion system and the conversion system itself. Some technologies are
designed to handle large pieces (e.g., wood log stoves for residential heat, cf:
chapter “Biomass for Domestic Heat”), others very small pieces (e.g., pulverised fuel
combustion for power production, cf. chapters “Biomass for Industrial and District
Heating and Biomass for Power Production and Cogeneration”). Table 6 presents
the particle size requirements of thermochemical conversion technologies. The resi-
dence time of the biomass material in the conversion equipment depends on the size
of the fuel. Typically, the smaller the biomass feedstock, the shorter the residence
time because the increase in the ratio between the reactive surface and the volume
of the feedstock enhances heat and mass transfer [71].

Other than the size itself, biomass material size distribution is also an important
characteristic of the fuel. Some feedstocks are quite homogeneous in size (e.g.,
pellets, briquettes), while others are not (e.g., hog fuel). Some types of equipment,
such as fixed bed combustors, are well-suitable for non-uniform feedstock sizes
[110], while other, like updraft gasifiers, require a tight control of the feedstock
particle size [71]. Additionally, the variability in the size of the biomass material
affects its flowability and can pose problems to the feeding system, which can reduce
the performance and increase maintenance costs.

Table 5 Main traded woody biofuels (based on [139])

Biofuel Description Typical size

Log wood Cut fuelwood produced directly from the forest Length > 500 mm

Firewood Cut and split oven-ready fuelwood usually used in | 15 cm < length < 100 cm
household wood burning appliances

Wood Densified woody biomass made with or without | At least two dimensions >

briquettes additives in a pre-determined geometric form 25 mm

Wood pellets | Densified woody biomass made with or without |5 mm < length < 40 mm
additives usually with a cylindrical form Diameter < 25 mm

Wood chips | Chipped woody biomass with a subrectangular 5 mm < length < 50 mm
shape, typically in the form of pieces with a
defined particle size produced by mechanical
treatment with sharp tools
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Table 6 Particle size requirements of several thermochemical processes (based on [71])

Particle Process

size

Large Fixed-bed combustion
Medium to | Moving bed gasification
large

Medium Fluidised bed combustion

Small to Slow pyrolysis

large

Small to Fluidised bed gasification, hydrothermal carbonisation

medium

Small Suspension combustion, entrained flow gasification, intermediate pyrolysis, fast
pyrolysis (except ablative pyrolysis), hydrothermal liquefaction, hydrothermal
gasification

The size of forest biomass may need to be reduced to meet the energy conversion
equipment requirements [131] or to upgrade it to densified biomass products [140].
Because of its fibrous nature, raw biomass presents poor grindability [141], resulting
in significant energy requirements for size reduction [123]. Thermal pre-treatment
may improve this property, as it will be presented below.

4 Biomass Pre-treatment

Before conversion processes, either to heat and/or power or to biofuels, forest biomass
is almost always subjected to pre-treatment, i.e., operations that are performed prior
to the main conversion in order to improve the properties of the feedstock. The extent
of the pre-treatment and the technologies or set of technologies chosen depend on
the subsequent conversion technology.

Pre-treatment technologies may be categorised in physical, chemical, physio-
chemical or biological methods (Fig. 4).

Separation of forest biomass into different components is sometimes desirable
and/or required. Delimbing and debarking of trees is a common practice in the forest
industry [142], with primary forest industries often processing wood that has had its
branches and bark removed. Branches and bark might be left on the stands to mitigate
the nutrient exports [143] (cf. chapter “Stand Structure and Biomass”). Another
example of separation is the one that occurs at recycling facilities to identify and
separate wood treated with preservatives from wood waste. This separation allows
the untreated fraction to be used as fuel or mulch, for example, without the added
burden from wood preservative chemicals [144].

Some forest biomass by-products are already small in size (e.g., sawdust,
cork powder). However, in most cases, forest biomass undergoes mechanical size
reduction to align with the requirements of the conversion technology used (cf.
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Densification
Torrefaction

Chemical

Acid pre-treatment
Alkaline pre-treatment
Organosolv

Physio-chemical

Steam explosion
Liquid hot water

Biological
Microbial treatment

Fig. 4 Forest biomass pre-treatment technologies

section “Other Properties”). Additionally, smaller-sized biomass is easier to handle,
transport and requires less storage space. Drawbacks of size reduction are that it
can consumes considerable amounts of energy [145] and may have an impact on
the durability and longevity of forest biomass during storage [146]. Therefore, it is
essential to carefully assess the trade-offs between size reduction and conversion
efficiency. In general, the smaller the forest biomass particles, the higher the acces-
sible surface area and the reaction rates of either biochemical or thermochemical
conversion processes [27, 102, 147]. Several methods exist to reduce the size of
forest biomass, including grinding, chipping or crushing.

Another commonly used pre-treatment step is drying, which involves the removal
of moisture from biomass as vapour. While drying may be a requirement for some
thermochemical conversion processes, it is generally not required for biochemical
processes (cf. section “Moisture Content’). Moisture reduction offers several advan-
tages in forest biomass handling, transport and storage increases and enhances the
efficiency of thermochemical conversion processes. For instance, in direct combus-
tion systems, every 10% increase in biomass moisture content decreases efficiency
by approximately 2% [148]. However, drying often requires capital investment and
energy. Therefore, finding the optimal balance between the cost of drying and its
benefits is crucial.
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In some applications, forest biomass can be naturally air-dried, which is cost-
effective. This method is common practice, for example, for residential heating
using firewood. However, when biomass is processed industrially for energy or
fuels, specialised equipment, such as kiln dryers or industrial dryers, is usually
required to achieve faster moisture reduction, often following a natural drying stage.
In these situations, feedstock drying is energy intensive. Drying does not require
high-temperature heat, and methods like recovering waste heat from flue gases [38]
or heat engines [149] can be used to improve the energy balance.

One of the challenges associated with raw forest biomass is its low bulk density (cf:
section “Density”). This limitation can be addressed through densification, a phys-
ical pre-treatment method often used in conjunction with size reduction and drying.
Densification can be achieved through techniques such as baling or pelletising, which
involve different levels of compression. It results in easier and more cost-effective
feedstock handling and transportation, as well as simplified storage [150]. Bales of
forest residues, for instance, are typically characterised by bulk density of around
450 kg-m~3 [35], while more intensive compression is applied to produce densi-
fied solid biofuels such as pellets and briquettes. These products have higher unit
densities (the mass of an individual pellet/briquette divided by its volume), typi-
cally ranging from 1000 to 1200 kg-m~3 [140]. However, even though pellets and
briquettes have similar unit densities, pellets have substantially higher bulk densi-
ties (700750 kg-m~3) than briquettes (350-450 kg-m~2) [151]. This difference is
related to one of the main benefits of pellets over briquettes, especially in large-
scale operations: Pellets combine the convenient handling of bulk materials with the
high-density processing advantages offered by densified products [99].

Wood pellets are dense, cylindrical solid fuel with a diameter and a length not
exceeding, respectively, 25 mm and 40 mm (Table 5). They have uniform charac-
teristics in terms of size, shape and density. Pellets are produced by compressing
dried and comminuted small wood particles in pellet mills. This compression leads
to an increase in temperatures caused by friction, which softens the lignin and resins,
allowing them to bind the wood fibres together. Most often, primary and secondary
residues from the forest industries are used as feedstock for pellet production [152].
In some cases, additives may be used to enhance pellet quality [116]. Premium pellets
have low ash content (<0.5%) and low moisture content (around 8%) [153], while
industrial pellets (utility-grade pellets) have lower quality, with ash content that can
exceed 3% [116].

Briquettes are another form of densified forest biomass fuel. The process of
producing briquettes is similar to that of pellets, with the main difference being
their shape and size. Typically, briquettes have a cylindrical or six-sided shape
and are larger in size (Table 5). The feedstock used for briquette production also
usually comes from the forest industries. Additionally, densified forest biomass is
also produced in the form of logs.

Typical lower heating values of wood pellets and briquettes range from 17 to
18 MJ-kg~3 [138, 140]. The difference from raw biomass is mostly justified by the
lower moisture and ash content of the densified biomass. If some carbonisation occurs
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in the densification process, the heating value is slightly higher (2022 MJ-kg ~3)
[140].

Wood pellets, briquettes and densified logs are standardised, which ensures they
are a consistent feedstock. Consistent fuel quality is an advantage that make densified
solid biofuels suitable for small-, medium- and large-scale applications [154] and
that results in cleaner [153] and more efficient [137] combustion. Also handling,
transport and storage of these densified fuels are easier, more efficient and cheaper
[155]. The market for pellets and briquettes is well-established and developed in
some regions of the world (e.g., Europe [156]). However, despite these advantages,
the cost of densified fuels is substantially higher than that of other wood products
[157].

Another process to increase the density of forest biomass is torrefaction, which
can be classified as a thermal pre-treatment. At this point it is relevant to mention that
the distinction between pre-treatments and conversion technologies is not without
discussion. Torrefaction is a form of pyrolysis and as such it could be, and it is often,
listed as a conversion technology (but so could pelletisation or briquetting, which
result in marketable solid biofuels).

Torrefaction involves heating biomass to temperatures generally between 200
°C and 300 °C [158]. During this process, biomass will lose water and a part of
the compounds that are volatile at this temperature range [159]. Torrefied biomass
presents several advantages over raw biomass: (i) higher heating value and higher
mass and energy densities, improving its handling, transport and storage; (ii)
improved grindability, offering advantages in conversion processes requiring small
feedstock sizes; (iii) hydrophobicity, which improves storability and results in a
lower risk of biological degradation; (iv) improved and closer to coal proximate and
ultimate compositions, which makes it a better substitute for coal; (v) reduction of
Cl1 concentrations, leading to improved corrosion behaviour; (vi) improved quality
of bio-oils obtained from pyrolysis of torrefied biomass, albeit with lower yield [31,
122, 123, 125]. Torrefaction can be combined with densification to produce, for
example, torrefied pellets. Some commercial demonstration industrial scale plants
are in operation, but the technology has not reached full commercialisation [160]. To
achieve economically viability at a commercial-scale, several technical challenges
need to be addressed, such as improving control over critical process parameters,
particularly temperature and addressing issues related to fuel flexibility and scaling
up the torrefaction system [161].

Steam explosion is a suitable physio-chemical pre-treatment step for both ther-
mochemical and biochemical conversion technologies [31]. In this process, forest
biomass is subjected to high pressure steam (7-50 bar) and temperatures ranging from
160-260 °C for short periods, followed by rapid decompression [31]. Steam explo-
sion results in particle size reduction, improves enzyme accessibility, and enhances
biomass densification [31, 99]. This pre-treatment also increases the heating value
of biomass, reduces its water and volatile matter content, increases bulk density and
hydrophobicity, and improves grindability [162]. However, steam explosion can lead
to the formation of inhibitors and toxic compounds when used as a pre-treatment
for biochemical conversion technologies; therefore, microorganisms more tolerant
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to inhibitors are required [31]. It is cost-effective and has a low environmental impact
[31]. Steam explosion has been a long-standing technique in the wood industries,
employed for decades in the production of hardboard [163].

Chemical and biological pre-treatments are valuable techniques for enhancing the
conversion of forest biomass into biofuels, but their application is primarily focused
on biochemical conversion technologies, which will not be covered in the subsequent
chapters. These pre-treatments play a crucial role in breaking down complex biomass
structures for more efficient enzymatic or microbial conversion processes.

5 Final Considerations

In the early twenty-first century, fossil fuels continue to dominate the energy land-
scape and are the most commonly used energy sources. Nevertheless, growing
environmental concerns prompted a shift towards renewable energies and the re-
emergence of biomass as an energy source in advanced economies. Currently, bioen-
ergy contributes around 10% to the world primary energy supply and even when
traditional bioenergy uses are excluded, biomass accounts, by far, for the largest
share of the global renewable energy supply.

Forest biomass is a highly versatile and flexible source of renewable energy that
can produce heat, power and fuels in a more reliable manner than other intermittent
renewables, such as wind or solar energy, since it is not weather-dependent. Because
of its characteristics, bioenergy plays an important role in the heat, electricity and
transport sectors and is particularly relevant for hard-to-decarbonise sectors.

Forest biomass can be converted into energy or fuels through two distinct types
of processes: biochemical and thermochemical. Biochemical conversion processes,
such as anaerobic digestion and fermentation, yield gaseous and liquid biofuels.
However, commercial-scale conversion of lignocellulosic biomass using these tech-
nologies has not yet been accomplished. Thermochemical processes, including
combustion, gasification and pyrolysis, are currently available on the market.
Combustion is widely used for heat and power production, with modern, efficient
systems replacing traditional ones (despite these technological developments, the
traditional use of biomass is still a reality, especially in low- and middle-income
countries). Gasification generates syngas suitable for various applications, offering
versatility in utilising the original solid forest biomass. However, among the various
gasification pathways, only heat, power and predominantly combined heat and power
production have reached commercialisation. Pyrolysis, on the other hand, produces
bio-oil, gases and biochar, holding the potential for the commercial production of
advanced biofuels. Nonetheless, except for traditional carbonisation, these technolo-
gies still face technical and economic challenges. Additionally, a fourth thermo-
chemical conversion process, hydrothermal processing, is an emerging technology
that requires further research before large-scale deployment can be realised.

The choice of the most suitable forest biomass energy conversion pathway for
a specific application depends on several factors, including the properties of the
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biomass feedstock used. This requires a thorough understanding of biomass proper-
ties for an effective utilisation of forest biomass as an energy source. While forest
biomass is frequently used for energy with minimal processing (raw biomass), there
is a growing interest in upgraded solid biofuels derived from woody biomass, like
pellets, charcoal and torrefied biomass. These upgraded solid fuels offer higher
energy content, increased bulk density, and adherence to fuel quality standards,
resulting in efficient energy conversion. They also reduce transportation costs and
simplify fuel handling and storage.

Key properties influencing the thermochemical conversion of biomass into energy
or fuels include elemental composition, ash content, volatile matter content, mois-
ture content, heating value and bulk density. Generally, forest biomass contains a
significant amount of carbon, followed by oxygen and hydrogen, with smaller quan-
tities of other elements, like nitrogen, sulphur and chlorine. Woody biomass typi-
cally presents low ash content. The composition and ash content impact combustion
systems, affecting factors such as fouling, slagging, corrosion, and pollution. Raw
biomass typically has a high volatile matter content, making it suitable for various
thermochemical processes, but its high oxygen content results in lower heating values
and energy densities. Additionally, high moisture content can decrease combustion
efficiency and heating value. The typically low bulk density of raw wood fuels has
an impact on handling, transport and storage of biomass. Raw forest biomass often
undergoes pre-treatment with the objective of improving its properties.
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Abstract Biomass is an important source of energy in the residential sector and
meets a significant proportion of the energy needs of one-third of the world’s popu-
lation. In many low- and middle-income countries, particularly in rural areas, it is
still used in a traditional way and provides the basic energy needs of the population,
such as cooking and water and space heating. In many poor regions where forests
are abundant, wood, of all the possible biomass resources, is the dominant fuel. It
can be obtained at low or no monetary cost and burns in simple and inexpensive
equipment. However, the consequences of this traditional use of biomass are several:
indoor and outdoor pollution, impacts on health, pressures on forest resources and
increased burden on women and children. Developments in residential wood fuel
energy technologies are driven by the need for higher efficiency and fewer environ-
mental impacts. As a consequence of such developments, today, highly efficient and
cleaner equipment is used to provide energy from forest resources, but still mainly in
high-income countries. This chapter reviews the use of energy from forest biomass
in the residential sector and the different available conversion technologies, from the
traditional to the most advanced ones.

Keywords Residential sector - Households - Space heating - Cooking -
Bioenergy - Conversion technologies

1 Introduction

The residential sector is one of the most important sectors in terms of energy
consumption, having accounted for about 89 EJ of final energy consumption in the
world in 2020 [1]. This corresponds to around 25% of the total global final energy
consumption in that year (Fig. 1) and contributed to approximately 12% of total direct
greenhouse gas emissions from end-use sectors; direct means that indirect emissions
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from the electricity and heat generation consumed in households are not considered
[1].

A sector that has much in common with the residential sector, as far as energy
consumption and mitigation options are concerned, is the commercial and public
service sector [2]. Combining the two, their share in the global final energy consump-
tion in 2020 was 33%, and the share in the total emissions from end-use sectors was
16% [1].

In the residential and in the commercial and public service sectors, the consump-
tion of energy for lighting, heating, cooling and powering electronic devices and
other equipment typically plays a relevant role, even though the classes of buildings,
the type of equipment and the dynamics of both sectors differ. Moreover, in both,
there is a significant potential for energy savings and efficiency improvements and
for a higher incorporation of renewable energies [3]. To promote these goals, in many
countries, both sectors are subjected to energy-related regulations and policies, such
as building energy codes, energy standards for appliances and equipment and incen-
tives for the adoption of energy efficiency measures and renewable energies [2]. This
chapter will focus on the residential sector, even if, from what has been said, much
is also relevant for the commercial and public service sector.

The relative importance of households (excluding transport) in the total final
energy consumption varies among the different world regions. The highest share
occurs in Africa (Fig. 2), a region where a substantial part of the population does not
have access to modern energy services and relies on traditional uses of biomass (cf.
chapter “Sources and Distribution of Forest Biomass for Energy”). The lowest share
occurs in the group of Asian countries belonging to the Organisation for Economic
Cooperation and Development (OECD).

Energy consumption in the residential sector is dependent on a combination of
different climatic, technological and socio-economic aspects that vary regionally [4—
10]. Globally, most of the energy in the residential and service sectors is consumed
in the form of heat, especially for space heating [3], but the importance of the latter is
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Fig. 2 Share of the residential sector in the total final energy consumption for different regions in
2020. (Data source [1])

obviously highly dependent on climate. For instance, according to the latest data from
the Residential Energy Consumption Survey made in the United States of America,
space heating accounted for more than half of the energy consumed in households
located in the colder northern zones. In contrast, in hotter regions of the United States,
its share dropped to around one-fifth [10]. Despite this, even in the hotter climate
zones, on average, space and water heating combined represented the largest share
of energy consumed by American households [10].

In 2020, globally, biofuels and waste were the most used energy sources in house-
holds, representing 32% of the energy consumed in the residential sector [1] (Table 1).
Nevertheless, the relative importance of biofuels has been decreasing in the last
decades, while that of electricity and natural gas has been increasing (in 2020, they
accounted for, respectively, 26% and 23% of the energy consumed in households,
whereas in 1990, only 14% and 18%, respectively) [1]. An even larger relative growth
came from renewable energy sources (RES) other than bioenergy, such as solar, which
had an almost 19-fold increase in the last 30 years [1]. On the other side, coal is the
only energy source that saw a decrease in consumption in the residential sector (the
household coal consumption in 2020 was 36% of that of 1990 [1]).

Despite the decreasing share of biofuels and wastes in residential energy consump-
tion over the last three decades, the global consumption of these fuels in the residential
sector increased from 26 to 28 EJ from 1990 to 2020 [1]. With the exception of China,
where biogas represents a noteworthy share of the biofuels and wastes consumed in
households (9% in 2020), in the other world regions, primary solid biofuels consti-
tute almost all (>99%) of the biofuels and wastes used up in the residential sector
[1]. They are particularly important in Africa, where in 2020, 85% of the energy
in households came from primary solid biofuels, such as firewood or charcoal [1].
Woody materials also constitute the most important source of energy in households
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in Central and South America and non-OECD Asia excluding China (respectively,
35% and 59% of the energy consumed in the residential sectors of these two world
regions in 2020 [1]).

Africa was also the region that consumed the largest share of the primary solid
biofuels used in the residential sector worldwide (63%), followed by non-OECD
Asia including China (41%). Despite the large importance that biomass and waste
has for the households in Central and South America, their share of the consumption
of primary solid biofuels used in the world is small (4%).

In 2020, around one third of the world population (circa 2.4 billion people), mostly
in Asia and Sub-Saharan Africa, lacked access to clean fuels and technologies for
cooking [11], the most universal residential energy service [12]. It is in these two
regions that the traditional use of biomass for space heating and cooking is mostly
concentrated (in 2020, traditional use of biomass accounted for 24 EJ, a value that
has remained practically stable since 1990) [3, 11].

A different scenario occurs in OECD countries, which mainly consume electricity
or natural gas in households. In these countries, the importance of primary solid
biomass in the residential sector is relatively small; OECD Europe being the region
with the largest share of biofuel consumption (14% in 2020 [1]). Several OECD
European countries have a strong penetration of biomass in the residential sector,
but others do not. Estonia (40%), Slovenia (39%), Latvia (38%), Czechia (29%),
Lithuania (28%) and Portugal (25%), all have shares of primary solid biofuels in
the final energy consumption in households in 2021 above or equal to 25%, while
Ireland (1%), Luxembourg (3%), The Netherlands (4%), Turkey (6%) and Belgium
(7%) are below 10% [13].

