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Chapter

Energy Production from Forest
Biomass: An Overview

Ana Cristina Gongalves, Isabel Malico and Adélia M.O. Sousa

Abstract

As long as care is taken regarding stand and forest sustainability, forest
biomass is an interesting alternative to fossil fuels because of its historical use as
an energy source, its relative abundance and availability worldwide, and the fact
that it is carbon-neutral. This study encompasses the revision of the state of the
sources of forest biomass for energy and their estimation, the impacts on forests
of biomass removal, the current demand and use of forest biomass for energy,
and the most used energy conversion technologies. Forests can provide large
amounts of biomass that can be used for energy. However, as the resources are
limited, the increasing demand for biomass brings about management challenges.
Stand structure is determinant for the amount of residues produced. Biomass can
be estimated with high accuracy using both forest inventory and remote sensing.
Yet, remote sensing enables biomass estimation and monitoring in shorter time
periods. Different bioenergy uses and conversion technologies are characterized
by different efficiencies, which should be a factor to consider in the choice of
the best suited technology. Carefully analyzing the different options in terms of
available conversion technologies, end-uses, costs, environmental benefits, and
alternative energy vectors is of utmost importance.

Keywords: forest stands, forest residues, potential, bioenergy, conversion
technologies

1. Introduction

In 2017, the world total primary energy supply was 584.98 EJ, having increased
almost 60% since 1990 [1, 2]. In this period, the share of renewable energy sources
had a higher increase than that of fossil or nuclear fuels, but it was still relatively low
in 2017 (13.6%). Of all the renewable energy sources, renewable waste and biomass,
especially solid biofuels and charcoal, contribute the most to the world renewable
energy supply (in 2017, 67.9%). At this point, it is important to distinguish between
traditional and modern biomass. The former refers to noncommercial wood products,
charcoal, agricultural waste, and animal dung burned in inefficient equipment [3].
The promotion of the so-called modern biomass in countries with untapped poten-
tials and the switch from traditional uses to modern ones are of extreme importance
for a sustainable development.

Forests are of primordial importance to biomass accumulation and availability
as an energy source because of tree dimensions and their life spans, especially when
compared to herbaceous and shrubby plants [4]. In what regards forest structures,
two main classes can be identified in the context of bioenergy: energy plantations
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and stands where the main production is woody products. The amount of biomass
and their effects on system sustainability depend on a set of factors related to stand
structure, silviculture approaches, and the effects of biomass removal on the system
resilience.

The evaluation of biomass and residues in a forest area is frequently done with
forest inventory and/or remote sensing and geographical information systems
technologies. The accuracy of their estimation is dependent on the methods and
techniques used, which in turn are area- and scale-dependent.

The goals of the chapter are the characterization and analysis of (i) the current
demand for biomass for energy generation and its relation with the main biomass-
consuming sectors (Section 2); (ii) the variability of the availability of biomass
from different stand structures and the effect of its removal in a context of sustain-
able management of the forest stands (Section 3); (iii) the estimation of biomass
encompassing the analysis of the methods associated to forest inventory, remote
sensing, and geographical information systems (Section 4); and (iv) the conversion
of biomass into energy, including the most used technologies and their efficiencies
(Section 5).

2. Characterization of biomass demand for energy

Primary world energy supply from biofuels and waste was 55.64 E]J in 2017
[1], 9.5% of the total primary energy supply. The share of these fuels decreased in
relation to the 1990 value (Figure1). A contrary tendency has occurred in OECD
countries, which had 3.3% of their total energy supply met by biofuels and waste in
1990 and 6.1% in 2017 [1].

Biofuels and waste include a diversity of fuels (e.g., solid biofuels, biogases,
liquid biofuels, or industrial waste of nonrenewable origin). When only the renew-
able fraction of waste is considered, the share of biofuels and (renewable) waste
decreases from 9.5 to 9.2% [2]. The global supply of primary solid biofuels was
48.15 EJ in 2017 [1]. Solid biofuels and charcoal were by far the most consumed
biomass sources in the world in 2017, because of their importance in developing
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Figure 1.
Share of biofuels and waste in the world primary energy supply from 1990 to 2017.
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countries (Figure 2) [2]. Their share dropped to around 2/3 in OECD countries,
where modern uses of biomass are the most significant.

The share of the residential sector in the world consumption of primary solid
biofuels has been declining in the last decades. However, still more than half of
the energy coming from primary solid biofuels was consumed worldwide in this
sector in 2017 (Figure 3) [1]. In that year, the industrial sector was the second
largest consumer of primary solid biofuels, followed by the power sector. When
we look at the situation in the OECD countries, the sector that consumed most
of the primary solid biofuels in 2017 was industry (35%), closely followed by the
residential sector (32%).

An analysis of the world residential energy consumption (Table 1) shows that in
2017, biomass and waste were the most used fuels in households, followed by elec-
tricity and natural gas [1]. The biomass and waste demand in the residential sector
was almost entirely supplied by primary solid biofuels (an exception was China,
where biogas accounted for 9% of the biomass supply). Primary solid biofuels are

World OECD countries
Renewable
Biogases municipal Biogases Renewable
Liquid 3% waste 89, municipal waste

Liquid

biofuels 1%

\

5%

Solid
Solid biofuels/charcoal biofuels/charcoal
89% 67%

Figure 2.
Share of the various biomass sources in the biomass primary energy supply in 2017 in the world and in the
OECD countries.
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Figure 3.
Share of the various sectors in the world consumption of primary solid biofuels in 2017 in the world and OECD
countries.
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Coal 0il Natural Biofuels Other Electricity Heat
products gas and waste renewables
World 37 104 213 34.0 1.6 241 49
Africa 1.6 4.5 29 851 0.0 5.8 0.0
Asia 13 11.7 31 67.2 0.2 16.4 0.1
excluding
China
China 144 12.7 10.6 234 7.8 236 76
Middle East 0.0 151 46.1 0.5 0.2 38.2 0.0
Non-OECD 01 176 14.0 347 0.0 335 0.0
Americas
Non-OECD 29 7.7 41.5 59 0.1 14.6 273
Europe and
Eurasia
OECD 0.0 76 396 6.4 0.2 46.2 0.0
Americas
OECD Asia 0.6 211 274 1.8 13 454 2.3
Oceania
OECD 3.7 11.2 374 14.0 13 253 72
Europe
Table 1.
Share of world vesidential energy consumption by fuel in 2017.
Coal Crude Natural Biofuels Other Electricity Heat
oil + oil gas and renewables
products waste
World 29.0 114 201 73 0.0 273 4.9
Africa 131 214 18.6 209 0.0 26.1 0.0
Asia 35.0 157 11.7 154 0.0 221 0.1
excluding
China
China 52.5 53 57 0.0 0.0 30.0 6.5
Middle East 19 25.2 62.7 0.0 0.0 10.1 0.0
Non-OECD 8.0 201 18.1 0.0 0.0 313 22.5
Americas
Non-OECD 194 111 24.6 11 0.0 21.2 226
Europe and
Eurasia
OECD 6.4 9.7 434 11.2 0.0 278 15
Americas
OECD Asia 193 17.2 172 6.6 01 378 1.8
Oceania
OECD 9.8 10.4 30.6 8.9 0.1 34.6 57
Europe
Table 2.

Share of world industrial energy consumption by fuel in 2017.

particularly important in Africa, where they represented 85% of the fuels and energy

vectors consumed in households in 2017. The reality is very different in developed

countries, whose households are primarily supplied by electricity or natural gas [1].

4



Energy Production from Forest Biomass: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.93361

The world relies on fossil fuels to meet its industry energy demand, with coal
being the most used energy source (Table 2) [1]. In 2017, biomass was the only
relevant renewable energy source supplying 7.3% of the world’s industrial energy
consumption. Primary solid biofuels and, in some regions, industrial waste were
the main types of biomass consumed by the industry.

3. Biomass availability in different stand structures

In general, in forest stands, biomass increases over time [5]. However, biomass
accumulation is influenced by a set of factors that encompass stand structure,
species traits, site quality, individual tree interactions, density, and disturbances.
Stand structure is determined by the regime (high forest or coppice), composi-
tion (pure or mixed), and structure (even-aged or uneven-aged) [6]. Regime
influences tree and stand growth, with coppice individuals having higher initial
growth rates than high forest ones, as they use the existing root system [7]. In
stands with even-aged (one cohort) structure, biomass increases from instal-
lation to old-growth stage [8]. Inversely, in the uneven-aged structure (two or
more cohorts), biomass ideally remains approximately constant over time [9]. In
stands with pure composition (one predominant species), biomass accumulation
depends on the species traits, such as growth and shade tolerance; spatial arrange-
ments (in regular spacing individual trees have similar growing space and growth
rates); and density (the higher, the smaller the growing space and the growth
rate per tree) [10, 11]. In mixed stands, biomass accumulation is determined, in
addition to the aforementioned factors, by the number of species, their propor-
tion, the interactions among species, and the spatial arrangement of the species.
The biomass stock increases with species traits complementarity, and with spatial
arrangements that promote facilitation, while it seems less sensitive to the number
of species [12, 13]. Biomass stocks increase with site quality and complementarity
among species, due to the increase of the growing space and tree growth rates.
This increase is related to a higher availability of (i) light [14] or to their comple-
mentary use [14, 15]; (ii) water, which is also affected by crown cover [16]; and
(iii) nutrients that can also be promoted by species with complementary traits,
such as N-fixing [17]. Disturbances have two main effects on standing biomass,
namely their reduction and their reallocation. In general, disturbances whether
natural (e.g., storms, fires) or artificial (e.g., harvests, thinnings, prunings)
reduce standing biomass, especially when woody products are exported from the
stand [18]. As disturbances release growing space, they increase the tree growth
rate and thus reallocate biomass stocks to the residual trees [19].