The remaining part of this chapter presents the most relevant forest biomass heat
production technologies used in the residential sector. It starts with a description of
the traditional uses of biomass and their environmental implications, followed by the
presentation of more modern technologies.

2 Traditional Uses of Biomass

Wood has been used for cooking, heating and lighting for millennia and plays a vital
role as a fuel for human beings since primordial times. In some parts of the world it
is still used in traditional ways; the term “traditional use of biomass” referring to the
direct combustion of solid biomass in inefficient and polluting equipment [3, 14].
This includes using wood products, charcoal, agricultural residues and animal dung,
often produced in unsustainable ways and not commercialised [14, 15].

The traditional use of biomass is still preponderant in households in rural areas of
low- and middle-income countries, but its share in the total primary energy consump-
tion tends to decrease with the increase in gross domestic product per capita and
degree of urbanisation and industrialisation [15]. In countries with a high percentage
of land covered by forests (e.g., Cambodia and Laos), traditional biomass is mainly
composed of wood fuel and charcoal, whereas in countries where forest area is
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proportionally lower (e.g., China and India), wood fuel is not as important as animal
dung or agricultural residues [15].

Biomass traditionally used is local in nature, low-cost and does not require
processing before use [16]. Globally, it is mostly utilised for cooking and water and
space heating [17], with the relative importance of the different end-uses varying
among regions because of climatic conditions: Space heating is less important in
lowland areas than in highland areas [16].

Open fires and inefficient traditional stoves (International Organisation for Stan-
dardization, ISO tiers O and 1), often with no or inefficient chimneys, are the basic
technologies associated with the traditional use of biomass [3]. Examples of popular
traditional wood-fired stoves are three-stone fires and mud stoves, whose typical effi-
ciencies range from 9 to 23% (Table 2, based on [18-29]). They are typically home-
made, created or assembled for free with local materials, which results in different
types and designs worldwide [30].

Whereas the biomass used in rural households in areas of low- and middle-income
countries is essentially unprocessed, charcoal is the main cooking fuel for millions
of urban households in sub-Saharan Africa and is also relevant, although relatively
less important, in South Asia and Latin America [31]. Traditionally, charcoal is
produced from wood in simple earth and earth mound kilns, with typical efficiencies
between 10 and 34%. The efficiencies are often below 20%, depending on the tree
species, moisture content of the wood and skill of the charcoal producer [22]. As
with unprocessed wood, traditionally, charcoal is burned in simple stoves with low
efficiencies, granted that the typical efficiencies of traditional charcoal cooking stoves
are generally slightly higher than those of basic wood stoves [22]. The low efficiencies
of basic charcoal stoves associated with the low efficiencies of charcoal processing
result in an even higher overall impact on wood resources than the use of wood fuel.
However, charcoal is increasingly used in urban areas (worldwide, in 1990, 3% of
the population in urban areas relied primarily on charcoal for cooking, while in 2020,
this proportion increased to 5% [32]).

It is in Africa that charcoal is a far more important part of the cooking fuel mix. In
2020, 15% of the African population relied primarily on charcoal for cooking (3%

Table 2 Types and

efficiencies of traditional and Type of stove Fuel Efficiency (%)
improved biomass cooking Three-stone fires Wood 9-18
stoves and charcoal kilns. For  Mud stoves Wood 10=23
comparison typical
efficiencies of stoves fuelled Improved stoves Wood 13-52
with biogas and liquefied Charcoal stoves Charcoal 1547
p?troleum gas (LPG) are Gas stove Biogas 57
given Gas stove LPG 54-57
Type of kiln Feedstock Efficiency (%)
Traditional charcoal kilns Wood 10-34
Improved charcoal kilns Wood 12-45
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in the Eastern Mediterranean, 1.5% in America and less than 1% in the other world
regions) [32]. In urban areas in Africa, this share steadily increased from 16% in
1990 to 27% in 2020, while the relevance of unprocessed biomass decreased, which
resulted in charcoal surpassing wood fuel in terms of the number of users (Fig. 3).
In rural areas in Africa, a vast majority of the population continues to rely primarily
on unprocessed biomass (86% in 2020), despite a slight increase in the proportion
of the population that primarily relies on charcoal (7% in 2020).

Charcoal is more convenient for urban households because of its higher density
compared to wood (cf. chapter “Forest Biomass as an Energy Resource”), which
makes it easier to store, handle and transport. Additionally, high-quality charcoal
generally emits less fine particulate matter [26] and, therefore, helps to improve
indoor air quality and reduce health risks associated with prolonged exposure to
smoke.

Traditional cooking with biomass is often intertwined with a wide range of other
end-uses, such as water preparation, hygiene, lighting or space heating [33]. The
latter is particularly important in cold regions, where the same equipment that is used
for cooking is frequently used for space heating [34]. In low- and middle-income
countries, open and semi-open fires and simple stoves with a primary air inlet are
simultaneously used for heating and cooking with no or inefficient chimneys [35].
They are associated with indoor air pollution, have low thermal efficiencies, only
provide localised heating, and offer low comfort levels [36].

Dedicated (i.e., not used for cooking) traditional heating stoves with chimneys are
used in low- and middle-income countries as well, but also present low efficiencies
(for example, Li et al. [37] reported efficiencies of 24% for one of the most popular
household stoves used in China fuelled with biomass briquets made of sawdust).
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Fig. 3 Proportion of the African population with primary reliance on unprocessed biomass and
charcoal for cooking. (Data source [32])
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The research landscape may vary, but in general, there tend to be more studies on
traditional biomass cooking compared to traditional biomass heating.

Traditional, inefficient heating with biomass is not limited to low- or middle-
income countries. Heating with firewood in open chimney hearths/fireplaces is still a
popular practice in Europe, North America, Australia and New Zealand [35], often as
a supplemental heat source and in some cases only used for ambience [38]. Despite
the fact that the flue gases emitted by fireplaces are removed outdoors through a
chimney, they provide heat locally and in an uncontrolled and inefficient manner.
Their efficiency does not exceed 20% [39], but because of air infiltration induced
by the draft of the fireplace chimney, the net efficiencies are much lower than gross
efficiencies and in cold weather can even be negative [40].

Impacts of Traditional Use of Biomass

Incomplete combustion, characteristic of inefficient biomass burning, results in high
levels of indoor pollutants, especially when biomass is also used for space heating in
poorly ventilated homes [16]. The smoke produced by biomass combustion includes
a large number of chemical compounds with documented adverse health effects,
including, but not limited to, carbon monoxide, particulate matter, benzene and
polycyclic aromatic carbons.

Pollutant emission factors, a measure of the magnitude of the emissions from
a specific source, depend on various parameters, such as the energy conversion
equipment used, fuel type, fuel moisture content and operating conditions [41].
Also, different emission sampling strategies may result in different emission factors
[42]. These emission factors are essential as input for atmospheric models [42], for
the development of emissions inventories at local, regional or global levels [19],
to approximate pollutants exposures [23], and to support the development of poli-
cies and strategies aimed at reducing pollution [43]. Several studies report emission
factors (based on both laboratory and field measurements, although the former is
more common) for different fuel/biomass conversion technology combinations and
operating conditions. Reviews on emission factors of traditional biomass use can
be found, for example, in [17, 35, 42, 44]. For reference, Table 3 presents emission
factors for carbon monoxide (CO) and respirable particulate matter (PM; 5) based
on the works of [23, 26, 29, 43].

Emissions from incomplete biomass combustion have been strongly linked to
adverse health problems like chronic obstructive lung disease, acute lower respiratory
tract infections, lung cancer, tuberculosis, asthma, cardiovascular diseases, cataracts
or low birthweight [45-438].

Additionally, pollutants resulting from incomplete biomass combustion also
impact the climate [17, 49]. Many of the pollutants released in the inefficient tradi-
tional use of biomass (carbon monoxide, nitrous oxide, methane and other hydro-
carbon emissions) have a higher impact on the climate than carbon dioxide because
of their higher global warming potentials [19]. Moreover, when referring to the
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Table 3 CO and PM; 5 emission factors for traditional and improved biomass cooking stoves and
traditional open fireplaces

Type of stove Fuel CO (g/MJ delivered) PM 5 (mg/MJ gelivered)
Three-stone fires Wood 11.2-15.5 719-1498

Improved stoves Wood 0.1-10.9 25-914

Charcoal stoves Charcoal 6.4-38.5 33-644

Open fireplaces Fuel CO (gkg™! )" PMy s (g-kg™! )
Traditional open fireplaces Wood 74-114 5.8-14

4 Expressed in relation to the mass of wood burned on a dry basis

greenhouse gas emissions associated with the use of traditional biomass, the non-
renewable fraction of the total wood fuel harvested (fNRB) has to be mentioned. If the
quantity of biomass harvested exceeds the annual increment in a specific area, then
the biomass harvested is considered non-renewable biomass, and the carbon dioxide
emitted in the combustion of the fNRB should be considered for the calculation of
greenhouse gas emissions. The accurate estimation of fNRB is a complex, difficult
and challenging task because it requires detailed local knowledge of the consumption
of wood fuel and of the rates of forest biomass growth (see, for example, [17, 50]).

Particularly important to the climate impact of the traditional use of biomass is the
soot emitted by the incomplete combustion of biomass. Soot, also known as black
carbon, is a significant air pollutant and a strong absorber of solar radiation, with
both local and global impacts [51].

The low efficiencies associated with the traditional use of biomass lead to a huge
waste of resources and the need for large amounts of biomass to satisfy the energy
needs of the population. Often, it is women and children, especially girls, who are
responsible for fuelwood collection. This activity may take a considerable amount
of time, reduce schooling hours and attendance and result in several health problems
[52-54]. Another consequence of the high demand for wood fuel associated with the
traditional use of biomass is the pressure on forest resources. Even though the link
between the demand for wood fuel and large-scale deforestation is controversial,
the traditional use of biomass has been associated with deforestation in specific
places and the consequent environmental degradation [55, 56]. Particularly relevant
to the latter seems to be the rapid rise in charcoal consumption, mainly by the urban
population in Africa, and the fact that its production is concentrated in order to
supply large urban centres [55]. Generally, there is a lack of data-driven evidence on
charcoal production and its impacts on forest resources, but recently, several studies
based on remote sensing have associated charcoal production as the main driver
of forest degradation in sub-Saharan Africa [57]. According to Mwampamba et al.
[31], even though charcoal production can be the driver of deforestation, it is most
likely a cause of forest degradation (Schoene et al. [58] provide definitions for forest
degradation and deforestation).
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Improvements on the Traditional Use of Biomass

The traditional use of biomass holds significant potential for improvement [22].
Recognising both this potential and the negative impacts associated with tradi-
tional biomass use has spurred the development of improved biomass conversion
equipment.

The research conducted in recent decades has primarily focused on reducing
pollutants emitted from traditional single-pot cookstoves [59], resulting in the intro-
duction of improved stoves that are normally more efficient, safer, and emit fewer
pollutants. Numerous designs with a wide range of performances have been devel-
oped worldwide (e.g., [60, 61]). Many offer substantially better efficiencies and lower
pollutant emissions than the traditional ones, but some are still relatively inefficient
and pollutant (Tables 2 and 3).

Common features of improved stoves are: (i) inclusion of a grate under the fuel,
(ii) enclosing the fire with isolated, low density and specific heat walls, and (iii)
considering a short internal channel to direct the flue gases at the cooking pot [62].
Over the course of several decades, the designs of cookstoves have undergone signif-
icant changes. In the 1980s, cookstoves were primarily characterised by high-mass
stoves constructed using local materials [26]. However, as time progressed, there was
a shift towards rocket stoves in the 1990s and 2000s, which offered improved effi-
ciency and performance [26]. In more recent years, the development of cookstoves
has focused on the careful engineering of rocket, gasifier and forced draft stoves [26].

As cookstove designs have evolved, there has been a corresponding need to
develop and update laboratory and field-testing protocols. These protocols include
the water boiling test, the controlled cooking test and the kitchen performance test,
among others [26]. In 2012, the ISO International Workshop Agreement, IWA 11,
was published and served as a preliminary system for rating cookstove performance in
laboratories, categorising it in five tiers [63]. These protocols have been revised, and
ISO 19867-1:2018 now defines the laboratory measurement and evaluation methods
for particulate and gaseous air pollutant emissions, energy efficiency, safety and
durability of cookstoves [64]. Additionally, ISO 19869:2019 provides field testing
methods to evaluate cooking system performance in real-world conditions [65].

Improved stoves have been introduced in low- and middle-income countries since
the 1970s, first in Africa and then in Latin America and Asia [62]. Millions of
improved cookstoves have been distributed [66]—in China alone, around 200 million
[67]. Progress has been made, but the success of these programs has been limited
worldwide and the transition from traditional biomass to modern energy systems has
been difficult [17].

Cookstove programs aimed at mitigating the impacts of residential solid fuel
combustion have often fallen short of their intended goals, despite promising
outcomes observed during laboratory-based cookstove development and testing [68,
69]. Low valuation of the improved cookstoves by households seems to be part of the
cause, as reported by Hanna et al. [68], who evaluated an improved stove program
run in India. They followed households that received new stoves for four years and
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showed evidence that these households did not use the improved stoves regularly or
appropriately, did not invest sufficiently on maintenance and usage rates declined
over time. Differences in stove operation and fuel characteristics also explain the
discrepancy between field measurements and laboratory-based results [69]. Addi-
tionally, a wide range of different technologies and fuels fall under the term improved
stoves, and differences in performance are significant (Tables 2 and 3). Even though
the pollutant emissions of advanced biomass stoves are still higher than those of
stoves fuelled with gaseous fuels, like LPG and natural gas, advanced pellet stoves
performed better than wood and charcoal stoves, approaching LPG, as far as reducing
pollutant exposures is concerned [69]. However, users are required to either process
their fuels or utilise pre-processed fuels.

Because of their lower pollutant emissions, gaseous fuels have been promoted
in numerous countries [70]. Despite the fact that commercial fossil fuel stoves are
cleaner and more efficient, rural and low-income urban households do not have easy
access and cannot afford commercial fossil fuels [69, 70]. Much of the focus of
research and programs is rather on replacing wood fuels with alternative energy
sources and not so much on how to secure continued wood fuel supply [55] and use
biomass resources more efficiently and in a less polluting way [69], helping people
that depend on biomass and cannot afford alternative fuels. According to Arnold
et al. [55], it became increasingly evident that there is a need for more holistic
support for local tree and forest management as well as addressing local energy
requirements. This need arises within the context of broader interventions aimed
at promoting development and enhancing livelihoods. Cookstove programs need to
reflect local needs and practices and acknowledge the existence of stacking, i.e.,
that households use multiple devices and fuels along with improved cooking stoves
[71]. Recognising that cooking systems encompass more than the stove, important
factors to consider are: adherence to local customs, reliability, ease of maintenance,
employment opportunities and a comprehensive evaluation of the entire supply chain
[70].

3 Modern Uses of Biomass

In high-income countries, residential biomass is almost exclusively used for heating
purposes and modern biomass appliances are sometimes seen as luxurious pieces
of equipment that not everyone can afford [72]. On the other hand, biomass heating
is still commonly used in rural areas in high-income countries and often remains
the main source of heating for low- and middle-income people [72]. The seeming
contradiction surrounding biomass use arises from the diverse contexts and variations
within its usage. Among high-income countries, it is in the group of the European
countries where most biomass is used in the residential sector (Table 1).

The need for more efficient and cleaner energy conversion technologies that
provide residential heat led to the development of technologically advanced biomass
heating technologies with substantially better performance than older technology
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[73]. All the traditional and modern biomass installations in high-income countries,
such as the United States of America or European Union countries, are obliged to
have a chimney that directs the flue gases to the exterior [72]. Nevertheless, residential
biomass burning constitutes a significant contributor to atmospheric contaminants in
many high-income countries [42] because of older technology and poor firing habits
[73].

Residential heating can be achieved through two main methods: small-scale
heating appliances and district heating systems. Small-scale heating appliances are
specifically designed for individual buildings or smaller spaces, providing localised
heating solutions. On the other hand, district heating systems are designed to serve
larger areas, such as neighbourhoods. District heating systems have considerable
larger capacities and involve a centralised approach to efficiently distribute heat to
multiple buildings and consumers, employing technologies similar to those used in
industrial heating; therefore, they will be discussed in chapter “Biomass for Industrial
and District Heating”.

Small-scale residential heating systems can be broadly categorised into two main
types: local heating systems and central heating systems (Table 4). While both aim
to provide warmth and comfort to homes, they differ in their approaches to heat
distribution and overall system design. Local heating systems are designed to provide
heat within a specific area or room, whereas central heating systems are designed to
simultaneously heat multiple spaces (an entire household or building) from a central
heat source located in a suitable room.

Local heating systems rely on equipment that provide heat directly in the room
being heated and are suitable for small and intermittently used areas [39]. Their main
advantages are the low capital cost, relatively easy installation and simple operation;
however, they cannot provide heat uniformly to the room [39]. Some of them, namely
stoves, store heat in high-thermal-mass systems in order to provide heat to the room
over a longer period of time. Examples of local biomass heating systems are the
traditional open fireplace, wood stoves, fireplace inserts and wood pellet stoves.

Table 4 Classification of common modern small-scale solid biomass residential heating appliances

Unit location Fuel Operation mode Unit type

Local heating systems Wood Batch Wood stove

Fireplace inserts

Zero-clearance inserts

Pellets Automatic Pellet stoves

Fireplace inserts

Zero-clearance inserts

Central heating systems Wood Continuous Biomass boilers
‘Wood chips Automatic Biomass boilers
Pellets Automatic Biomass boilers

Forced-air furnaces
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Central heating systems, on the other hand, generate heat in a central unit and
distribute it to multiple rooms through a piping system. They can be categorised
into two main types: hydronic and forced-air systems. In hydronic systems, usually
water is used as the heat transfer medium, which is then circulated to radiators (the
most common heat emitters in hydronic systems), convectors or underfloor heating
pipes [39]. On the other hand, forced-air heating systems use air as the heat transfer
medium and deliver it to the rooms through diffusers. Additionally, biomass central
heating systems can also provide hot water for sanitary use. Examples of central
biomass heating systems comprise wood pellets or wood log boilers.

Small-scale solid biomass heating appliances can also be classified based on their
feeding systems, which determine how the fuel is fed into the combustion chamber.
Essentially, two types exist: batch feeding systems and automatic feeding systems.
Batch feeding systems or manual feeding systems, require users to load the biomass
fuel into the combustion chamber manually, while automatic feeding systems supply
biomass to the combustion chamber automatically. Typically, in modern wood log
boilers, fuel is manually fed into the combustion chamber, but the fuel is continuously
fed to the combustion zone by gravity [74].

Fuel type can also be a criterion for the classification of solid biomass residen-
tial heating appliances. Small-scale biomass heating appliances use almost exclu-
sively woody biomass [75]. Wood logs, pellets and briquettes are the most common
fuels used in modern systems [42]. Some residential biomass heating appliances are
designed to operate with a specific fuel, while others allow the use of multiple fuels.

The diversity of small biomass heating systems installed in high-income countries
is high, from very simple, older, inefficient installations to modern ones with signif-
icantly better performance. Fixed-bed combustion is the most common technology
in residential heating systems [76], with staged combustion being typically used in
advanced, small-scale residential heating appliances [77]. The next sections describe
popular modern biomass heating systems available on the market.

Wood Stoves

Wood stoves are heating appliances designed to burn firewood or briquettes as a fuel
source, with the main purpose of generating heat. They are the most popular small-
scale biomass heating appliances in the European Union countries and the United
States of America [78, 79]. Wood stoves are free-standing appliances that heat the
room locally by radiation and convection to their surroundings. The key components
of wood stoves are the firebox, combustion systems, flue pipe and chimney connection
and air inlet controls.

The firebox is the main chamber, where the wood is burned. It is typically made
of durable materials such as cast iron, steel or soapstone [78]. It usually contains a
glass window that provides a view of the burning fire. Wood stoves operate in batch
mode and typically have a door at the front that can be opened to add wood and
remove ashes. However, some models are fed through the top [78].
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Modern wood stoves incorporate staged combustion, which allows for efficient
and controlled combustion of the wood [75]. Staged-combustion ensures proper
oxygen supply for combustion: primary air is directed to the fuel bed to achieve
rich combustion, and afterwards, secondary air is supplied to support further lean
combustion of the gases and particulate matter that are released during the initial
burning process [75]. The burn rate of wood stoves is regulated by controlling the
amount of primary combustion air [80]. Typically, secondary air is preheated, and
air may be supplied close to the door to protect the glass door from soot and tar [79].
The control or air supply may be manual or automatic with the use of integrated
or retrofitted automatic combustion air supply regulation devices [79]. The use of
automatic combustion air regulation devices promotes the optimisation of efficiency
and emission performance [79]. Numerous designs for wood stoves exist, depending
on the flow paths of the air [80]. As an illustrative example of a possible design,
Fig. 4 presents a rough sketch of a down-draught wood stove, i.e., a stove where the
flow of the primary air into the combustion chamber comes from above the fire.