In general, the stand structures with the highest potential for biomass for energy
are those that accumulate the largest biomass in the shortest time. This goal is
achieved by energy plantations, which are coppice pure even-aged stands of fast-
growing species, managed in high density stands in very short rotations, sometimes
fertilized and/or irrigated [20, 21]. Yet, other stand structures are also of interest,
such as the high forest pure or mixed even-aged stands. In these stands, only the
biomass without quality for timber or without high market value is used for bioen-
ergy, namely dead trees, trees with timber of bad quality, wood of trees species with
low or very low market price and forest residues (e.g., tops, branches). The amount
of biomass for energy increases from pure to mixed stands [22]. The least interesting
stand structures for bioenergy are the high forest pure or mixed uneven-aged stands.
This is related with the quantities of residues generated in the harvests and espe-
cially the technical difficulties for removing them without damaging the residual
stand as well as the associated costs [23].
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Energy plantations’ yield variability seems to be related to site, species, clone,
climate, density, and rotation. In the literature, a wide range of yields are referred,
from 0.6 to 50 t ha™' y ™' [24, 25]. Species and clones’ ecological characteristics are
expressed by the edaphic and climatic conditions, with yields increasing with site
quality [26] and water availability [27]. Density and rotation are linked, resulting in
stands of higher density and shorter rotations [26] or with lower density and longer
rotations [28].

The viability of removing biomass for energy is linked to stand structure, and
to environmental, legal, technical, and economic aspects. In energy plantations,
all aerial biomass is removed [27], while in stands managed for woody products,
residues are partially removed. The removal proportion ranges from 0 to 80% of the
above ground biomass [23, 29]. The most frequently used proportions of residues
removal in relation to above ground biomass range between 13 and 17%, with a
mean of 15% [29-31]. In even-aged stands, the amounts of residues are larger, so it
is technically and economically feasible to remove them [23]. Also, spatial distribu-
tion of residues can be scattered in the stand in which case 50% are removed or
packed where 65% of the residues are removed [30, 32, 33]. In difficult topographic
conditions, such as steep slopes, collecting residues is technically difficult and
expensive [34].

The removal of biomass from any forest stand, regardless of their use, has
always impacts on site and stand productivity and sustainability [35]. Forest
ecosystems have more or less resilience [36], and management can actively promote
biomass stocks in the stands [37]. This has led to an ongoing discussion about the
effects of biomass removal on stand productivity, soil, hydrology, and habitat and
diversity [38-40]. The impact of the removal of biomass depends on the type of
biomass removed and their quantity [41]. Biomass removal implies the export, to a
smaller or larger extent, of nutrients [42, 43]. The larger proportions of nutrients
are found in the newest tissues, i.e., leaves, twigs, and branches, when compared
to the oldest, that is, stems or large branches [44, 45]. Thus, removals of stems
are more sustainable than the all tree harvest [46]. Nutrients’ export is higher in
coppice than in high forest [45]. Also, the poorer the site, the stronger the nega-
tive effects of biomass residue removal in the soil and stand productivity [41].

The latter can be enhanced by maintaining the residues (totally or partially) in the
stands, especially those with higher nutrient content [43] or alternatively, when

it is technically and economically feasible, with fertilization with inorganic or
organic fertilizers [43, 47]. Soil potential productivity is influenced by soil organic
matter, depending strongly on the inputs (litter) and is species and stand structure-
dependent [48]. In general, high forest stands produce larger amounts of litter
during more time than coppices, resulting in larger amounts of soil organic matter
and nutrients, through decomposition [49].

The removal of biomass can contribute to increased runoff and, consequently,
leaching and erosion [50, 51]. This risk decreases from clear-cut to selective systems
and with the decrease of residues removal as they have a protection effect on the soil
[23]. The minimization of the impacts of these three factors can be achieved by the
maintenance of stumps, reduction of the amount of residues removed, and, when
possible, compensation fertilization [51].