Many wood stoves are equipped with an ash box located beneath the firebox. This
removable tray collects ashes and makes cleaning the stove easier. However, some
stoves have no ash grates, and ashes need to be collected directly from the hearth
[80].

Wood stoves may include a catalytic combustor in the path of the flue gases as
part of their design. The catalytic combustor, which is a device made of a ceramic
foam or honeycomb structure coated with a catalyst, enables the combustion of the
incomplete combustion products at a lower temperature through a catalytic chemical
reaction [79, 81]. Typical advantages are higher efficiencies and lower emissions at

Fig. 4 Rough sketch of a
down-draught wood stove
(P.A.—primary air;
S.A.—secondary air;
F.G.—flue gases)
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Table 5 Average CO, NOy and particulate matter emission factors (PM EF) and efficiencies for
room heaters from European manufacturers (based on data from [83])

Technology Efficiency? (%) CO EF NOy EF PM EF
(mg-MJ~ ) (mg-MJ~ ) (mg-MJ~ )

Wood stoves 80 828 91 30
Advanced wood 86 865 87 32
stoves

Fireplace inserts 79 842 124 31
Advanced fireplace | 86 785 124 27
inserts

Pellet stoves 88 128 93 17
Advanced pellet 94 106 94 15
stoves

4 Based on the lower heating value

lower burn rates [81]. However, operating and optimising the efficiency of catalytic
wood stoves can be more challenging compared to non-catalytic wood stoves [81].

Modern wood stoves have typical overall thermal efficiencies (based on the
high heating value, HHV) between 60 and 80% [82]. Efficiencies and emission
factors from a comprehensive study that covers biomass heating appliances from 76
manufacturers from 13 European countries are presented in Table 5.

Other Stoves

Alternatives to traditional masonry fireplaces were developed in order to improve
their efficiency and emissions. Fireplace inserts are designed to fit into an existing
masonry fireplace opening, while zero-clearance fireplaces are stand-alone units
designed to be enclosed. They typically consist of a metal firebox with an insulated
glass front door and include the supply of both primary and secondary combustion
air to promote better combustion. As in free-standing stoves, the wood is batch-fed,
and some models are equipped with catalytic combustors to increase efficiency and
reduce emissions caused by incomplete combustion.

Both fireplace inserts and zero-clearance fireplaces resemble stoves, as far as
design and combustion principles are concerned, producing comparable emissions as
wood stoves [77]. Modern closed fireplaces have typical overall thermal efficiencies
(based on the HHV) between 60 and 80% [82]. Table 5 presents average efficien-
cies and emission factors for fireplace inserts from manufacturers in 13 European
countries.

Pellet stoves are a specific type of advanced stove that burns pellets and is suited
for continuous operation [84]. They feature a hopper that stores the pellets and a
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fuel feeder that automatically feeds the pellets into the combustion chamber. Under-
feeding and top-feeding are the most common strategies [84]. Additionally, pellet
stoves are designed with automatic control of the combustion air and fuel, optimising
combustion [85]. As a consequence, and also because of the characteristics of the
fuel used (e.g., low moisture content), these type of stoves generally offer lower
emissions of incomplete combustion products, but are more expensive than wood
log stoves [75]. Multi-fuel units, that combine the use of wood logs with pellets, are
also available on the market [75]. Some pellet stoves integrate heat exchangers to
produce hot water [84].

A comprehensive study that covers biomass heating appliances from manufac-
turers from 13 European countries reports an average efficiency of 94% (based on
the lower heating value, LHV) for advanced pellet stoves, compared to 88% for
other (not so advanced) pellet stoves (Table 5, [83]). Compared to wood stoves and
fireplace inserts, pellet stoves exhibit substantially lower average CO and particulate
matter emissions (Table 5). Average NOy emissions from wood and pellet stoves are
similar but lower than NOy from fireplace inserts (Table 5).

Boilers

While biomass stoves are primarily used for direct space heating, generating heat
locally within a specific area, biomass boilers are appliances that burn biomass to
heat water, which is then distributed throughout multiple rooms for space heating.
As a consequence, the capacities of biomass boilers are larger than those of stoves,
typically ranging from around 10 kWy, to 50 kWy,, although smaller and larger
boilers exist on the market [86]. Some systems incorporate the burner and the boiler
in a single integrated unit, while others are composed of two separate units [86].

Biomass boilers can burn wood logs, briquettes, pellets or woodchips and can
broadly be classified as over-fire or under-fire boilers. Over-fire boilers that burn
wood logs or briquettes are the simplest and cheapest of the two and are therefore
commonly used in households [74]. However, they are no longer the state-of-the-
art technology for wood log boilers [84]. In over-fire boilers, the primary air enters
the combustion chamber at the bottom, while the secondary air enters at the top,
above the fuel bed (Fig. 5). The flue gases then flow through a heat exchanger and
transfer energy to heat water. Over-fire boilers normally do not require ventilation
and are characterised by relatively low temperatures and the fact that combustion is
incomplete, especially when the boilers are operated at partial load [77]. However,
some are connected to water tanks, which enables them to operate at nominal power
and, consequently, reduce emissions [80].

The efficiency of over-fire wood log boilers is similar to that of traditional stoves
(between 50 and 65%) [74].

The state-of-the-art combustion principle for wood log boilers is under-fire
burning [84]. As the name indicates, in under-fire boilers, the first stage of wood
combustion occurs at the bottom of the fuel bed in the first part of the combustion
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Fig. 5 Rough sketch of an
over-fire wood log boiler
(P.A.—primary air;
S.A.—secondary air;
F.G.—flue gases)

chamber (Fig. 6). This compartment is also where the fuel is stored [77]. After partial
combustion, the incomplete combustion products are drawn downward or sideways,
and a second combustion stage takes place in a different compartment [84]. In modern
appliances, primary and secondary air are introduced in the combustion chambers by
a fan [84] and oxygen sensors and an advanced control system are used to promote
efficient and clean combustion [77]. The use of storage tanks reduces cycling and,
therefore, increases the efficiency and reduces emissions associated with wood-log
boilers [38]. Modern wood boilers have typical overall thermal efficiencies (based
on the high heating value, HHV) between 70 and 90% [82].

Pellet boilers are characterised by the automatic supply of pellets to the primary
combustion zone. The pellets are stored in a fuel tank and are usually fed from the
top, even though other feeding systems (e.g., horizontally-fed) are also used [86].
Contrary to wood-log boilers, the burning rate is controlled by the supply of fuel
and not of primary air [80]. Modern pellet boilers also have an automatic supply of
primary and secondary combustion air, which is done by fans. The fully automatic
and continuous combustion of an upgraded fuel enables very high efficiencies and
lower emissions, similar to those of liquid fuel boilers [74]. Modern pellet boilers
have typical overall thermal efficiencies (based on the high heating value, HHV)
between 60 and 90% [82]. Typical current emissions are EFcg = 30 mg-MJ*',
EFnox = 95 mg-MJ~!, EFpy = 20 mg-MJ~! [75].
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Fig. 6 Rough sketch of an
under-fire wood log boiler
(P.A.—primary air;
S.A.—secondary air;
F.G.—flue gases)

Some small-scale boilers used for residential heating burn wood chips, but they
are usually used in the countryside for larger houses [80] and higher heat flows [84].
They share the advantages of pellet boilers: automatic operation with combustion
controlled by fuel supply, rather than air supply [80]. However, the use of wood chips
isnotas convenient as the use of pellets because the fuel presents a higher bulk density
and moisture content (cf. chapter “Forest Biomass as an Energy Resource”). Yet, they
are less expensive and can be produced onsite [84]. The technology used in modern
wood chip boilers is similar to that of modern pellet boilers [80], but horizontal feed
burners and underfeed burners are more common than top feed burners [86].

Other Technologies

In regions where natural gas is an important energy source in the residential sector,
one of the strategies to increase the integration of renewable energies in households
may be the substitution of natural gas by green gas [87]. This would take advantage
of the existing infrastructure for distribution and consumption of natural gas and
would require no technological adjustments on the demand side. As Miedema et al.
[87] argue, these adjustments are limited by social and economic barriers: (i) tenants
may show little interest in the energy performance of their house; (ii) owners face
little financial means for investments in another technology; and (iii) may feel no
economic incentive to switch from natural gas to another heating technology. In this
context, a technological change on the supply side would be easier.

Green gas can potentially be obtained by anaerobic digestion or gasification of
forest biomass, but none of the technologies is yet commercially available (cf. chapter
“Forest Biomass as an Energy Resource”).
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4 Final Considerations

In terms of energy consumption, the residential sector is among the most significant,
accounting for 25% of the total global final energy consumption and contributing to
approximately 12% of total direct greenhouse gas emissions from end-use sectors.
The relative importance of households in total final energy consumption varies among
the different world regions, with the highest share occurring in Africa and the lowest
share in Asian and Oceanian countries belonging to the OECD. Energy consump-
tion in the residential sector is dependent on a combination of different climatic,
technological and socioeconomic aspects, but globally, heating is the end-use that
consumes the most energy.

Primary solid biofuels are currently the most commonly used energy sources
in households, representing 32% of the energy consumed in the residential sector
worldwide in 2020. They comprise different fuels such as unprocessed wood, char-
coal, pellets, briquettes or agriculture residues, but globally, woody biomass, in its
various forms, is the most used solid biofuel in the residential sector (in some regions,
with smaller shares of forest area, forest biomass tends to have less relevance than
agricultural biomass and animal dung).

The use of biomass in the residential sector is very diverse. In low- and middle-
income countries, it is mostly used in a traditional, inefficient way by households,
while in high-income countries, highly-efficient and low-emission appliances are
readily available on the market and are often used with high-quality, upgraded wood
products.

Open fires and inefficient conventional stoves are the basic technologies associ-
ated with the traditional use of biomass. In rural areas in low- and middle-income
countries, biomass is primarily used with little or no processing, while charcoal,
produced from wood in simple earth and earth mound Kkilns, is the main cooking
fuel for millions of urban households in sub-Saharan Africa, South Asia and Latin
America. Charcoal is more convenient for urban households due to its higher density
and lower fine particulate matter emissions.

Traditional cooking with biomass is often intertwined with other end-uses, such
as water preparation, hygiene, lighting or space heating. In low- and middle-income
countries, open and semi-open fires and simple stoves are used for heating and
cooking with no or inefficient chimneys. Dedicated (i.e., not used for cooking) tradi-
tional heating stoves with chimneys are used in low- and middle-income countries as
well but also present low efficiencies. Traditional, inefficient heating with biomass is
not limited to low- or mid-income countries; in high-income countries, it is associated
with poor communities or used as a complement to other heating appliances.

The traditional use of biomass is characterised by incomplete combustion, which
results in high levels of indoor pollutants, especially when used in poorly ventilated
homes. Pollutant emissions depend on parameters such as energy conversion equip-
ment, fuel type, fuel moisture content and operating conditions. The traditional use of
biomass has been linked to adverse health problems, negative impacts on the climate,
forest degradation and social and gender inequalities. Improved biomass conversion
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equipment has been developed to reduce fuel consumption and pollutants emitted
from traditional technologies. Progress has been made, but the transition from tradi-
tional biomass to modern energy systems has been difficult because of limited access
to modern energy infrastructures, affordability and cost considerations, a lack of
awareness and knowledge, cultural and behavioural factors and/or various technical
and operational challenges.

In high-income countries, biomass is almost exclusively used for residential
heating. Both biomass district heating systems (addressed in the next chapter) and
small-scale heating appliances are used. The diversity of residential heating systems
available on the market is high, but modern appliances that burn solid biomass typi-
cally have in common the use of staged combustion, which enables a more efficient
and cleaner conversion of biomass. Staged combustion is characterised by sequential
combustion in multiple zones. In the first zone (primary combustion zone), the solid
biomass is burned with a limited supply of air, which promotes the release of volatile
gases and the partial combustion of the fuel. The products of the primary combus-
tion zone are then further combusted in a different zone of the combustion chamber,
where additional air is introduced. Advanced appliances incorporate forced draft of
combustion air and advanced control systems. Common fuels used in modern heating
appliances are wood logs, briquettes and pellets.

Small-scale biomass heating appliances broadly fall into two categories: central
heating and local heating systems. Local heating appliances are designed to provide
heat in a specific area or room. They are suitable for small and intermittently used
areas with relatively low capital cost, relatively easy installation and simple opera-
tion. Examples of free-standing appliances are wood stoves and pellet stoves, and
examples of appliances designed to be enclosed are fireplace inserts and zero clear-
ance fireplaces. On the other hand, central heating systems can heat multiple rooms
at once. They include a central heat source located in a suitable location and a distri-
bution system that transfers heat to the various rooms. The heat transfer medium is
usually water, but air is also used. Pellet boilers are among the cleanest and most
efficient small-scale biomass heating appliances.
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Biomass for Industrial and District )
Heating i

Isabel Malico

Abstract The industrial sector, the world’s largest energy consuming end-user, is a
major greenhouse gas emitter. It heavily relies on fossil fuels, with only a small contri-
bution from renewables, and of these, only biomass (mainly primary solid biofuels)
is not marginal at a global scale. Several factors contribute to the limited adoption of
renewables within the industry. The sector’s extraordinary diversity and complexity
make a one-size-fits-all solution impossible. Industrial energy consumption varies
significantly among different sub-sectors and even within each sub-sector, depending
on production composition and industrial processes. Energy-intensive industries typi-
cally consume substantial amounts of process heat, while non-energy-intensive ones
tend to rely more on electricity. Given the importance of energy-intensive indus-
trial sub-sectors, finding solutions to decarbonise process heat is crucial. Process
heat encompasses various applications, technologies, energy sources, temperatures
and delivery methods. There is substantial demand for high-temperature process
heat (>500 °C), with only a limited number of renewable energy options available,
including bioenergy. Bioenergy holds the potential to contribute to the decarbonisa-
tion of industry but requires tailored solutions for each sub-sector and context. This
chapter presents key commercially available biomass heat production systems, which
vary in configuration, technologies and scale, with similarities to district heating
systems, also discussed.

Keywords Process heat - High-temperature heat - Bioenergy + Conversion
technologies - Combustion - Gasification + Co-combustion
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Fig. 1 Total final energy consumption in the world in 2020 by end-use. (Data source [1])

1 Introduction

In 2020, the industrial sector accounted for one-third of the world total final energy
consumption, approximately 120 EJ (Fig. 1), slightly surpassing the combined
consumption of the residential, commercial and public service sectors, which also
totalled around 120 EJ [1]." With this consumption, industries were the world’s
largest energy consuming end-use sector, closely followed by the group formed by
the residential, commercial and public service sectors (addressed in chapter “Biomass
for Domestic Heat™).

While the industrial and the residential, commercial and public services sectors
have similar final energy consumptions, industries account for more than twice the
share of total direct greenhouse gas emissions from end-use sectors compared to
the residential, commercial and public buildings (37% versus 16%) (Fig. 2). The
term “direct” excludes indirect emissions from the electricity and heat generation
consumed in the end-use sectors. The discrepancy between these two sectors reflects
the difficulties in the penetration of renewable energy sources in the industrial sector,
a challenge addressed in this chapter.

Given the significant contribution of the industrial sector to global greenhouse gas
emissions, decarbonising this sector becomes crucial in order to reduce greenhouse
gas emissions and keep global warming well below the 2 °C threshold above pre-
industrial levels, achieving climate goals [2].

The significance of the industrial sector in total final energy consumption varies
across different world regions. China, a highly industrialised country, has the highest
share (Fig. 3), with over half of its total final energy consumption (54%) attributed

1 Note that these figures exclude the non-energy use of fossil fuels (for example, the fuels used as
feedstocks to make products such as plastics and chemicals or bitumen used as road surface).
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Fig. 2 Share of the different end-use sectors in the greenhouse gas emissions from end-use sectors
in the world in 2020. (Data source [1])
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Fig. 3 Share of the industrial sector in the total final energy consumption for different regions in
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to industry in 2020 [1]. In contrast, Africa has the lowest share, with less than 15%
of its total final energy consumption dedicated to industrial activities [1].

In 2020, biofuels and waste accounted for just 8.4% of the energy consumed in the
global industrial sector [1] (Table 1). Despite this relatively modest contribution from
bioenergy, it stands out as the sole renewable energy source (RES) with substantial
direct use by the industry worldwide. The industrial sector primarily relies on fossil
fuels to meet its energy needs, with nearly 60% of the total energy used in global
industry in 2020 derived directly from fossil fuels, mostly coal, followed by natural
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gas [1]). The share of electricity used by the industries has been increasing in impor-
tance, and in 2020, this energy vector was the most used energy source, accounting
for 28.4% of the industrial energy consumption [1]. Some of this electricity, and
also of the derived heat, comes from renewable energy sources; therefore, the use
of renewable energies in the industrial sector was higher than what can be directly
observed in Table 1. However, global electricity generation continues to rely on fossil
fuels (cf. chapter “Biomass for Power Production and Cogeneration”), as does the
generation of derived heat (cf. Sect. 4).

In 2020, Central and South America (35%), non-OECD? Asia (excluding China)
(21%) and Africa (19%) stood out as regions where biofuels and waste had the
most significant share in the industrial energy consumption [1]. These regions also
had important biomass consumptions in the residential sector (cf. chapter “Biomass
for Domestic Heat”), and Central and South America was the world region with
the highest share of biomass in the energy sector (c¢f. chapter “Biomass for Power
Production and Cogeneration”). Combined, non-OECD Asia and Central and South
America accounted for 60% of the biofuels and waste used by the industry in 2020,
followed by North America (16%) and OECD Europe (13%) [1].

The relative importance of fossil fuels in the industrial sector has been declining,
albeit at a slow rate (averaging 0.4% per year over the last three decades [1]). However,
between 1990 and 2020, the consumption of fossil fuels by the industry increased
45%, from 48 to 70 EJ, following the growth in energy consumption by the industry
[1]. During this period, crude oil and oil products were the only fossil energy sources
to experience a decrease in consumption, while the industrial demand for coal and
natural gas increased, both in quantity and share (even though, in the last decade,
global consumption of coal by the industry has been decreasing (Fig. 4)).

The consumption of biofuels and waste by the global industry in 2020 (10 EJ) was
approximately 2.5 times higher than in 1990. Moreover, there was and even more
significant relative growth in other renewable energy sources, such as geothermal and
solar, which had a more than six-fold increase over the last 30 years [1]. However,
despite the importance of promoting the adoption of these RES by the industry, they
still have no expression in the global industrial energy consumption.

The large majority of the biofuels and waste consumed by the industrial sector
in 2020 were primary solid biofuels, accounting for an average of 93% worldwide.
However, in certain regions, industrial waste also constituted a significant share [1].
When only the renewable fraction of waste is considered, worldwide, solid biofuels
represented nearly the entire biomass consumption by the industry worldwide.

The remainder of this chapter is structured as follows. It begins with a description
of how energy is consumed in the industrial sector. Given that the industrial sector
predominantly consumes energy in the form of heat on a global scale, and forest
biomass is particularly well-suited for heat generation, Sect. 3, focus on presenting
the most relevant biomass heat production systems used in this sector. While these
systems vary in terms of configuration, technologies and scale, some share significant
similarities with those used in district heating. Consequently, district heating systems

2 OECD stands for Organisation for Economic Cooperation and Development.
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are discussed at the end of this chapter. On the other hand, the topic of combined
heat and power (CHP) generation, which is very important for both applications,
will not be addressed in this chapter; instead, it will be covered in chapter “Biomass
for Power Production and Cogeneration”, when power production based on forest
biomass is described. The chapter ends with some final conclusions.

2 Industrial Energy Consumption

Industries consume electricity for operating industrial equipment (e.g., motors,
compressed air systems), as well as for lighting, space heating, cooling, ventilation
and powering computers and other electric equipment. Additionally, they demand
heat for process heating and water and space heating.

The structure of energy consumption in the industrial sector is highly complex,
with significant variations among different industry sub-sectors and even within
the same sub-sector, among industrial facilities [3, 4]. Typically, the majority of
industrial facilities purchase electricity from electrical utilities or independent power
producers. Some also generate electricity for self-use and/or for sale, often through
CHP systems. While the purchase of derived heat also exists, it is not as common
to sell heat off-site as it is for electricity or transport fuels [5], primarily due to the
challenges associated with heat distribution.

The distribution of energy consumption across various end-uses (power, process
heating, space heating and process and space cooling) in the industrial sector depends
on the composition of industrial sector production and the specific characteristics
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of existent industrial processes. A comprehensive understanding of how energy is
consumed in the world’s industry is currently lacking, as there are no global offi-
cial statistics that disaggregate the energy consumed in industry into its end-uses.
In general, heat plays a significant role in the energy consumed by the industries.
However, because heat generally does not require metering, and heat markets are
often local and dispersed, there is a general gap in heat demand data [5]. This gap
hinders demand-oriented energy policies for the sector [4].

Some countries are aware of the need for more information on the heat and cooling
sectors and their importance for the energy transition towards a sustainable low-
carbon economy. For example, the European Union (EU) defined its strategy for the
heating and cooling sectors in 2016 [6], set indicative targets for the EU countries
to increase the annual share of renewable energy sources in heating and cooling [7],
and supported and published studies to increase the knowledge on the heating and
cooling sectors (e.g., [8—10]). As a consequence, information on the characteristics
of the consumption in the industrial sector exists for these regions. Presenting a
description of this information does not characterise but helps to form a picture of
the energy needs of the world’s industry. In this regard, the next paragraphs briefly
present the EU’s industrial energy consumption.

In the European Union, the industrial sector was the third largest energy consumer,
accounting for 26% of the total final energy consumption in 2021 [11]. Similarly to
what happens in the world, the industry of the EU 27 Member States (EU27) rely
on electricity and the direct use of fossil fuels (33% and 49% of the final industrial
energy consumption, respectively) [11]. Natural gas (33%) was by far the most
consumed fossil fuel [11]. The renewable contribution to the EU27 came primarily
from primary solid biofuels (90.6%), with some contribution of renewable municipal
waste (3.6%), biogas (2.2%), liquid biofuels (1.9%) and ambient heat (1.6%) [11].

Five industry sub-sectors contribute the most for the EU27’s industrial energy
consumption (Fig. 5): chemical and petrochemical (21.5%), non-metallic minerals
(14.1%), paper, pulp and printing (13.5%), food, beverages and tobacco (11.6%), and
iron and steel (10.2%). Understanding how energy is consumed in these industries
and promoting energy efficiency and renewable energies is critical to be able to
reduce the overall impact of the industrial sector on the environment.

A full end-use energy balance for the EU27 industry revealed that, in 2012, 57%
of the energy was consumed for process heating, 10% for space heating, 3% for
cooling and the remainder (30%) was mainly used for mechanical applications driven
by electricity (Table 2) [12]. Another study, focusing on eight energy intensive sub-
sectors that consumed 98% of the EU28 (EU27 4 the United Kingdom) industrial
final energy consumption in 2013, concluded that process heating consumed 66%
of the total final energy consumption and electricity had a 26% share [13]. More
recently, a study by TU Wien [10] focused on space heating concluded that 8.7% of
the EU27 industrial energy consumption in 2017 was for space and water heating.
These studies show that most of the energy used by the European Union’s industry
is in the form of heat, specially process heat.

Industrial processes vary significantly by industry sub-sector and so do their
energy needs. The most energy intensive industry sub-sectors typically consume



242
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Table 2 Share (in %) of various energy end-uses by industry sub-sector in EU27 in 2012. (Data

source [12])

Process heating | Space heating | Non-heating and cooling | Cooling
Chemical and 61.7 4.1 28.8 54
petrochemical
Non-metallic 76.3 4.7 18.4 0.6
minerals
Paper, pulp and 60.9 54 332 0.5
printing
Food, beverages and | 43.6 21.9 20.2 14.4
tobacco
Iron and steel 85.2 1.5 13.3 0.1
Machinery and 14.5 27.3 56.7 1.5
transport
Non-ferrous metals | 40.6 3.7 55.5 0.2
Total industry 57.1 10.1 29.9 3.0

a large share of heat (Table 2). For example, 87% and 66% of the energy consumed
by the iron and steel and chemical and petrochemical sectors in the EU27 in 2012
was heat. On the other hand, non-energy intensive industries, like the manufacturing
of machinery, generally consume more electricity than heat.

The direct use of fossil fuels, especially natural gas, dominates the heat consump-
tion in the European industry (Fig. 6). Natural gas accounted for 36% of the final
energy consumption for process heating in the EU27 countries in 2012, followed by
coal and other fossil fuels. In general, approximately three quarters of the energy
demand for process heating was met with fossil fuels. Biomass provided 12% of
the energy used for process heating and was the only renewable energy source used

directly by the industry with some expression.
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Fig. 6 Share of energy sources in the final energy consumption a for process heating and b in space
and water heating in industry for EU27 in 2012. (Data source [10, 12])

The importance of the direct use of fossil fuels is even larger when it comes
to industrial space and water heating (Fig. 6b). In 2012, natural gas and fuel oil
accounted, respectively, for 71 and 12% of the energy needs for this end-use in
EU27 countries. Moreover, the direct use of renewable energy sources for space and
water heating in the EU27 industry was negligible and the only way that renewables
penetrated was indirectly through electricity and district heating, which are partially
produced from renewable energy sources. Of the two, the largest share in industrial
heating belongs to district heating, which accounted for, respectively 15% and 8%
of the energy consumed for space and process heating in the EU27 in 2012.

The energy sources used for process heating are much more diversified than for
space and water heating, reflecting the very large diversity of technologies used for
process heating. Indeed, the term process heat refers to a huge variety of applications,
using different technologies and energy carriers (e.g., steam, liquid water, air) at
different temperature levels. The latter is of particular importance when addressing
the decarbonisation of the industrial sector.

More than half of the process heat consumed by the EU27 industry in 2012 was
above 500 °C (Fig. 7); the same occurring in EU28 in 2015 [14]. High-temperature
heat represented the large majority of the process heat consumed by the iron and
steel (94%), non-metallic minerals (72%), and chemical and petrochemical (66%)
industries in EU27 in 2012 [12]. In contrast, other industry sub-sectors that are also
large energy consumers mostly consumed heat below 200 °C (in the paper, pulp and
printing, and the food, beverages and tobacco, the share of process heat below 200
°C in the total process heat consumed was, respectively, 94% and 83% [12]).

The need for high-temperature heat was essentially met by the direct use of fossil
fuels (91%) [12]. Moreover, supplying process heat at temperatures above 500 °C
represented 84% of the coal, 76% of the “other fossil fuels” and 55% of the natural
gas consumed by the EU27 industry in 2012 [12].
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Not all the renewable energy sources and technologies are able to provide high-
temperature process heat [15]. In principle, various solid biomass products are able
to provide high-temperature heat [4, 15] but in practice, in the EU27 in 2012, 83%
of the biomass used by the industry met process heat needs with temperatures below
200 °C and only 17% was used for process heat at temperatures above this level [12]
Furthermore, solid biomass was mainly used by industry sub-sectors that generate
residual biomass, such as the pulp, paper and printing, and the wood and wood product
industries (see chapter “Sources and Distribution of Forest Biomass for Energy” for a
description of the secondary wood residues generated by the wood-based industries).
Together these sub-sectors consumed 85% of the final energy consumption of solid
biomass in the EU27 industry in 2021 (Fig. 8). On the other hand, with a 6% share,
the non-metallic mineral sector does not generate residual solid biomass, but still
consumes a noteworthy proportion of solid biomass.

Process heat was virtually the only final energy use of biomass in the EU27
industry in 2012 [12]. This does not mean that industry does not generate electricity
from biomass. However, the electricity generated by the industry is accounted for in
transformation and not final energy consumption (cf. chapter “Biomass for Power
Production and Cogeneration”). For example, the pulp and the wood-based panels
industries commonly consume solid biomass in CHP systems for the production of
heat and power [16—19].

Other than temperature, the way heat is delivered to the load is also important and
diversified. Some industrial processes are continuous and require large amounts of
energy to heat large volumes of materials, while others operate in batch mode, heat
small quantities of materials and require precise temperature control [20]. In certain
industries heat is provided directly to the material, in others indirectly. For example,
in blast furnaces used in the steel industry, the flue gases are in direct contact with
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the iron ore and are used for its reduction [21], whereas in the production of food
and beverages, direct heating with solid fuels such as coal is generally not suitable
since the flue gases contain pollutants that contaminate the products [22].

Other analyses characterise the industrial energy consumption in different regions
and help form a picture of the needs of the world industry and the pathways avail-
able to decarbonise this sector. For example, the United States Energy Information
Administration (EIA) regularly publishes the results of its Manufacturing Energy
Consuming Survey [23] and the Australian Renewable Energy Agency recently
published a report on the renewable options for industrial process heat where the
consumption of the Australian industrial sector is analysed [24]. Complementing
these analyses, several studies focus on specific industry sub-sectors, such as the
iron and steel [25, 26], chemical [27, 28], cement [29, 30] or pulp and paper [31, 32]
industries.

Even though a detailed characterisation of the world industrial energy needs is
not available, the following can be stated:

e Industry is very diverse and the energy needs of the different industry sub-sectors
and facilities are varied and complex.

e A few energy-intensive industry sub-sectors account for a large share of the world
energy consumption and greenhouse gas emissions (of particular relevance are
the chemical, iron and steel and cement industry?) but, a non-negligible part of
the industrial energy consumption is dispersed by very different industries.

e FEnergy-intensive industry sub-sectors typically consume a large share of heat,
mainly process heat.

3 In 2020, these three sectors accounted for almost 60% of the world industrial energy consumption
and more than 70% of the industrial CO, emissions [33]. The emissions from industrial processes
are included in this value, which for some industrial processes (e.g., cement and lime production)
are important [34].
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e Demand for high-temperature heat in industry is substantial.

e High-temperature process heat can only be supplied by certain technologies and
energy sources, whereas for the lower temperatures (200 °C) much more options
are available [9, 15, 35].

e High-temperature process heat is today largely supplied by fossil fuels.

e Biomass could provide high-temperature process heat, but is mainly used in forest-
based industries, which mostly require low and medium temperature process heat.

The decarbonisation of the industrial sector is a challenging task. Adding to
the difficulty of providing high-temperature heat through low-carbon technologies,
heavy industrial facilities have typically long lifetimes, are capital intensive and many
energy-intensive products, such as steel, compete on global competitive markets and,
therefore, the investment on new, low-carbon technologies poses real risks [9, 33].
Moreover, industrial players are generally averse to risk and have short payback time
expectations [24]. Bioenergy may be part of the solution to decarbonise industrial
heat, with several studies focused on the topic [4, 15,21, 30, 35-37], but the solutions
are dependent on the industry sub-sector and specific context with no one-size-fits-all
solution.

3 Biomass Systems for Industrial Heating

As seen previously, globally, in the industrial sector most of the energy is consumed
for process heating, but space heating is also worthy of reference and is relatively
more important in the less energy-intensive sub-sectors, such as machinery and trans-
port equipment or the food, beverages and tobacco (e.g., [4, 10]). Several technolo-
gies are available for the production of space heating within industrial facilities (e.g.,
combustion-based equipment fuelled by renewable and non-renewable fuels, ambient
pumps, solar thermal systems). Alternatively, heat can be supplied via district heating
(see Sect. 4 for a description of district heating systems based on biomass).

Because of the diversity of existing industrial processes and heating principles,
a high diversity of technologies (e.g., boilers, kilns, blast furnaces, ovens, dryers)
are available to generate process heat, varying in size from small-scale systems of a
few kilowatts to large-scale systems of the order of megawatts. Among the factors
that are important for the choice of the technology used are: the characteristics of
the industrial process and heat demand, properties of the available fuels, costs and
performance of technologies and legislation [38—40].

Combustion-based process heating systems are responsible for the generation of
a large share of the energy used by the industry and are employed in almost every
industry segment [20]. In this type of process heating system, heat is generated by the
combustion of a fuel (usually with air, but other oxidants are also used) and distributed
to the process. Biomass is not the most used fuel but common in certain industrial sub-
sectors (cf. Sect. 2). The systems can be categorised into two groups: direct heating
systems, where flue gases are in direct contact with the material being processed, and
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indirect heating systems, where flue gases transfer the heat to a heat transfer fluid
(e.g., steam, hot water, hot air), which then delivers heat to the production process
(Fig. 9).

Typically, high-temperature process heat is generated in direct systems [36]. There
are many types of equipment used, depending on the specificities of the industrial
process. Examples include furnaces used in the chemical and petrochemical [41-45],
food, beverage and tobacco [46], iron and steel [47, 48], non-ferrous metals [49],
non-metallic minerals [5S0-53] and pulp and paper [18] sub-sectors. Currently, most
of these applications rely on fossil fuels, but some involve biomass co-firing with
other fuels (e.g., in cement kilns [53]) or 100% biomass firing (e.g., in small blast
furnaces [54]).

Although direct heating also provides heat at low and medium temperatures,
such as in the case of the cork industry [55], most technologies used for the lower
temperatures involve indirect heating, usually with steam as the heat transfer fluid
[36]. For the generation of low- and medium-temperature process heating, diverse
biomass conversion technologies are available and commonly used.

In contrast to many small-scale biomass energy conversion systems used for
residential heating (cf. chapter “Biomass for Domestic Heat”), typically, industrial
systems are automatically fed, involve advanced process control systems and pollu-
tion control equipment. Figure 10 presents an example of a possible layout of a solid
biomass system used to indirectly provide process heat to an industrial process.
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Fig. 10 Example of a layout of a process heat generation system fired with solid biomass

The configuration of biomass systems for process heat generation varies based
on factors such as the scale of the system, operational requirements and the charac-
teristics of the fuel feedstock. Typically, these systems integrate different facilities,
components and equipment.

Usually, facilities that receive, store, preprocess and/or automatically feed the fuel
into the energy conversion system are required. The logistics of biomass delivery and
reception are intricately linked to the layout of the facility and the chosen storage
methods. Unloading and/or transporting fuel to storage or processing areas can adopt
fully automated, fully manual or hybrid approaches involving a combination of
automation and manual intervention.

To ensure compliance with environmental and health standards, potentially opti-
mise costs and align with the requirements of the energy conversion process, biomass
often undergoes pre-processing before storage and energy conversion (see chapter
“Forest Biomass as an Energy Resource” for a description of biomass pre-processing
methods).

The storage of solid biomass can encompass both indoor and outdoor facilities,
with some applications requiring both long- and short-term storage solutions, while
others only short-term storage before directly feeding biomass into the conversion
equipment.

The biomass feeding systems should be automatic and equipped with metering
capabilities, enabling precise control over the amount of biomass supplied to the
conversion equipment. This control ensures efficient conversion and consistent
generation of heat, important in industrial contexts.

Moreover, environmental protection policies generally impose limits on pollutant
emissions arising from combustion. Consequently, it becomes imperative to imple-
ment mitigation measures and control systems that align with legal mandates. This
measures and systems can involve the use of advanced combustion technologies, air
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pollution control equipment (e.g., scrubbers, fabric filters, electrostatic precipitators,
cyclones) and optimisation of operational practices to minimise emissions [38, 56,
57]. Choosing the right technology depends on factors such as the specific biomass
material, combustion equipment and desired energy output.

Another integral part of the heat generation system fired with solid biomass is
the collection of ash formed during combustion. A portion of the inorganic matter
content of the biomass fuel is removed from the system in the form of solid ash parti-
cles and agglomerates that are collected at the bottom of the combustion chamber.
Additionally, small ash particles and inorganic vapours are caught up by the combus-
tion gases and are transported through the flue gas duct, being collected in specific
equipment (e.g., electrostatic precipitators, fabric filters, cyclone separators).

At the centre of solid biomass systems designed for process heat generation is the
equipment that converts the fuel into thermal energy. Most of the systems employed
by the industry are based on the direct combustion of biomass, but some industries use
systems based on gasification [15]. Both combustion and gasification technologies
will be described below.

Combustion

Medium- and large-scale systems for biomass combustion rely on several technolo-
gies that are commercially available and mature. Most of these technologies can be
categorised into three groups: fixed bed, fluidised bed and pulverised fuel combustion,
depending on the flow conditions inside the combustion chamber [38, 40].

In fixed bed combustion, biomass fuel is fed onto a grate, where it burns with
the primary air that flows through the bed, supplied through the grate from below
(Fig. 11). Secondary air enters the combustion chamber above the bed to support
further combustion of the gases and particulate matter that are formed during the
initial burning process. The name “fixed-bed” originates from the fuel forming a bed
that remains on the grate due to gravity, in contrast to what happens in fluidised bed
combustors, where the particles of fuel are suspended.

Fix bed combustion systems can have different configurations and are further
categorised into grate furnaces (overfeed stokers) and underfeed stokers, depending
on the way fuel is fed into the combustion chamber. As the name indicates, in overfeed
stokers, the biomass is supplied from above the grate, while in underfeed stokers from
below. Different technologies of both underfeed and overfeed stokers exist, each with
its own design and operational characteristics. Examples of mature technologies are
fixed, moving, travelling, vibrating or rotating grate firing furnaces, cigar burners or
horizontal-feed, side-ash discharge underfeed stoker [40, 57-59].

Similar to fixed bed combustion, fluidised bed combustion also involves the
upward stream of primary combustion air supplied to the combustion chamber from
the bottom. However, in fluidised bed combustion, this air is introduced at a suffi-
ciently high velocity to maintain the bed in suspension, creating a “fluidised” state
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Fig. 11 Sketch of a grate
furnace, a type of fixed bed
combustor
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(Fig. 12). In this technology, fuel is fed into a bed of suspended heated granular mate-
rial (e.g., silica sand, dolomite), which constitutes the majority of the bed, usually
accounting for 90-98% of the mixture of fuel and bed material [40]. The combina-
tion of intense heat transfer and mixing enhances combustion, promoting complete
and efficient combustion while allowing low excess air. This reduces the volume
of flue gases, allowing a more compact design, which is particularly beneficial for
large-scale applications.

Fluidised bed combustion can be categorised into bubbling fluidised bed and
circulating fluidised bed [60, 61]. The primary distinction between these two lies is
the fluidisation velocity, which is notably higher for circulating fluidised combustion.
As a consequence, in this technology, the bed material, which is smaller than in
bubbling fluidised bed, is carried with the flue gases. Larger particles tend to either
remain fluidised near the furnace bottom or get transported after undergoing size
reduction due to the chemical reactions, thermal stresses and mechanical stresses
[62]. The operation of circulating fluidised bed furnaces involves a cyclone directly
linked to the combustion chamber, which separates and captures particles contained
in the flue gases and recycle them to the fluidised bed for complete combustion.

Fluidised bed systems operate at atmospheric pressures, although variations that
operate at elevated pressures have been developed. They are characterised by higher
efficiencies, but are more complex and have higher associated costs [20]. The current
research emphasis is primarily directed towards conventional atmospheric fluidised
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Fig. 12 Sketch of a bubbling fluidised bed furnace and b circulating fluidised bed furnace

bed combustion with limited attention given to the investigation of pressurised
fluidised bed systems [63].

Pulverised fuel combustion, also called entrained flow or dust combustion, is most
widely employed in coal-fired power stations [64], but not so common for biomass
combustion. In pulverised fuel combustion furnaces, finely pulverised fuel along-
side air are introduced in the combustion chamber (Fig. 13). Within the furnace,
these particles heat up, releasing combustible gases and quickly reacting with
oxygen, because of the small particle sizes. This technology is characterised by
high efficiencies and allows very good load control and fast load changes [40, 65].

Disadvantages of pulverised fuel combustion are the requirement to burn biomass
with low moisture content (<20 wt % wb) and small particle sizes (<5 mm) [38]
and sensitivity to changes in fuel quality [57]. When pulverised fuel combustors are
fired with solid biomass, if the particles are not already small because they originate
from a specific industrial process, energy must be spent in grinding and drying the
feedstock.

Table 3 presents the typical capacities, fuel requirements and performance for fixed
bed and fluidised bed biomass combustion, the two types of technologies mostly
used for the generation of process heat from biomass. The values presented are
for reference and should be read with care since many of the parameters may be
dependent on a specific technology within these combustion typologies. For example,
the fuel delivery system also influences the size of the particles and grate furnaces
with pneumatic conveyers for fuel delivery require particle sizes up to 5 mm, while
sliding bar conveyers allow fuel 100 times larger [38].

Biomass fixed bed and fluidised bed combustion are the most commonly used
technologies for the generation of heat. Biomass fixed bed combustion is typically
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Fig. 13 Sketch of a pulverised fuel combustor

used for capacities below 20 MWy,, while fluidised bed combustion is preferred for
capacities above 20-30 MWy, [36, 64]. Generally, both technologies offer consider-
able flexibility regarding moisture and ash content [65]. However, while fixed bed
combustion systems are flexible in terms of fuel particle size, fluidised bed systems
require smaller particle sizes [38, 65]. Additionally, fixed bed combustion allows for
the mixture of various types of wood fuels [65] and is commonly used for low-grade
fuels (e.g., demolition wood) [64]. Generally, these systems have lower capital and
operational costs than fluidised bed systems, but are characterised by lower efficien-
cies [40]. Biomass pulverised combustion, although occasionally used in industry
sub-sectors like chipboard manufacturing [40], is not as widely adopted for process
heat. Instead its primary and more common application is in thermal power stations
[68] (cf., chapter “Biomass for Power Production and Cogeneration”).

Gasification

An alternative approach to the conventional method of direct combustion involves
gasification. During gasification, biofuels are converted into a low molecular weight
combustible gaseous fuel mixture commonly referred to as syngas (for further details
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Table 3 Comparison between fixed bed, bubbling fluidised and circulating fluidised bed combus-
tion (based on [38, 40, 57, 60, 65-67])

Fixed bed combustion | Bubbling fluidised Circulating fluidised
combustion combustion
Typical thermal 100 kWp—20 MW, 5-15 MWy, 15-100 MWy,
capacity
Fuel flexibility Good; all wood fuels | Good; various types of | Good; various types of
and most types of biomass biomass
biomass
Flexibility to fuel High; allow varying High but for smaller High but for smaller

particle size

particle sizes with a
minimum size of 5 mm

sizes (<25 mm)

sizes (<50 mm)

Maximum moisture | 60% 60% 60%
content
Maximum ash 50%; low for 50% 50%

content underfeed stokers
Partial load Good Requires special Requires special
operation technology technology
Combustion 94-97% ~99% Up to >99%
efficiency
Capital costs Medium to low High (but lower than | High

CFB)
Operation and Medium to low, High High

maintenance costs

depending on the
technology

CFB Circulating fluidised combustion

on the composition and denomination of the gaseous fuels that results from gasifi-
cation, please consult chapter “Forest Biomass as an Energy Resource”). One of the
advantages of syngas over the original solid biofuels is its flexibility and the wide
array of potential applications. These applications range from the generation of heat
to the production of advanced biofuels and chemicals, passing through the generation
of combined heat and power.

Within the scope of industrial heating only (cogeneration will be explored in
chapter “Biomass for Power Production and Cogeneration”), once generated in the
gasifier, syngas can be burned to provide process heat. This forms a closed-coupled
biomass gasification-combustion system, a technology commercially available [69].
When a high-quality clean gas is essential for the process, syngas will undergo
treatment to eliminate tars and particulate matter before combustion. This results in
a much cleaner fuel than the original solid biomass.

Gasifiers can be categorised as either directly heated or indirectly heated,
depending on the method they employ to supply heat for the endothermic gasifi-
cation process. In directly heated gasifiers, also known as autothermal gasifiers, heat
is generated through the partial oxidation of biomass. Conversely, in indirectly heated
gasifiers, also referred to as allothermal gasifiers, heat is provided indirectly either
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by the gasifying agent or through heat exchangers. The way heat is provided to the
gasification reactions is determinant for the quality of the syngas, with indirectly
heated gasifiers typically yielding syngas with a higher heating value [70].

Another common way of classifying gasification conversion technologies is based
on their fundamental operation principle, including fixed bed, fluidised bed or
entrained flow designs [71]. The fluid dynamics within the gasifier has a strong
influence on the mixing between solid and gas and on the performance of gasifiers
[72]. In this context, both fixed bed and fluidised bed systems, the main categories
of gasifiers, employ similar equipment to direct combustion systems [69].

In fixed bed gasification systems, the fuel is fed from the top and is piled on
a grate, moving downwards as it suffers chemical reactions (Figs. 14 and 15). On
the other hand, the gasifying gas that passes through the biomass feedstock (almost
always air [73]) may be introduced at diverse positions within the gasifier, resulting
in different gas flow directions.

Fixed bed gasifiers are the classical and still the most commonly used technologies
for gasification [71] and are well-suited for small-scale heat and/or power genera-
tion [74]. They represent a straightforward, cost-effective and well-established tech-
nology; however, they typically yield syngas with lower heating value than other
configurations [69].

In the updraft gasifiers, also called counter-current gasifiers, the gasifying agent
is introduced at the bottom and, as a consequence, the gasification process proceeds
downwards (Fig. 14a). The syngas leaves the gasifier at the top and ash falls from the
grate to the bottom of the gasifying chamber. This type of gasifier is efficient [74] and
allows using biomass with high moisture content [71], but it has a drawback in that the
syngas generated typically contains 10-20% tar, necessitating significant cleaning

\i/ \i/
l Syngas l
ﬁ
Gasifying Gasifying
ageri) \ /_;gent
eremar Sl Gasi‘f\ri:‘lg [_ s S
agen

a b

Fig. 14 Sketch of fixed bed a updraft gasifier and b downdraft gasifier
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and processing before it can be used for purposes other than direct combustion [71].
Because of their inherent disadvantages, updraft gasifiers are not so widely used
today [74].

In contrast to updraft gasifiers, downdraft gasifiers, also called co-current gasifiers,
introduce the gasifying gas more or less at the middle section of the gasifying chamber
(Fig. 14b). In this configuration both the biomass and the gasifying agent move
downwards and ash falls from the grate to the bottom of the gasifier. As a consequence
of the direction of the gas flow, syngas flows towards the bottom of the reactor, leaving
the gasifier at a high temperature. Two types of downdraft gasifiers exist: with throat,
as represented in Fig. 14b, or without throat; the former producing syngas with lower
tar content [74]. While downdraft gasifiers tend to produce syngas with much lower
tar content (less than 0.1%) than updraft gasifiers, they can be more complex and
costlier to operate [71]. Another disadvantage is the fact that they require feedstock
with low moisture content [71] and low ash content [73].

Downdraft gasifiers are widely used and are the most common technology for
small-scale power generation [75]. Other main applications of the syngas produced
with this technology are in boilers, dryers or direct fired rotary kilns [74].

Another type of fixed-bed gasifier is the crossdraft gasifier, also called cross-flow
gasifier. In this configuration, the gasifying agent enters the reactor on one side and
syngas leaves on the other side (Fig. 15). One of the main advantages of this type
of configuration over the other fixed-bed types of gasifiers is the fast response time
to load changes; however, crossdraft gasifiers are not widely applied and research is
scarce [74].
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Similar to fluidised bed combustion, fluidised bed gasification systems generate
combustible gas by introducing biomass into a heated bed of suspended granular
material that is fluidised by an upward flow of gas, which in the case of gasifiers
is the gasifying agent. This results in an effective mixing between the gas and the
different solid materials present in the gasifying chamber. The most common inert bed
material is silica, but other bed materials might be an option for specific applications.
For example, dolomite has a catalytic effect on the gasification process, helping
reduce tar and char formation [74].

While these systems offer enhanced performance, they come with increased
complexity and cost [69]. The fluidised bed design results in gas with relative low tar
content but a higher level of particulates compared to fixed-bed systems [69]. Advan-
tages of fluidised bed gasification systems over fixed bed systems include improved
overall efficiency [69, 74], the capability to handle a broader range of biomass feed-
stocks [69, 74] with a wider range of feedstock particle size [74]. Moreover, they
offer good scalability [74].

Three types of fluidised bed gasifiers exist: bubbling fluidised bed, circulating
fluidised bed and dual fluidised bed gasifiers. In all, the gasifying agent is introduced
in the reactor from the bottom and is evenly distributed in the gasifying chamber
(Figs. 16 and 17). Similar to combustion, the primary difference between bubbling
and circulating fluidised bed gasification lies in the velocity of the gasifying gas,
which is higher for circulating fluidised bed gasification. Both are equipped with
cyclones to separate solid particles from the syngas.

Circulating fluidised bed gasifiers are characterised by higher conversion efficien-
cies than bubbling fluidised bed gasifiers [74]. They are mainly used in the industrial
sector (e.g., pulp and paper, cement sub-sectors) and for electricity generation [74].
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Fig. 16 Sketch of a bubbling fluidised bed gasifier and b circulating fluidised bed gasifier
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Fig. 17 Sketch of a dual fluidised bed gasifier

A dual fluidised bed gasifier is a type of allothermal gasifier with two inter-
connected fluidised beds: a fluidised bed gasifier, which converts biomass into raw
syngas, and a fluidised bed combustor, which generates the necessary heat for
the gasification reactions (Fig. 17). The two fluidised beds can be independently
controlled, but are typically linked though a non-mechanical valve, which ensures
the continuous circulation of the bed material that acts as a heat-carrier between the
two fluidised bed reactors [72]. The reactors can be of different types, but a widely
used configuration is that the gasifier operates as a bubbling fluidised bed gasifier
and the combustor as a circulating fluidised bed combustor [72].

A mixture of residual char, tar and bed material coming from the gasifier enters the
fluidised bed combustor, where the residual char and tar are oxidised in the presence of
an oxidiser, generating heat and rising the temperature of the bed material. If needed,
additional fuel may be incorporated into the fluidised bed combustor to control and
maintain the temperature of the reactor [76]. Downstream of the combustor, a cyclone
isutilised to separate the heat-carrying material from the flue gases. The heat-carrying
material is then returned to the gasifier, while the flue gases are directed towards a
heat recovery system. Biomass feedstock is introduced in the gasifier and is heated in
contact with the hot bed material and with the gasifying agent, most often preheated
steam. The syngas produced by a dual fluidised bed gasifier is characterised by low
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nitrogen and tar contents, higher hydrogen content and higher heating value [72].
However, dual fluidised bed gasifiers have higher capital and operation costs. The
technology is especially interesting for converting biomass into second-generation
fuels like Fischer—Tropsch Diesel or substitute natural gas due to the higher heating
values and hydrogen contents [77].

Table 4 presents a comparison between the most commonly used biomass gasi-
fiers. Other types of gasifiers were developed, such as entrained-flow reactors, but
are not widely used with biomass [78].

Biomass gasification followed by syngas combustion has the potential to generate
high-temperature process heat and is demonstrated in several industrial sub-sectors
[79]. In comparison to direct combustion, gasification offers benefits such as a shorter
response time to variable loads and more precise control over the combustion process
[80]. This precision allows for improved temperature control and heat quality, which
can be advantageous in specific industrial applications. However, it typically involves
higher capital costs [80].

Using gasification for heat generation is generally cheaper than for producing
electricity, primarily because the requirements for syngas quality are less stringent.
However, utilising biomass gasification exclusively for process heat generation is one
of the less economically valuable applications of syngas. As a result, gasification is
often employed in combined heat and power applications [73].

Table 4 Comparison between downdraft, updraft and fluidised bed gasification with air as a
gasifying agent (based on [71])

Updraft Downdraft Bubbling Circulating
gasification gasification fluidised bed fluidised bed
gasification gasification
Typical capacity <20 <10 10-100 10-100
(MW,)?*
Flexibility to fuel 2-50 10-300 <5 <15
particle size (mm)
Moisture content (%) | <60 <20 <55 <55
Tar levels (g-Nm*3) 10-150 0.015-0.3 3-40 4-20
LHV (MJ-m~3) 5-6 4-6 4-7 4-6
Carbon conversion 40-85 <85 70-90 80-90
efficiency (%)
Cold gas efficiency 20-60 65-90 70-90 50-70
(%)
Capital costs Low Low High High

LHYV Lower heating value
2 Today most syngas is used for combined heat and power generation



Biomass for Industrial and District Heating 259

Co-combustion

Co-combustion, also known as co-firing, refers to the simultaneous combustion of
two or more different types of fuels in the same plant [81]. In the context of bioenergy,
it involves combining biomass with another fuel, such as coal or natural gas. Co-
combustion of solid biomass with coal is a process mainly used for the production
of electricity, which will be addressed in chapter “Biomass for Power Production
and Cogeneration”. However, it is also used in industrial heating applications (for
example, in the cement industry).

Co-combustion with coal has the potential to be implemented in existing coal-
fired plants with minimal adjustments, leading to improved environmental outcomes
[82, 83]. It is a reliable solution that, compared to using single coal firing, leads to
the reduction in net CO,, SOx and NOy emissions [38, 84, 85] and might result in a
reduction of costs [84]. In comparison to dedicated biomass plants, co-combustion
with coal offers advantages such as reduced costs [83, 85] and improved conversion
efficiency [38, 84, 85] without depending on a continuous supply of biomass [84],
which might be a limited resource. The technologies used for co-firing biomass with
coal in power and CHP plants will be described in chapter “Biomass for Power
Production and Cogeneration”.

In the specific context of heat only generation, biomass can be favourably co-
fired with coal in some high-temperature process heat applications such as in cement
kilns, allowing, for example, for the combustion of contaminated waste wood [84,
86]. Major cement manufacturers are already actively incorporating solid biomass
and other alternative fuels for co-firing to achieve cost-effective solutions [86]. The
temperature requirements in the key energy-intensive processes of this sub-sector
often exceed 1000 °C [13], a level that cannot be reached through conventional raw
biomass combustion [15]. As aresult, adoption of, for example, co-combustion and/or
oxygen-enrichment is needed [15]. While recommendations suggest replacing up to
20% of fossil fuels with biomass, higher substitution rates were already successfully
achieved [53]. The cement industry does not face significant technical obstacles to
integrate higher levels of solid biomass [87]. However, constrains arise from the
need for biomass pre-treatment, economic considerations and the local availability
of biomass resources [53].

Similar to the challenges faced by the cement industry, the iron and steel sector
represents another hard-to-abate industrial sub-sector with the potential to reduce
carbon emissions through biomass co-firing. The utilisation of biomass as a renew-
able energy source in iron and steel making is among the few technically and econom-
ically viable options for curbing CO, emissions in the short and medium term [88].
For example, in the iron-making process, which typically relies on carbon-containing
fuels, biomass can be co-fired with coke and coal in blast furnaces [21]. Wood-based
feedstocks are the most suitable biomass types [35, 89], but the use of raw wood is
inefficient and it is better to use charcoals, semi-charcoals or torrefied biomass [88].
The injection of biomass in blast furnaces presents, according to Suopajirvi et al.
[21], the most substantial potential for biomass to replace fossil fuels within the iron



260 1. Malico

and steel industry. Furthermore, biomass can be integrated into various processes to
reduce the reliance on fossil-based reducing agents, such as incorporating biomass
into coal blends for cokemaking [21, 88]. However, it is important to note that further
research is needed and that presently biomass cannot generally compete with fossil
fuels in economic terms [48].

4 Biomass Systems for District Heating

District heating is an efficient energy system, characterised by centralising thermal
energy conversion within a facility and then distributing the heat produced to a group
of users through a network of underground pipes. Various energy sources, such as
natural gas, biomass or waste heat, are utilised to generate the heat in district heating
systems. The medium for conveying thermal energy typically consists of hot water,
which can be readily transported over considerable distances [88].

By centralising energy conversion, these systems can employ advanced technolo-
gies and optimise the combustion process to minimise emissions and enhance energy
efficiency [90]. Furthermore, the network design enables waste heat recovery from,
for example, CHP plants or industrial processes, making efficient use of heat that
might be otherwise lost [91]. This heat recycling can be combined with renewable
energies, substituting for fossil fuels and, therefore, minimising the environmental
impact of heating.

District heating systems are versatile and can serve a diverse range of users,
including residential, commercial and industrial facilities. According to the IEA
energy balances, in 2020, industry was the main user for the 15.7 EJ of derived heat
supplied worldwide, followed by the residential sector (Fig. 18). China (38%), Russia
(33%) and Europe (20%) were responsible for more than 90% of the production of
derived heat in the world [1].

Market penetration of district heating systems varies from one country to another.
In nations where district heating, regardless of the energy source, is prevalent, it
supplies heat to approximately half of the building stocks, driven by strong driving
forces [91]. In contrast, in countries with low awareness or competitiveness, the
presence of such systems is scarce [91]. Europe is the region where more district
heating systems are implemented.

District heating is particularly well suited for the dense urban environment, where
a concentrated user base can benefit from the shared energy infrastructure [92]. This
centralised approach not only enhances energy efficiency, but also simplifies mainte-
nance and infrastructure management. On the other hand, the economic competitive-
ness of district heating systems depends on the international fuel prices, concentration
of heat demands and energy and environmental policies [91].

The strongest argument for the implementation of district heating systems has been
the recuperation of the unavoidable heat losses from thermal power plants through
the use of CHP systems, being district heating often associated to CHP plants [91].
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In 2020, 73% of the derived heat supplied worldwide was generated in CHP plants
[1].

The potential for integrating renewable energy sources in district heating is large,
but, currently, most of the global derived heat generation relies on fossil fuels, espe-
cially coal and natural gas (Fig. 19), which are the two dominating energy sources
used in CHP plants (cf. chapter “Biomass for Power Production and Cogeneration”).

Despite the low share of biofuels in district heating worldwide, the supply of
bioenergy by district heating is common in some countries [91]. This supply relies
predominantly on CHP systems and is mostly located in the European Union [90,
91]. Additionally, biomass heat-only plants also exist, but they are primarily used in
small-scale district heating systems [92]. Sweden serves as an exemplary model for a
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nation with a significant district heating system based on forest biomass. In Sweden,
district heating plays a crucial role, providing over half of the heat in the residential
sector [92]. As of 2020, biomass accounted for almost half of the supply of derived
heat, predominantly produced in CHP plants [1].

The biomass combustion technologies used in district heating systems are similar
to those used for indirect heating in industrial applications described above: mostly
grate combustion, bubbling fluidised bed combustion and circulating fluidised bed
combustion.

5 Final Considerations

The industrial sector, the largest energy consuming end-use sector, accounted for
approximately one-third of the world total final energy consumption (around 120 EJ).
Moreover, industries also significantly contributed to the global direct greenhouse gas
emissions, reflecting the limited adoption of low carbon technologies in the sector.
Indeed, industrial energy consumption is dominated by fossil fuels, mainly coal and
natural gas. Together, these two fossil fuels represented almost half of the energy
sources used by the industry in 2020.

Electricity is another of the significant energy sources in industrial facilities
(28.4% of the energy consumption in industry in 2020) and its role has been increasing
over time. The use of electricity is a potential indirect way of incorporating renewable
energy sources in the industrial sector, but, currently, the global electricity generation
is also still heavily reliant on fossil fuels.

In 2020, biofuels and waste represented only 8.4% of the energy consumed
by the industrial sector. Despite the low share, the only RES with an expressive
direct consumption in the industry is biomass, mostly primary solid biofuels, which
represent 93% of industrial biofuel and waste consumption. The other RES like
geothermal and solar have almost no expression in the industrial sector, despite
showing significant relative growths.

The energy consumption in the industrial sector is highly diverse and complex,
varying significantly among different sub-sectors and even within the same sub-
sector. In this context, the share of the different energy end-uses (power, heating and
cooling) within the industrial sector depends on its composition of production and
specific industrial processes. Energy-intensive industry sub-sectors, which account
for a substantial share of the world industrial energy consumption and greenhouse
gas emissions, typically consume a large share of heat, especially process heat, and
fossil fuels. On the other hand, non-energy intensive industries generally consume
more electricity. Despite this diversity, globally, heat plays a crucial role in the energy
consumed by the industrial sector and the ability to provide process heat in a less
carbon-intensive manner is key to decarbonise the world’s industry.

The term “process heat” refers to a wide variety of applications, technologies,
energy carriers, temperatures and modes of delivering the heat to the materials
being processed. Particularly important for the decarbonisation of the industry is
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the temperature level at which heat is delivered to an industrial process. The demand
for process heat at high temperatures (> 500°C) is substantial and not all technologies
and energy carriers are able to provide it. Within the RES, biomass is one of the few
renewable energy options for the direct supply of high-temperature heat. On the other
hand, for the lower temperature process heat applications, much more technological
options are available.

The diversity of industrial processes, energy needs and technology requirements
make decarbonising the industrial sector challenging. High-temperature heat, which
is essential for many industrial processes, is currently largely supplied by fossil
fuels. Additional challenges for the transition to low-carbon technologies within
the industrial sector are the long lifetimes of the industrial facilities, high capital
costs, global market competition and industry aversion to risk. Bioenergy is one
of the potential solutions, but its applicability and adequacy vary depending on the
industrial sub-sector and specific context.

Combustion-based process heating systems, used in diverse industrial facilities,
generate a large share of the energy consumed in the industrial sector. Most of them
are fired by fossil fuels, but biomass is also used. There are two broad categories
of systems: direct heating systems, where flue gases are in direct contact with the
material being processed, and indirect heating systems, where flue gases transfer
heat to a heat transfer fluid, which then supplies heat to the production process.
Typically, high-temperature process heat is generated through direct systems. Various
types of equipment are in operation, tailored to specific industrial processes, such
as furnaces in chemical, non-metallic minerals, iron and steel and other industrial
sub-sectors. Most of the direct systems use fossil fuels, although biomass co-firing
or 100% biomass firing systems are also deployed in specific industries. On the other
hand, for low and medium process temperatures, indirect heating systems are mostly
used, often involving steam as the heat transfer medium. Diverse biomass conversion
technologies for generating heat at these temperature levels are available and used,
with a strong deployment in the forest-based industries due to the availability of
secondary woody residues.

Modern industrial energy systems are characterised by automation, advanced
process control systems and pollution control mechanisms. They are required to
comply with environmental and health standards, and integrate advanced combustion
technologies, air pollution control equipment and operational optimisations.

The industrial sector relies on various medium- and large-scale biomass combus-
tion technologies, which vary in size, fuel requirements and performance charac-
teristics. These technologies can be categorised into fixed bed, fluidised bed and
pulverised fuel combustion based on flow conditions in the combustion chamber.
Fixed bed and fluidised bed combustion are the most used in the industrial sector.
Fixed bed combustion, typically used for the lower scales, offers flexibility in terms
of fuel type and particle size, while fluidised bed combustion, mostly used for the
larger capacities, requires smaller particles. Fixed bed systems generally have lower
capital and operational costs but lower efficiencies compared to fluidised bed systems.
Biomass pulverised combustion is primarily used in thermal power plants rather than
for industrial process heat.
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A commercially available alternative to conventional direct combustion involves
gasification followed by combustion. In the gasifier, the solid biofuels are converted
into a gaseous fuel mixture known as syngas, which is then burned. Syngas offers
flexibility and has diverse uses, including the generation of heat or combined heat
and power. When high-quality clean gas is required, syngas undergoes treatment to
remove tars and particulate matter before combustion. Gasifiers can be categorised as
directly heated or indirectly heated. In directly heated gasifiers, heat for the gasifica-
tion reactions is generated through the partial oxidation of biomass, while indirectly
heated gasifiers use the gasifying agent or heat exchangers for heating. The method
of heat supply significantly affects syngas quality, with indirectly heated gasifiers
typically yielding syngas with a higher heating value. Gasification technologies can
also be classified based on their operation principles into fixed bed and fluidised
bed gasifiers. Fixed bed gasifiers are the classical and still mostly used technology,
being well-suited for small scale heat and/or power generation. For the larger scales,
fluidised bed gasifiers are used. While they offer improved efficiency and scalability,
they are more complex and costlier compared to fixed-bed systems.

An alternative to 100% biomass-firing is co-combustion, which involves simulta-
neously burning multiple types of fuels in the same plant. Even though co-combustion
of biomass and coal is most commonly used for electricity generation, it also finds
applications in industrial heating. Co-combustion can be integrated in existing coal-
fired plants with minimal modifications. In heat-only applications, co-firing biomass
with coal can be advantageous in high-temperature industrial processes, such as in
cement kilns, where temperature requirements exceed what raw biomass combustion
can achieve.

Since the combustion technologies employed in district heating systems are
similar to those used in industrial applications, this sector is also addressed in this
chapter. District heating is an efficient energy system that centralises thermal energy
conversion and distributes heat through an underground network to a wide range
of users, including residential, commercial and industrial facilities. Centralisation
allows for advanced technologies and optimised combustion processes, reducing
emissions and improving energy efficiency among other advantages. Despite their
potential for renewable energy integration, many district heating systems worldwide
still rely on fossil fuels, mainly coal and natural gas, although some countries have
successfully implemented biomass-based district heating systems.
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Biomass for Power Production )
and Cogeneration oo

Isabel Malico

Abstract Despite intensive efforts to decarbonise the power sector and the growing
contribution of renewables to global electricity generation, fossil fuels, especially
coal, continue to dominate as the most commonly used energy sources in this sector.
The power industry accounts for a substantial portion of the world total energy
supply and remains the largest contributor to CO, emissions. In 2020, renewable
energy sources accounted for 28% of the electricity generation, with only 2% of
the electricity produced derived from biofuels. Despite this relatively small share,
the role of bioenergy in the power sector holds the potential to contribute to grid
stability, a critical factor as the share of intermittent renewables in the energy mix
increases. Additionally, co-combustion of biomass in coal power plants offers a cost-
effective means of reducing carbon emissions, particularly in regions heavily reliant
on coal. Several commercial technologies are available for converting biomass into
electricity. While the efficiency of dedicated biomass-to-electricity plants is relatively
low, combined heat and power systems that utilise waste heat achieve significantly
higher overall efficiencies. The choice of technology depends on factors like capacity,
efficiency and economic viability. This chapter provides an overview of commonly
used conversion technologies for power generation from solid biomass.

Keywords Electricity - Combined heat and power * Bioenergy - Conversion
technologies - Co-combustion

1 Introduction

Electricity plays a fundamental role in modern societies, and its share in global
final energy consumption is excepted to increase in the future [1]. Moreover, the
energy used in electricity generation represents an important proportion of the global
total energy supply. In 2020, 16% of the total energy supplied worldwide, which
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corresponds to about 94 EJ, was used in the conversion of primary forms of energy
into electricity in plants that are designed to produce electricity by both main activity
producers that generate electricity for sale to third parties as their primary activity
or autoproducers that generate electricity wholly or partially for their own use as an
activity which supports their primary activity (Fig. 1, [2])." Additionally, 4% of the
total energy supplied worldwide, which corresponds to around 22 EJ, was used in the
conversion of primary forms of energy into electricity and heat in CHP (combined
heat and power) plants, which are designed to produce both heat and electricity, by
main activity producers or autoproducers [2].>

In 2020, 69% of the world total energy supply was made available for final
consumption, namely for non-energy use and the energy end-use sectors (21% for
industry, addressed in chapter “Biomass for Industrial and District Heating”, 18% for
transport, 15% for the residential sector, addressed in chapter “Biomass for Domestic
Heat”, 8% for other end-use sectors and 7% for non-energy use) [2]. The rest of the
total energy supplied was mainly used to support operations of the energy sector
(6%) and in other conversions of primary forms of energy into secondary and further
transformation (e.g., in heat plants, oil refineries or charcoal production plants).

The relative importance of the shares of the energy used in the conversion of
primary forms of energy in electricity and CHP plants, in the total energy supply,
varies among the different world regions (Fig. 2). The groups constituted by the
Organisation for Economic Cooperation and Development (OECD) countries in Asia
and Oceania, by non-OECD countries in Asia (excluding China) and by countries
in the Middle East use more than 20% of their energy supply in the conversion of

! Note that these figures exclude the energy own use by the electricity plants. They correspond to
energy lost during conversion of primary energy products into electricity.

2 Note that these figures exclude the energy own use by the CHP plants. They correspond to energy
lost during conversion of primary energy products into electricity and heat (for the latter, fuel inputs
for the production of heat consumed within the autoproducer’s establishment are excluded and
accounted in the final consumption of fuels).
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Fig. 2 Share of the energy used in the conversion of primary forms of energy to electricity in
electricity plants and electricity and heat sold by CHP plants in the total energy supply in the world
in 2020. (Data source [2])

primary forms of energy into electricity in electricity plants. On the other extreme,
in the groups formed by non-OECD countries in Europe and Eurasia and by the
countries in Central and South America, the energy used in the conversion of primary
forms of energy into electricity in electricity plants is lower than 10% of the total
energy supply.

In China, the share of the energy used in the conversion of primary energy forms
into electricity and heat sold by CHP plants in the total energy supplied is 8.5%,
the highest percentage among the country groups represented in Fig. 2, while in the
groups of countries of the Middle East, Africa, non-OECD Europe and Eurasia and
North America, the percentage of the total energy supply which was used in the
conversion of primary forms of energy into electricity and heat sold in CHP plants
was less to 1%.

As for the share of the different energy sources transformed in electricity and
CHP plants in 2020, coal was the most consumed fuel (39% in electricity and 63%
in CHP plants), followed by natural gas (22% in electricity and 29% in CHP plants)
(Fig. 3). Biofuels and waste played a minor role in the overall electricity production
in electricity plants (3%), but are relatively more important in the production of
electricity and heat sold by CHP plants (7%).

Globally, fossil fuels continue to dominate the electricity sector, which was the
largest source of global energy-related CO, emissions in 2020, totalling 36% or
12.3 Gt CO, emissions [3]. (It is important to note that this dominance varies by
region, as some countries have made substantial progress in adapting renewable
energy sources, resulting in higher renewable energy shares). Coal stands out as the
major contributor to these emissions, being responsible for around three-quarters of
the total, despite generating just over one-third of the world’s electricity in 2020 [3].
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Fig. 3 Share of the various energy sources transformed in a electricity plants and b CHP plants in
the world in 2020. (Data source [2])

Natural gas was the second largest contributor to both global emissions and electricity
generation in the same year [3].

Notably, the power sector is a substantial consumer of both coal and natural gas
on a global scale. In 2020, approximately 63% of the world’s annual coal consump-
tion and 38% of its natural gas were utilised in electricity and CHP plants [2]. This
underscores the critical role of the power sector in the overall demand for these fossil
fuels, highlighting the importance of transitioning to cleaner and more sustainable
energy sources in this sector to reduce emissions and mitigate environmental impacts.

In 2020, 26,833 TWh of electricity were produced worldwide, more than the
double of that produced in 1990 [2]. Electricity generated from coal accounted for the
largest share in the world total electricity generation (35%), followed by electricity
generated from natural gas (24%), hydro power (17%) and nuclear power (10%)
(Table 1). The relative importance of coal in the total electricity generation has been
slowly decreasing in the last decades, but that of natural gas increasing (in 1990 the
shares of coal and natural gas power generations were, respectively, 37% and 15%).
The fossil fuel that has significantly lost importance in the electricity generation
worldwide was oil, with a contribution of 11% to the electricity generated worldwide
in 1990 and of only 2.5% in 2020 [2].

Coal is a very important energy source for electricity generation in Asia, which
is the region that produces more electricity from this fossil fuel (more than half of
the worldwide electricity produced from coal in 2020 was in China) [2]. In 2022,
several regions (mostly European Union and India, and to a lesser extent, China)
increased coal power generation due to a higher electricity demand in the aftermath
of the Covid-19 pandemic, concerns about the natural gas prices and energy security
and weather-related reasons [1, 4].

The share of electricity generated by renewable energy sources worldwide has
increased in the last thirty years. In 1990, it was 20% and in 2020 28% [2]. Wind and
solar photovoltaic (PV) had virtually no expression in 1990 but in 2020 contributed,
respectively, 6.0% and 3.1% to the global generation of electricity. However, hydro
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Fig. 4 Share of the various MSW (renewable), Liquid biofuels,
biomass sources in the 6.3% 1.7%
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the world in 2020. (Data
source [2]). MSW
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power is still the dominant renewable energy source globally (share of 16.6% in
2020). As far as biofuels are concerned, 2.1% of the electricity generated in the world
in 2020 was based in this renewable energy source, with the electricity produced from
biofuels having increased around 5.5 times since 1990 [2].

It was in Central and South America and in OECD Europe that the electricity
generated from biofuels had the most important share in the total electricity gener-
ated in 2020 (6.2% and 5.1%, respectively). These are the two world regions where
the share of electricity generated from fossil fuels was the lowest (in Central and
South America more than half of the electricity generated is hydroelectricity, while
in OECD Europe the sources are more diversified, with nuclear power having the
highest share). Moreover, almost one-third of the electricity generated from biofuels
worldwide was in OECD Europe; China being the second largest producer of elec-
tricity from biofuels (23%) [2]. Moreover, all the regions saw a substantial increase
in the electricity generation from biofuels from 1990 to 2020, except North America,
where, in 2020, the electricity generated by biofuels was 87% of that produced in
1990 [2].

Most of the bioelectricity generated worldwide in 2020 came from solid biofuels
(Fig. 4). However, the relative importance of solid biofuels in this energy-use sector is
lower than in others with relevance in terms of bioenergy consumption. (cf. chapters
“Biomass for Domestic Heat” and “Biomass for Industrial and District Heating”, in
the residential and industrial sectors, almost all the consumption of biomass refers to
solid biofuels). Particularly important for biopower production is biogas, with OECD
Europe being by far the largest producer (73%) of the global biogas electricity in
2020 [2]).

Industry was the end-use sector that consumed the largest share of electricity
(42%), followed by households (28%) and the commercial and public service sector
(20%) in 2020 (Fig. 5).

Despite the small share of bioenergy in the global electricity generation, it can
contribute as a flexible resource in the renewable power supply system. Presently, it
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is already used for grid balancing and holds the potential to have a more significant
contribution to balancing future grids [5]. As the share of renewable energy sources
in electricity generation grows, the challenge of ensuring a secure energy supply
increases. Conventional dispatchable energy sources will face increased operational
costs, pushing them out of the market and potentially leading to a capacity-based
market [5]. Bioenergy can play a role in grid stability, including as a form of energy
storage [5].

The remainder of this chapter is structured as follows. First the most rele-
vant technologies used in dedicated biomass-fired power generation, including both
electricity-only and combined heat and power production, are described. Next, co-
combustion of biomass is covered. Finally, the chapter will conclude with some key
insights and considerations.

2 Technologies for Electricity and Combined Heat
and Power Production

Chapter “Biomass for Industrial and District Heating” introduced commercial
primary conversion technologies that effectively convert solid biomass into either
heat or fuels. In the context of heat generation through combustion, heat can either be
used directly or, alternatively, directed towards the production of electricity (Fig. 6).
To achieve the latter, a variety of secondary energy conversion technologies come into
play, including conventional steam turbines, steam engines, organic Rankine cycles
(ORC), Stirling engines, reciprocating internal combustion engines, gas turbines and
micro-turbines, among others. The choice of which technology to employ depends
on a multitude of factors intricately linked to the primary conversion technologies in
use. This section will present the main secondary conversion technologies used for
biopower production.
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In the process of producing electricity from biomass or any other fuel, not all the
energy contained in the fuel is converted into electricity; typically a significant frac-
tion of the energy is lost as waste heat during the electricity generation process. This
inefficiency is inherent to the conventional power generation systems, where the heat
generated during the production of electricity is often rejected to the environment,
contributing to energy waste and environmental concerns.

Combined heat and power, also known as cogeneration, offers a solution to this
problem. With CHP, the process of generating electricity is combined with the simul-
taneous production of useful heat or steam. This means that while generating elec-
tricity, the waste heat produced in the process is captured and used for various heating
purposes, such as space heating, industrial processes, or even for driving absorption
chillers for cooling applications [6].

The key benefit of cogeneration is the improved efficiency in utilising the
energy contained within the fuel [6]. By using the otherwise wasted heat, cogen-
eration systems can achieve overall energy efficiency levels that far surpass those
of conventional power generation systems. This not only reduces energy costs but
also minimises greenhouse gas emissions, making cogeneration a more sustainable
approach to energy production [6].

The primary conversion technologies commercially available for biomass conver-
sion into power or combined heat and power are combustion and gasification (Fig. 6).
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Fig. 6 Biomass conversion routes based on combustion and gasification. The dashed lines refer to
processes that are not commercial and are not presented in detail in this book
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Combustion is commonly used to generate heat, power or CHP, whereas gasification
is primarily employed for small-scale CHP production [7]. Nevertheless, direct-fired
systems that rely on combustion stand as the predominant conversion technology [8].
One of the key advantages of using gasification for power production, in compar-
ison to direct biomass combustion, lies in its higher electrical efficiency, particularly
for smaller-scale systems [9]. However, syngas produced through gasification often
contains high levels of tar and char, requiring gas cleaning before its utilisation in
reciprocating internal combustion engines or gas turbines [10].

Most secondary conversion technologies used in biopower production rely on
heat engines, which are systems design to convert thermal energy into mechanical
work. Heat engines can be categorised into two main types based on the working
fluid they utilise: external combustion engines and internal combustion engines (or
closed thermal cycles and open cycles, respectively). In internal combustion engines,
the reactants and combustion products themselves serve as the working fluid [11].
Examples of such engines include directly fired gas turbines, compression-ignition
engines and spark-ignition engines. On the other hand, external combustion engines
use a different fluid as the working medium. Steam turbines and Stirling engines fall
into this category.

External combustion engines are particularly suited for applications involving
direct biomass combustion because they protect the engine from potential damage
caused by fly-ash particles and metals present in the flue gases [12]. Conversely,
internal combustion engines require gas cleaning when solid biomass combustion
is used as the heat source [12]. An alternative to directly burning solid biomass in
internal combustion engines is the combustion of syngas produced by gasification.
The next sub-sections present commonly used secondary conversion technologies
used in the conversion of solid biomass into power or CHP.

Steam Turbines

Conventional steam turbines represent the most widely adopted technology in both
biomass-fired power plants [13] and combined heat and power plants [8]. These
steam turbines are well-established and are commonly employed in facilities with
a capacity of less than 50 MW, [8], offering economic viability even at capacities
as low as 1 MW, [14]. The relatively smaller size of biomass-fired power plants,
in comparison to their coal-fired counterparts, for example, is typically attributed to
the availability of local biomass resources [15]. Nevertheless, numerous dedicated
biomass power plants and CHP plants with capacities above 100 MW, are currently
operational (e.g., [16]). In this case, biomass has to be sourced from a wider region
and/or imported.

The electrical efficiency of biomass-fired steam turbines varies depending on
the installed capacity, with larger capacities generally yielding higher efficiencies,
whereas smaller capacities tend to exhibit lower efficiencies [16, 17]. Typically, the
electrical efficiencies of existent biomass plants fall within the range of 20—40% [5].
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Fig. 7 Electrical efficiency 10
of biomass-fired power

plants with steam turbines as

prime mover versus plant -
capacity (adapted from [16, = 20
17, 20-23])

The lower limit typically corresponds to smaller capacity power plants and CHP
power plants, while the largest power plants rarely exceed 35% efficiency [5]. On
the other hand, industrial CHP plants with steam extraction may have efficiencies
below 20% [5]. The electrical efficiency decreases significantly with capacity for
small, decentralised power plants with a steam turbine (Fig. 7). For example, for
microturbines with 30 kW, typical efficiencies drop down to 6-8% [18]. However,
if these turbines are used in CHP applications, the overall efficiency, which is the
sum of the electrical and heating efficiencies, can reach 90% [19].

In direct-fired biomass power plants with a steam turbine prime mover (heat
engine), biomass is burned within a boiler, generating high-pressure, high-
temperature steam that drives a turbine, usually coupled with a generator to produce
electricity (Figs. 8 and 9). In CHP applications, steam may be extracted from the
turbine at intermediate pressures and temperatures to be directly used or to provide
heat, for example, for an industrial process, district heating, space heating or cooling
[8]. The major solid biomass conversion technologies associated with steam turbines
are fixed bed and fluidised bed boilers and co-combustion [8].

The Rankine cycle is the thermodynamic cycle that models a simple vapour power
plant, which is based on the following working principle (Fig. 8a): Liquid water is
converted to high-pressure, high temperature steam in a boiler and passes through
the turbine, where it expands to a lower pressure, transferring work to the shaft of the
turbine that is connected to an electricity generator. Afterwards, the vapor leaving
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Fig. 8 Basic layout for a condensing steam turbine and b back-pressure steam turbine
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Fig. 9 Basic layout for an
extraction steam turbine
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the turbine passes through a condenser, where in condenses. To complete the cycle,
a pump feeds the liquid water at elevated pressure back into the turbine.

Steam turbines are characterised by a variety of designs and levels of complexity,
allowing them to be tailored to specific applications and performance requirements
[8]. There are three basic types of steam turbines: condensing steam turbines, extrac-
tion steam turbines and back-pressure turbines. The condensing steam turbine is
used for electricity-only applications and expands the steam to low pressure (vacuum
conditions), exhausting directly to condensers (Fig. 8a). On the other hand, the other
two steam turbine types are used for CHP. Extraction turbines, extract part of the
steam at intermediate pressure for heat utilisation, while the rest of the steam is
either expanded to low pressure to a condenser or delivered for heat utilisation
at low pressure (Fig. 9). Alternatively, in back-pressure turbines, also called non-
condensing turbines, the steam is exhausted at a pressure high enough to be used by
the process, leaving the turbine at conditions close to those required by the specific
CHP application (Fig. 8b).

Compared to a condensing power plant, the utilisation of heat in steam turbines
used for CHP typically results in a reduction in electrical efficiency of around
10%, since only a portion of the enthalpy difference in the turbine is utilised for
power generation [12]. Nevertheless, co-generation enhances the overall efficiency,
allowing it to reach levels up to 90% [19].

The heat to power ratio, a crucial factor in CHP system selection, represents the
ratio of thermal energy to electricity needed by an energy-consuming facility. A wide
range of heat-to-power ratio are possible [24]. Small CHP plants, characterised by
low electrical efficiencies, should be operated in a heat controlled mode, whereas
large CHP plants are typically operated in an electricity-controlled mode [12]. It is
essential for the heat-to-power ratio of the facility to align with the characteristics of
the intended CHP system.

Steam turbines can be used in an organic Rankine cycle, which closely resembles
the conventional steam cycles in its operating principles. However, in contrast to
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the use of water of the conventional cycle, the ORC employs organic fluids (e.g.,
siloxanes, synthetic oils or hydrocarbons, such as cyclohexane, decane and toluene)
with a lower boiling point as its working fluid [25, 26]. This choice enables ORC
systems to function more efficiently at relatively low temperatures, typically ranging
from 70 to 300 °C [12]. As a consequence they offer an attractive solution for the
recovery of waste heat [27], being also capable of utilising a dedicated heat source,
such as forest biomass [28]. Commercially available biomass ORC combined heat
and power plants are utilised for capacities up to 8 MW, (CHP applications domi-
nate the market) [29]. These systems represent the most widely adopted biomass
technology based on combustion under 1 MW, [30]. ORC offers advantages such as
superior performance at partial loads [25] and improved electrical efficiencies when
compared to conventional steam turbines of equivalent capacities [12], albeit still
within the relatively modest efficiency range of 10-20% [25].

Biomass-fuelled power plants utilising the organic Rankine cycle typically incor-
porate a secondary circuit for heating the organic fluid, as opposed to direct heating by
the flue gases (Fig. 10). In this configuration, hot flue gases are used to heat thermal oil
within an atmospheric liquid tube boiler. This thermal oil, in turn, provides the neces-
sary heat for evaporating the organic fluid in the evaporator. Following expansion in
the turbine, where it generates work to drive the generator shaft and produce elec-
tricity, the organic fluid transfers energy to the CHP application. In order to enhance
efficiency, a regenerator can be introduced after the turbine to preheat the organic
fluid before it enters the evaporator. Additionally, an economiser can be employed to
recover heat from the flue gases, which still have a relatively high enthalpy (please
note that the economiser is not shown in the figure).

Because the steam boiler used in the conventional Rankine cycle is replaced by
an atmospheric liquid tube boiler in an ORC, the specific investment costs [31] and
maintenance costs [12] are lower for the ORC. However, generally, conventional
steam turbines gain economic advantage for larger capacities [31].

Fig. 10 Layout for an
organic Rankine cycle
biomass steam turbine

2
=
o
c
©
g
o

Heat
utilisation



Biomass for Power Production and Cogeneration 283

Reciprocating Internal Combustion Engines

Reciprocating internal combustion engines (ICE)® are a mature and widely used tech-
nological solution in power generation and land, sea and air transportation [6]. What
fundamentally distinguishes the design and operation of these engines from most
other engine types is the fact that the combustion chamber is the primary location
where the engine produces work. As a consequence, combustion occurs intermit-
tently. ICEs can be categorised into two main types: spark-ignition engines, also
known as Otto engines or gasoline engines (although they can run on various other
fuels), and compression-ignition engines, commonly referred to as Diesel engines.
Both types of engines operate with gaseous and liquid fuels and not with solid fuels
[8]. Consequently, solid biomass needs to undergo a conversion process to transform
it into gaseous or liquid biofuels before it can be utilised in an ICE.

Historically, diesel engines were the preferred choice for power generation.
However, due to environmental concerns related to particulate matter and NOy emis-
sions, their usage has been progressively limited, especially in industrialised coun-
tries, despite their higher efficiency [6]. As a result, spark-ignition engines have
now become the preferred choice for stationary power applications with higher duty
cycles [6].

The economic viability of internal combustion engines for on-site power gener-
ation frequently depends on the efficient utilisation of the thermal energy, which
typically accounts for a large part of the fuel energy input [6]. When reciprocating
combustion engines are used in CHP applications, heat can be recovered from the
hot flue gases, the jacket cooling water and engine lubrification oil (at different
temperatures). This offers flexibility compared to, for example, gas turbines [8].

Gasifiers coupled with reciprocating internal combustion engines and steam
turbines used in an ORC are the dominant technologies in use for biomass-based
CHP installations smaller than 1 MW, [30]. Moreover, when considering a wide
range of system sizes, ICEs powered by syngas find primarily application in small-
scale systems [8]. The major solid biomass conversion technologies associated with
reciprocating internal combustion engines are fixed bed and fluidised bed gasifiers
[8].

Reciprocating internal combustion engines are simple, robust, low-cost, start
quickly, follow load well and present good efficiencies at partial loads [8, 11]. Addi-
tionally, they are able to handle moderately well syngas impurities, which leads to
most straightforward and cost-effective cleaning systems when compared to other
secondary technologies coupled with gasification [10]. However, ICEs are charac-
terised by high operational and maintenance costs and high levels of NO, emissions

3 Reciprocating internal combustion engines are commonly referred to as internal combustion
engines. Technically, an internal combustion engine is one in which combustion takes place inside the
engine itself, with the working fluids being the reactants and combustion products [11]. According
to this definition, directly fired gas turbines and others engines fall into the category of internal
combustion engines. However, the term “internal combustion engine” is widely used when refer-
ring to spark-ignition and compression-ignition engines. In this book, the acronym “ICE” is used
when referring to reciprocating internal combustion engines, because of its widespread usage.
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[10]. The complexity of gasification system operation has limited the uptake of this
technology and justifies the current low cumulative installed capacity [32]. Despite
these disadvantages, gasification combined with ICEs is commercially available [12]
and represents the most prevalent option for the gasification route [33].

Electrical efficiencies of systems integrating gasifiers and internal combustion
engines fall within the typically range of 15-40% [34] and are higher than those of
conventional steam turbines, especially at lower capacities [9, 20, 21].

Other Technologies

Stirling engines present another commercially available option as a prime mover for
biomass-based combined heat and power applications. When fuelled by biomass,
they are reciprocating external combustion engines, which operate on a closed cycle.
The heat generated by the combustion of biofuels (e.g., solid forest biomass or
syngas) is transferred to the working fluid, typically air or helium, that produces the
mechanical work [12].

Unlike reciprocating internal combustion engines, Stirling engines operate with
continuous combustion, which enables more complete and cleaner combustion,
resulting in lower emissions [8]. Another advantage inherent in external combus-
tion, as opposed to the internal combustion characteristic of ICEs, is the capability
to use the hot flue gases generated by the combustion of solid biofuels as a heat
source. However, practical implementation requires that these flue gases are as clean
as possible to prevent corrosion or fouling of the heat exchanger [12]. Because of
these problems, the use of low-quality fuels can lead to considerable operational
difficulties. Additionally, Stirling engines are characterised by lower maintenance
requirements [35]. Still, their high specific investment costs pose challenges for
economic viability, favouring CHP applications with a continuous demand profile
[36].

Stirling engines are well-suited for small-scale capacities, ranging from around 1
kW, to slightly over 100 kW, and typically offering electrical efficiencies in the range
of 15-30% [12]. They are particularly well suited for residential and commercial
applications, thanks to their power outputs and heat-to-power ratio [35]. However,
despite being a technological promise, Stirling engines using biomass as a heat source
still have limited wide spread adoption due to unresolved technical problems and the
application of Stirling engines on the market is more common with other heat sources,
such as solar or gas [36].

Another commercial technology available for small plants is steam engines, which
are used in a Rankine cycle and share the same system layout with the steam turbine
(Fig. 8, but with the steam turbine replaced by the steam engine). They represent
a mature technology for small power plants, ranging from 20 kW, to 5 MW, [37],
and offer efficiencies that are on par with or slightly higher than conventional steam
turbines (typical efficiencies are 6-20%) [12]. Notably, they exhibit superior part
load efficiency compared to steam turbines, although, in certain countries, they have
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been supplanted by more cost-effective alternatives [37] and the market availability
is low [36, 38].

The utilisation of solid biomass in gas turbines is presently in the development
phase and has not yet become a commercial reality [37]. Gas turbines operate
according to the Brayton cycle and can function as either an internal combustion
engine (directly fired gas turbines), where flue gases flow through the turbine, or as
an external combustion engine (externally fired gas turbines), where combustion is
external to the power cycle and the thermal energy from biomass combustion is trans-
ferred to the working fluid through a heat exchanger. Furthermore, these turbines can
operate in simple or combined-cycle modes.

In directly fired gas turbines, syngas must undergo a purification process before
being used in the turbine to avoid damaging the blades of the turbine, which increases
the operational costs [8]. Moreover, because syngas has a low heating value, conven-
tional natural gas turbines must be retrofitted to operate on low-heating value fuels,
which is not an easy task and increases the capital cost of the turbine [8]. Because of
these challenges, even though being a proven technology in power generation when
using high-grade fuels, low heating-value fuels have not been demonstrated in gas
turbines [8].

Externally fired gas turbines, also called indirect gas turbines, offer advantages
over directly fired gas turbines, including lower syngas cleaning costs, the ability to
use low-pressure combustion or the possibility to use lower quality fuels [39]. As a
result, the focus of research is on biomass-fuelled externally fired gas turbines, with
a particular emphasis on their potential for CHP applications [39]. The complexity
of the high-temperature heat exchange between the flue gas and the working fluid is
a major barrier to the commercialisation of this technology [12, 37].

Other potential method for power generation from solid biomass that has not
reached commercialisation is the integration of a gasification systems with fuel cells
[40, 41]. Unlike the technologies mentioned earlier, fuel cells do not rely on combus-
tion. They offer the potential of achieving high efficiencies; however, significant
challenges must be addressed before this technology can be commercialised. These
challenges encompass issues such as cost, durability and the necessity for thorough
syngas clean up upstream the fuel cell [41].

3 Co-combustion

In the energy sector, similarly to process heat applications (cf. chapter “Biomass
for Industrial and District Heating”), co-combustion (also called co-firing) with coal
might be an interesting option. This approach gains particular significance when
considering that coal remains a central player in global electricity production (Fig. 3),
contributing substantially to worldwide energy-related CO, emissions.
Co-combustion of biomass with coal involves simultaneous combustion in power
or CHP plants. Many existing coal power plants can partially or entirely be fired with
biomass [42] and, as of 2013, approximately 230 power and CHP plants, from 50 to
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700 MW, used co-combustion, mostly in northern Europe and the United States of
America [43]. Moreover, biomass co-combustion initiatives around the world have
predominantly focused on retrofitting existing coal power plants [42]. This approach
leverages the advantages of co-combustion, which allows a cost-effective transition
from power plants originally designed for coal to a renewable energy source without
the need for entirely new infrastructure [42, 44,45]. While not entirely carbon neutral,
co-combustion can significantly reduce carbon emissions compared to exclusively
using fossil fuels [46—48], thereby, allowing for a reduction in the carbon footprint
associated with coal-based energy production. Furthermore, because of the typically
composition of biomass, co-combustion most often leads to a decrease in SOx and
NOx emissions when compared to coal-firing [46-48].

Co-combustion is gaining popularity for CHP applications and can be applied to
a large variety of combustor types [24]. The type of combustion technology used is
essentially dependent on the original technology installed in the coal power plant.
Most biomass co-combustion facilities are large pulverised coal power boilers [12],
but bubbling and circulating fluidised bed boilers, stoker boilers and cyclone boilers
are also used [45].

Compared to the option of 100% biomass firing in dedicated power plants, co-
combustion of coal with biomass reduces specific costs [45, 48], increases the overall
conversion efficiency [46—48] and security of fuel supply [42]. Typical electrical
efficiencies of biomass co-firing power plants are in the range of 36-44%, depending
on the efficiency of the coal-fired power plant [16]. When raw biomass is co-fired
in a coal power plant, there is a decrease in efficiency compared to 100% coal-
firing [49]. However, if torrefied biomass is used instead, there is no decrease in
efficiency, due to its similar properties to coal [49]. In recent years, there has been
considerable attention given to the thermal treatment of biomass materials, with the
aim of improving their properties for power production [42].

However, it is crucial to critically assess co-combustion from the perspectives of
resource and energy efficiencies. This is especially important when it involves large
scale power generation, long-distance biomass transport and potentially inefficient
conversion processes with limited or no utilisation of heat [50].

Three options are available for co-combustion: (i) direct co-firing, where solid
biomass and coal are fed into a furnace (Fig. 11a); (ii) parallel co-firing, where
an additional, separate biomass boiler produces steam which is used within the coal
plant steam and power generation systems (Fig. 12); and (iii) indirect co-firing, where
biomass is initially gasified and both the syngas produced and the coal are burned in
the furnace (Fig. 11b) [12, 45, 47, 51].

Direct co-firing can be achieved in several ways. The simplest method involves
pre-mixing solid biomass with coal in the coal conveying system and processing
it through existing coal milling and firing systems. This approach is cost-effective
but only suitable for low co-firing ratios (10-12%) [42]. Another approach involves
the separate handling and injection of biomass into the coal firing system, with
options including injection into the pulverised coal pipework, modification of existing
pulverised coal burners or utilisation of new, purpose-designed biomass burners.
This allows for higher co-firing levels, but has higher capital costs [42]. Pulverised
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combustion allows for co-firing ratios in the range of 1-40%, while fluidised bed
combustion is the most suitable technology allowing for co-firing ratios up to 95%
[45].

4 Final Considerations

Electricity plays a critical role in modern societies and its significance is expected to
increase as its uses diversify. The generation of electricity accounts for a substantial
fraction of the global total energy supply and represents the largest source of energy-
related CO, emissions worldwide. In 2020, approximately 20% of the world total
energy supply was used in power plants for electricity production or in CHP plants,
which produce both electricity and heat simultaneously. Moreover, during the same
year, electricity generation contributed to 36% of all energy-related CO, emissions
worldwide.

Despite all the efforts to decarbonise the power sector, fossil fuels, especially
coal, continue to be the primary energy sources for global electricity generation.
In 2020, coal and natural gas combined accounted for nearly 60% of the world
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electricity production. However, renewable energy sources, including biomass, have
been steadily growing and constituted 28% of the global electricity production in
2020. Among these RES, biofuels made a small contribution, comprising approx-
imately 2% of the global electricity production. The importance of biofuels in the
generation of electricity varies by region. It is more important in Central and South
America and in Europe, but even in these regions the contribution is small (6% and
5%, respectively).

The conversion of solid biomass into electricity requires the use of primary and
secondary conversion technologies. Primary conversion technologies convert solid
biomass into heat or fuels, while secondary conversion technologies typically convert
this heat or fuels into power.

The primary conversion technologies commercially available for biomass conver-
sion into power or CHP are combustion and gasification. Combustion, the predomi-
nant technology, is commonly used for heat, power or CHP generation. In contrast,
gasification is mainly used for small-scale CHP, even though it is also used in heating
or power-only applications.

Most secondary conversion technologies in biopower production are based on heat
engines, which convert heat into mechanical work and then into electricity. Heat
engines can be classified into external and internal combustion engines. External
combustion engines, such as steam turbines and Stirling engines, are suitable for
direct solid biomass combustion applications, protecting the engine from flue gas
contaminants. Internal combustion engines, such as directly fired turbines or recip-
rocating internal combustion engines, require flue gas or syngas cleaning, depending
on whether combustion or gasification is used.

Conventional power generation systems, which only generate electricity, waste
a significant portion of the energy contained in the fuel as heat. Combined heat
and power, also known as cogeneration, address this inefficiency by capturing waste
heat for useful purposes, such as space heating or industrial processes. CHP systems
enhance energy efficiency and reduce both costs and greenhouse gas emissions,
making them a sustainable energy production approach.

The most widely used secondary conversion technologies for the conversion of
biomass into power or CHP are conventional steam turbines, used in plants with
capacities typically ranging from 1 to 50 MW, (larger plants with hundreds of MW,
are operational, though). Their electrical efficiency depends on the installed capacity,
with larger capacities generally having higher efficiencies, and typical efficiency
values lying between 20 and 40%. In CHP applications, overall efficiency can reach
up to 90%. Organic Rankine cycle systems are a commercial alternative for smaller
capacities (up to 8 MW,), providing improved performance at partial loads and
electrical efficiencies within a range of 10-20% (typical larger than that of conven-
tional steam turbines of equivalent capacity). ORC systems have lower investment
and maintenance costs, making them suitable for small to medium-sized biomass
CHP installations, while conventional steam turbines are economically favourable
for larger capacities.

Reciprocating internal combustion engines are another commercially available
alternative, mainly used with gasifiers for smaller biomass-based CHP installations.
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These systems offer electrical efficiencies ranging from 15 to 40%. Although ICEs
have high operational and maintenance costs and NOx emissions, they offer advan-
tages such as simplicity, robustness and lower investment cost, being a prevalent
option for gasification-based CHP systems.

Other secondary conversion technologies for the conversion of solid biomass into
electricity exist, some commercial, others still under-development. These include
Stirling engines, steam engines and gas turbines or fuel cells.

Another possibility for the integration of biomass in the power sector is co-
combustion, which involves the simultaneous combustion of biomass and other fuels.
In regions heavily reliant on coal power, co-combustion of biomass with coal might
offer a cost-effective solution for the transition from coal power plants to a renew-
able energy source without the need for an entirely new infrastructure. Among other
advantages, this strategy significantly reduces carbon emissions compared to the
exclusive use of fossil fuel, contributing to a reduction in the carbon footprint asso-
ciated with coal-based energy production. Various combustion technologies can be
adapted for co-combustion, with electrical efficiencies typically ranging from 36 to
44%, depending on the efficiency of the original coal-fired plant.
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Ana Cristina Gongalves and Isabel Malico

Abstract This is the last chapter of the book entitled “Forest Bioenergy: From Wood
Production to Energy Use”. The preceding chapters have covered the sources and
distribution of forest biomass, its availability for different stand structures, and the
methodologies and tools employed for its estimation. Furthermore, the diverse path-
ways for converting forest biomass into energy and biofuels have been explored,
along with the associated technologies for biomass-to-energy conversion in the resi-
dential, industrial and power sectors. Forest biomass is a highly versatile source
of energy, holding the potential to play a central role in a sustainable energy future.
However, its use should guarantee the continued sustainability of forest stands, forests
and the array of products they offer. It is equally essential to identify and prioritise
the most effective pathways for the conversion of forest biomass into energy. A
large body of work has been done; however, improvements can be achieved with
whole system approaches that can accommodate the variability of forest biomass
and conversion technologies and enable a comprehensive characterisation of the
entire system. Accurate and precise statistics are of primordial importance for the
whole system analysis.
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Forests are crucial to the equilibrium of our planet and provide a wide range of
products and services, including wood fuel. This biomass fuel has served mankind
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as the primary fuel for millennia and continues to be the main source of energy for
heating and cooking for millions of people worldwide (cf. chapter “Introduction to
Forest Bioenergy”). However, with the industrial revolution, biomass lost its leading
role as the most widely used energy source. The twentieth century witnessed a diver-
sification of end-use technologies and energy sources, with fossil fuels (coal, oil
and natural gas) dominating the supply of energy today. Nevertheless, concerns over
energy security, environmental impacts and deplection of fossil fuels, especially of
oil, have given momentum to investment in renewable energy sources. In many high-
income countries, where bioenergy had lost its importance, modern uses of biomass
have gained more relevance and bioenergy is now seen as one of the key pathways
to mitigate global climate change.

Today, bioenergy, the most widely used renewable energy source, accounts for
10% of the world non-food energy supply and its contribution is expected to grow in
the future. Presently, it is primarily sourced from forest residues and waste, mainly
providing heat in the residential sector, followed by process heat generation in the
industrial sector. Additionally, the use of forest bioenergy to support the decarbon-
isation of the electricity supply and provide firm, low-carbon electricity has been
gaining relevance in the last decades. On the other hand, in the future, forest biomass
may become relevant in the production of second-generation liquid biofuels that
do not conflict with food supply or affordability and that assist in decarbonising
the transport sub-sectors where other renewable energy sources face difficulties in
penetration (e.g., aviation, shipping).

Apart from its versatility as a fuel and the potential to easily substitute fossil
fuels in numerous applications, forest biomass offers several other advantages. Itis a
renewable energy source produced in most countries around the world and primarily
used locally, which helps increase energy security and meet the growing global energy
demand. When sustainably produced and converted into energy using modern, effi-
cient and clean equipment, forest biomass usually presents environmental benefits in
comparison to fossil fuels, with many of its current applications being cost-effective.

Biomass for energy can be sourced from several land use systems, with forest
systems presently being the primary suppliers of biomass for energy. It can be clas-
sified into three different categories: primary or direct, secondary or indirect and
tertiary or recovered (cf. chapter “Sources and Distribution of Forest Biomass for
Energy”). Primary forest biomass refers to the biomass directly exported from forest
systems. It includes both products and residues (e.g., stemwood, tree tops, stumps,
branches, leaves, trees without market value for timber and dead or damaged trees).
Secondary biomass consists of residues from wood-based industrial facilities, while
tertiary biomass encompasses the residues or waste from the economic or social
activities outside the forest sector.

The availability of forest biomass for energy depends on factors such as the forest
area, growing stock and the management system, which present significant variability
worldwide. FAO statistics (cf. chapter “Sources and Distribution of Forest Biomass
for Energy”) provide insights into the distribution of forest area, growing stock, as
well as production and consumption of wood fuel and industrial roundwood. While
the production of the primary sources of bioenergy relies on the distribution of forest
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and their growing stock, the generation of secondary sources depends on the number,
size and type of forest-based industries, as well as the quantity and quality of the
wood received and processed, alongside with the industrial processes used. On the
other hand, tertiary sources encompass a heterogeneous range of materials with no or
variable amount of contaminants, with their availability dependent on the recovery
rates of wood wastes from industrial production and urban collection.

Overall, there was an increase in forest area and growing stock in Europe, Asia,
North America and Oceania, and a decrease in South America and Africa from
1961 to 2020 (cf- chapter “Sources and Distribution of Forest Biomass for Energy”,
Figs. 2.4 and 2.5), which may result in constraints on the availability of industrial
and fuel wood in the latter two regions. Moreover, the share of roundwood used for
wood fuel was larger in Africa and Asia, and this, along with the reduction of forest
area and growing stock, may further decrease the availability of biomass for energy.

The recovery rates of primary sources vary from 0 to 80%, whereas the generation
factors for secondary residues vary from 5 to 60%. On the other hand, concerning the
energy valorisation of tertiary wood residues, some countries lack the collection and
treatment of wood waste, while others sort and valorise almost all their municipal
and industrial wood waste. Such variable rates emphasise the variability of available
biomass for energy. Moreover, worldwide FAO statistics are based on information
reported by each country. Yet, when no information is provided estimations are
made. This can result in over or underestimations. The aforementioned highlights
the need to promote accurate country level statistics for forest area, growing stock
and production and consumption of roundwood and wood fuel.

Forest biomass (and carbon) sustainability has been object of forest research. The
aim was to understand the dynamics of biomass per tree, per stand and per forest
and which interactions influence biomass allocation and storage (cf. chapter “Stand
Structure and Biomass”). The analysis with integrated approaches at the ecosystem
level is suggested due to the interactions between the ecosystem components (e.g.,
trees, other flora, fauna soil, nutrient and water cycles), species, silvicultural systems,
stand structure and disturbances (e.g., silvicultural practices, cuts, storms, fires) in
the tree (and stand) growth and thus biomass allocation and storage. The analysis of
biomass increases in complexity from tree to stand and to forest, due to the variability
of growth and re-allocation of live to dead biomass and from dead biomass to soil
organic matter. In general, the sustainability of a forest system is achieved when
overall system biomass is maintained approximately constant (though variability
between the biomass components in the forest system can exist) and the potential
productivity of the system is maintained or enhanced. This can be achieved for most
species and sites by choosing the best suited stand structure, silvicultural system,
silvicultural practices and defining the maximum threshold for the export of woody
products.

An ongoing discussion regarding the maintenance of the biomass in the forest
systems or its export has been observed in recent years, which has resulted in policies
and legal frameworks. However, there seem to be contradictory points of view. To
promote the mitigation of the effects of climate change, the maintenance of biomass
in the forest systems is suggested whether as live or dead biomass or soil organic
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matter. Inversely, the mitigation of the effects of greenhouse gas emissions and the
use of woody products is promoted by the use of biomass for several uses with shorter
or longer lifecycles. On one hand, the maintenance and the promotion of biomass
stocks in the forest stands drives forest management towards stand structures and
silvicultural systems where the export of biomass is minimised and the re-allocation
of live to dead biomass and to soil organic matter is enhanced. On the other hand,
the use of biomass in woody products of different lifecycles promotes the export
of biomass from the forest stands. Traditionally, only timber was exported. As it
corresponds to biomass low in nutrients, its effects on the forest system sustainability
were low and short to medium term lasting. The gradual increase of biomass exports,
in particular of components rich in nutrients, originates the reduction of the nutrients’
stocks in the forest systems. Yet, even with the export of large amounts of biomass,
it is possible to maintain the forest system productive potential and sustainability, as
long as the guidelines for sustainable management are followed.

Though there is a large body of research done, there is still the need for further
research on the dynamics of biomass: with aging at the tree level; per stand struc-
ture, silvicultural system and silvicultural practices; per disturbance, including their
frequency, intensity and spatial distribution, whether natural or artificial; on the allo-
cation and re-allocation mechanisms of biomass in the forest systems; and the refine-
ment of methods and techniques that allow to collect data sets that minimise the errors
in the acquisition of the variables. This would be a tool to develop biomass functions
with high accuracy as it would enable to accommodate in the models both the vari-
ability and the interaction between the factors that influence the biomass storage and
that reduce the model uncertainties.

Energy plantations (cf. chapter “Energy Plantations”) are forest systems with the
goal of producing biomass for energy that at the same time release pressure for
biomass for energy in other forest systems. Thus, suiting the areas and productivities
of energy plantations at local and global levels may provide biomass for energy and
at the same time protect and conserve sensitive forest systems.

In a climatic change frame, the evaluation and monitoring of biomass (above
ground live and dead, below ground and soil organic matter) has been gaining
importance. This is related to the selection of the best suited species per site and
the adaptation and development of models of silviculture that enable to reach stand
structures, silvicultural systems and silvicultural practices that maintain the forest
system sustainability while maintaining or promoting the biomass storage. More-
over, the goal is to develop forest systems that are resilient and/or resistant to the
disturbances derived from the climate change.

One of the most important tools to evaluate, monitor and predict biomass dynamics
in time and space are the biomass functions developed at tree or area level (cf. chap-
ters “Modelling Biomass” and “Overview of the Biomass Models”). Though many
models have been developed, the increasing knowledge of the forest systems, data
bases available and mathematical methods and techniques enable the development of
new biomass models that are able to accommodate the variability in time and space
and reduce the uncertainties of the models.
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Sustainably managing forest resources and evaluating the availability of forest
biomass is key to promote bioenergy that is compatible with food, feed, fibre, timber
and environmental conservation and protection. However, downstream of forest
biomass production, promoting the choice of the most suitable bioenergy pathways
to convert forest biomass into energy is also a fundamental aspect to achieving this
goal.

As has been seen throughout this book, forest biomass is a very versatile energy
source, and several useful pathways are available to convert it directly into energy or
biofuels (c¢f. chapter “Forest Biomass as an Energy Resource”). Raw biomass with
little pre-treatment can be used to directly generate heat and/or electricity, or it can be
processed to upgraded biofuels (solid, liquid or gaseous), and only then be converted
to energy.

Raw forest biomass presents some disadvantages when compared to fossil fuels.
It typically has higher moisture content, lower heating value, a higher oxygen/carbon
ratio, lower density and a hydrophilic nature. The conversion of forest biomass into
upgraded biofuels results in solid, liquid or gaseous fuels that have improved charac-
teristics and are more similar to fossil fuels, making them convenient to use. Among
all the possible improved biofuels produced from forest biomass, upgraded solid
biofuels, such as pellets and briquettes, are the ones gaining market share due to their
convenience of use and the advantages they offer in terms of energy conversion.

A wide variety of biomass conversion technologies and energy system config-
urations are possible, resulting in a broad spectrum of products. Two main groups
of technologies exist: biochemical and thermochemical. However, only some routes
that involve the thermochemical conversion of forest biomass into energy or fuels
are currently mature and commercially available.

There has been much effort to develop biochemical technologies to produce fuels
from lignocellulosic biomass, including forest biomass. This is because, contrary
to first generation biofuels, they would not directly compete with food and feed.
However, the recalcitrant nature of lignocellulosic feedstocks poses a challenge to
biological degradation. Consequently, the commercial biochemical production of
biofuels, such as biogas and bioethanol from wood, still faces many challenges, and
more research is essential to make biochemical conversion pathways attractive.

Compared to biochemical conversion technologies, thermochemical pathways
are much more suitable for converting forest biomass into fuels, which explains
their success. Nevertheless, the commercial initiatives to produce advanced liquid
biofuels from lignocellulosic biomass through pyrolysis and gasification struggle to
thrive and compete with cheaper fossil fuels. Among other efforts, further process
development is required to make these second-generation biofuels cost-effective. It
is expected that policies aimed at decarbonising the transport sector will drive the
development of advanced liquid biofuels and create the market conditions for their
commercialisation.

In contrast, the direct conversion of forest biomass into heat and/or power is a
commercial reality in many applications, covering a broad spectrum of capacities
and technologies. The most popular process is combustion, but gasification followed
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by combustion in the same facility is also a reality in many markets, especially in
small-scale combined heat and power (CHP) units.

The choice of the most suitable pathway for the conversion of forest biomass into
energy is a complex task that is influenced by (i) the quality, quantity and cost of
the biomass feedstock; (ii) the availability, cost and performance of the bioenergy
conversion technologies; (iii) the various possible end-uses competing for the limited
forest biomass and their requirements and (iv) existent implementation barriers and
incentives.

The residential sector has an important share of the world final energy supply,
being the sector that consumes the most forest biomass worldwide (cf. chapter
“Biomass for Domestic Heat”). It is characterised by two very distinct ways of
consuming biomass: the traditional and the modern. Both rely on combustion as the
primary conversion technology of biomass into heat, but, while in the traditional use
of biomass, the direct combustion of biomass takes place in inefficient and polluting
equipment that consumes biomass often produced in an unsustainable way and not
commercialised, modern uses of biomass are identified by much more efficient and
cleaner equipment burning sustainably sourced biomass.

Several efforts to phase out traditional biomass uses have been made in the last
fifty years, but the transition from traditional biomass to modern energy systems
has been difficult. Currently, almost one-third of the world population, mostly in
rural regions of low- and middle-income countries, lacks access to modern energy
services and consumes biomass in a traditional way. In these regions, open-fires and
inefficient stoves, such as three-stone fires and mud stoves, often with no or inefficient
chimneys, are the main technologies used for cooking. Additionally, in the colder
regions, inefficient stoves are also used for space heating, further exacerbating the
problem.

The traditional use of biomass has far-reaching and negative consequences,
affecting both the environment and the well-being of the communities that depend
on it. This practice gives rise to indoor pollution with consequent impacts on the
health of those who are exposed to the products of incomplete combustion, charac-
teristic of the basic equipment associated with the traditional use of biomass. Further-
more, pollutants resulting from this equipment also impact the climate, exacerbating
global environmental challenges. The inherent inefficiency of the equipment used
alsoresults in excessive consumption of biomass, putting pressure on forest resources
and potentially leading to forest degradation in many parts of the world. Notably, the
burden of collecting and handling biomass often falls disproportionately on women
and children within these communities. The inequitable distribution of labour further
highlights the urgent need for sustainable alternatives that alleviate the environmental
and social challenges posed by traditional biomass use.

Many programs aimed at providing access to modern energy services have
primarily focused on promoting the transition from wood to gaseous fossil fuels,
but they have not given as much attention to replacing traditional, inefficient
biomass stoves with modern, efficient ones, or to designing strategies for ensuring
a sustainable supply of wood. It is essential to recognise that a substantial number
of people rely on traditional biomass use out of necessity; they simply cannot afford
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alternative fuels or do not have access to modern energy infrastructures. In light of
this, it is imperative to adopt holistic approaches that support local forest tree stands
and forest management while also addressing the specific energy requirements and
practices of the communities in question. There exists significant potential to improve
the traditional use of biomass and minimise its adverse impacts. This potential can
be unlocked through the development and introduction of more efficient, safer and
less polluting biomass stoves. These stoves should be tailored to meet the diverse
needs of local populations, ensuring that they not only provide a sustainable source
of energy but also prioritise the well-being of both people and the environment.

In recent years, there has been significant progress in the development and
commercialisation of more efficient and cleaner biomass systems for household
heating in numerous countries. However, technical improvements are still actively
pursued, with a primary focus on enhancing efficiency and reducing the environ-
mental impacts of the small-scale biomass conversion equipment used in the residen-
tial sector, which typically does not integrate air pollution control equipment. Another
crucial aspect involves ensuring a reliable and sustainable supply of biomass feed-
stock to the residential market. To achieve this goal, ongoing research is dedicated
to optimising the entire forest biomass supply chain and fostering forest biomass
markets. Simultaneously, there is a critical need to assess the economic viability of
biomass residential heating when compared to other energy sources. The integration
of residential biomass heating systems with other renewable energy sources, such as
solar and wind, is a growing area of interest. This integration can improve energy
reliability while further minimising environmental impacts.

Alongside the ongoing evolution of the residential sector, the industrial sector,
the world’s largest energy consuming end-user in 2020, stands out as a key sector
where forest biomass could make a more significant, or at least, eventually a distinct
contribution beyond today’s. Indeed, the environmental impacts of the industrial
sector are substantial. Industry accounted for approximately one-third of the final
energy consumption and contributed to two-fifths of the direct greenhouse gas emis-
sions among end-use sectors in 2020. As a result, decarbonising the industry sector
becomes crucial to reduce greenhouse gas emissions and keep global warming well
below the 2 °C threshold above pre-industrial levels. Industry heavily relies on fossil
fuels but reducing this dependency is very challenging (cf. chapter “Biomass for
Industrial and District Heating”).

A complete picture of how energy is utilised by the global, highly diverse industry
is currently unavailable, due to the lack of official statistics providing a breakdown of
energy consumption in the industry by its various end uses. This poses a challenge in
developing demand-oriented energy policies for the industrial sector. In this context,
conducting a precise and detailed characterisation of the energy demands within the
industrial sector is important in order to exploit additional opportunities for solid
biomass.

The integration of renewable energy sources in the industrial sector is not an
easy task, which explains the low share of renewables in this sector. Solid biomass
already meets a substantial portion of the energy needs of wood-based industries
that generate residual biomass. However, its potential role in the industry could
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expand, especially in some sub-sectors that need large quantities of process heat
and do not generate biomass residues, such as iron and steel or cement sub-sectors.
Decarbonising processes that requires high temperatures is especially challenging,
as not all renewable energy sources and technologies can provide the necessary high
temperature heat. This is an area where solid biomass may have a distinctive role.

A wide variety of technologies are currently commercially available for converting
solid biomass into heat for industrial processes (as well as district heating). Most
of these technologies are currently used for low- and medium-temperature process
heating, with a few exceptions for high-temperature applications. Combustion is
the most widely utilised conversion process, typically providing heat to industrial
processes through a heat transfer medium, often steam. Gasification followed by
combustion is also commercially used in industrial applications.

The entire spectrum of temperatures required for industrial processes can be
covered by different biomass products. While raw biomass is suitable for lower
temperature processes, achieving the higher temperature levels may necessitate pre-
processing the raw biomass. Some of the pre-processing technologies suitable to
upgrade forest biomass feedstocks for specific industrial processes, such as torrefac-
tion, have not yet reached full commercialisation and require further development
to reduce costs and become more attractive to the industrial sector. In addition to
heat generation, the development of pre-processing technologies also benefits appli-
cations like CHP or power production and the production of advanced biofuels,
whether through thermochemical or biochemical conversion.

Combustion is the most mature of all the available energy conversion processes
for heat and/or power generation. Nevertheless, there is active ongoing research
focused on further developing solid biomass combustion technologies. Particularly
relevant for medium- and large-scale systems is the further reduction of emissions
and the enhancement of equipment versatility in handling various types of fuels,
including wastes. Additionally, significant research efforts are dedicated to the further
development of gasification technologies, not only for heat or CHP applications but
also for the production of advanced biofuels.

While solid biomass is capable of providing high-temperature process heat, it is
currently primarily used within the forest-based industries. These industries typically
generate their biomass residues but generally do not require high-temperature heat.
There are opportunities for these industries to incorporate other renewable energy
sources to meet their energy needs and to sell their residues for other applications.
However, determining whether this is the best option within a broader context requires
a thorough assessment. Furthermore, for industrial sectors that do not generate their
residual biomass, ensuring a reliable supply of biomass is critical. Given that biomass
is a finite resource with competing uses, it is essential to have detailed knowledge
of the forest biomass availability and maintain continuous resource monitoring. To
optimise the allocation of biomass to various pathways for process heat, compre-
hensive studies are necessary to explore the most effective routes among the diverse
options available for converting biomass.

Another sector that competes for the finite biomass resources is the power sector
(cf. chapter “Biomass for Power Production and Cogeneration”). This is the sector
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that was considered for initial climate change mitigation and that has seen more
developments in terms of modern renewable energy incorporation. Nowadays, solar
and wind power are already the cheapest solutions in some regions of the world.
However, the sector still heavy relies on fossil fuels, mainly coal, with most of the
electricity in the world being obtained from fossil fuels. As a consequence, the sector
accounts for a substantial part of the global greenhouse gas emissions (36% in 2020).

Among the various energy uses explored in this book, including industry, house-
holds and power generation, the latter is the sector where, globally, forest biomass
plays a relatively minor role. Even though the production of biopower has been
promoted in many regions, the share of biomass in the electricity generated world-
wide is modest (around 2% in 2020). Nevertheless, substantial quantities of biomass
are consumed by the power sector. Biomass technologies offer a distinct advantage
by providing the high level of operational flexibility essential for effective power grid
balancing. As the utilisation of wind and solar power sources grows, significantly
improving the greenhouse gas balance of power-generation systems, a concurrent
surge in the demand for grid balancing solutions emerges. This context underscores
the role of bioenergy not only as an energy source but also as a viable means of
energy storage, particularly in the context of ensuring grid stability.

Several technologies are available for converting solid biomass into electricity at
various scales. Most of these technologies rely on heat engines that convert thermal
energy, primarily generated through combustion systems but partially through
coupled gasification-combustion systems, into electricity. During this process, a
significant portion of the energy contained in biomass is not converted into electricity
but is instead rejected as heat. In conventional power plants, which still dominate
the industry, this thermal energy is lost to the environment, resulting in energy waste
and reduced efficiency.

If, on the other hand, the heat rejected by the heat engine is used in CHP systems,
the energy contained within the fuel is much more valorised and the overall efficiency
of the process greatly surpasses that of conventional electricity generation. This
results in benefits such as cost reduction and the minimisation of greenhouse gas
emissions.

More than half of the biomass used for electricity production refers to CHP
systems, which operate with high overall efficiencies. The industrial sector, with
its high electricity and heat demands, currently plays a key role in CHP generation
from forest biomass. Additionally, district heating systems based on biomass and
CHP technologies provide an efficient means of converting biomass into energy.

Traditionally, biopower has been predominantly generated in medium- to large-
scale systems, representing the conventional approach of the sector. These systems
still offer potential for improvement, with ongoing research dedicated to increasing
their performance. Simultaneously, research efforts are dedicated to the development
of small- and micro-scale CHP technologies, with a specific emphasis on addressing
the energy needs of residential and localised contexts. In addition to scalling down,
ongoing research in biomass polygeneration explores innovative approaches aimed
at efficiently converting biomass resources into multiple forms of energy, including
electricity, heat, cooling and biofuels, all in one integrated process. Recent studies
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have primarily focused on optimising the utilisation of biomass resources and inte-
grating diverse subsystems to enhance overall performance, taking into consideration
both energy and exergy viewpoints. Furthermore, there is a growing emphasis on the
integration of hybrid renewable energy systems, which combine biopower with other
renewable sources. This integrated approach not only diversifies the energy mix but
also contributes to enhanced reliability and sustainability.

Another way to use biomass for power generation is through co-combustion of
biomass with other fuels, such as coal. This is a straightforward approach that allows
power plants originally designed for coal to transition to a renewable energy source
without major changes. Biomass co-combustion can significantly reduce carbon
emissions, making coal-based energy cleaner. In parallel, there is active research into
biomass-based carbon capture and storage or utilisation concepts, which presents a
promising area for net-negative greenhouse gas emission.

Throughout this book, it becomes evident that forest biomass is highly diverse
and versatile. It consists of different feedstocks associated with various production
systems, which can be used for a wide range of energy purposes, by means of different
technologies. This versatility is one of the primary advantages of biomass as an
energy source, but it also presents challenges when determining the best pathways
for bioenergy. Achieving this requires a comprehensive understanding of several
aspects, including energy needs and demands, the advantages and limitations of avail-
able conversion technologies, biomass feedstock characteristics, biomass availability,
environmental impacts and regulations, to name just a few.

The pathways to decarbonise various sectors are uncertain, as is the precise
role that forest biomass will play in the future, despite different projections.
Biomass energy markets are highly complex and can be influenced by numerous
factors, including climate change, energy prices, government policies and consumer
demands. Despite the uncertainties surrounding the future of bioenergy, forests
biomass will continue to be integrated into the energy mix and play a significant
role. Effectively harnessing the numerous benefits of forest biomass for energy while
minimising the risks is a challenge that requires careful consideration.
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