In general, diversity decreases from high forest mixed uneven-aged to coppice
pure even-aged stands [17]. The temporal and spatial patterns of biomass removal
affect differently biodiversity [52]. Biodiversity increases with the increase of rota-
tion length [53] and with the spatial heterogeneity of the removals [7]. The increase
of biodiversity can have also negative effects on biomass. One example is the
populations of pest whose breeding material is the biomass residues. This increase
of diversity is related to a higher risk of pest attacks to living trees. It depends on
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pest density (increasing with density increase) and tree vigor (increasing with the
decrease of tree vigor). In this case, if the residues are maintained in that stand,
their storage in large piles is recommended as the pests colonize more the outer than
the inner part of the pile, thus decreasing the pest population [54].

4, Biomass estimation

Forest biomass can be estimated at tree or area-level, and the methods can be
grouped according to the data used.

At tree level biomass can be estimated with direct or indirect methods [55].
Biomass estimation with the direct method is based on destructive sampling with
the determination of the dry weight of biomass, frequently evaluated per com-
ponent: stem, bark, crown (or alternatively branches and leaves) and sometimes
below ground biomass [56-58]. At tree level, three approaches can be used with
indirect methods. In the first, biomass is determined with conversion methods,
usually as function of volume, and wood apparent density [56, 59]. In the second,
biomass is obtained by allometric functions which were developed with data from
destructive sampling. These functions frequently have as independent variables
the diameter at breast height and/or total height [56]. A wide range of allometric
functions have been developed [60-63]. Yet, as they are specific to the species,
regime, and site, necessity arises for new biomass functions [25, 64-66]. In the
third approach, biomass is obtained by fitting functions with data from LiDAR
high density 3D cloud points, where treetop, crown radii, and crown boundary
are frequently used as independent variables [67, 68].

At area level, six approaches can be used with indirect methods, all of which
use, as dependent variable, biomass at plot level (sum of biomass calculated with
allometric functions at tree level). Forest inventory plot data are frequently used
[57, 58, 69]. The first approach uses conversion factors based on absolute density
measures (e.g., volume or number of trees per hectare) with more (exponential) or
less (coefficient) complex formulas [66, 70]. The second approach uses expansion
factors, with stand structure, topography, and edaphic and climatic variables as
independent variables [66, 70, 71]. The third approach uses expansion factors with
independent variables derived from thematic maps (e.g., stand structure, soil type,
topographic variables) with k-nearest neighbor methods [57, 72]. In the fourth
approach, biomass is modeled with independent variables derived from passive
remote sensing data with several spatial resolutions. The most commonly used
variables are spectral reflectance, crown diameter and crown horizontal projection
[73-78], original bands, and/or vegetation indices [79-82]. Among the parametric
models, the most frequently used are linear regression, both single [80, 83, 84] and
multiple [80, 83]; and nonlinear regression, power [84-86] and logistic [87]. The
nonparametric models include regression k-nearest neighbor [88-90], artificial
neural network [91], regression tree [35, 92, 93], random forest [18, 94-96], sup-
port vector machine [94], and maximum entropy [97]. These functions have been
developed with satellite imagery of low [98-100], medium [100-103], and high
[73, 75-77, 104-106] spatial resolution. In the fifth approach, biomass is modeled
with data from Synthetic Aperture Radar (SAR) with bagging stochastic gradient
boosting algorithms, backscattering amplitudes, and multivariate linear regression
[107-109]. L or P bands are better suited for forests with high level of biomass,
while X and C bands for those with low biomass [109, 110]. In the sixth approach,
biomass is modeled with data derived from LiDAR metrics of horizontal (crown
cover) and vertical (mean, standard deviation, and percentiles of height) with
linear regression, k most similar neighbors, and random forest [109, 111, 112].



Forest Biomass - From Trees to Energy

The use of allometric functions at tree level is the most accurate indirect method.
Yet, it has the disadvantage of being species-, regime-, and site-specific and labor-
demanding [55]. The use of conversion and expansion factors is less labor-demanding,
and in large areas it can be accurate enough, but accuracy decreases with the increase
of stand variability [66, 70, 71]. The reduction of pixel size and area increases the
accuracy of expansion factors with remote sensing data [72, 112]. This approach has
the advantages of allowing automatic mapping and working at several spatial resolu-
tions. The disadvantages are related with large pixel sizes, different dimensions of
pixel and plot sizes, and poor correlation between remote sensing data and biomass
[72]. The accuracy of biomass functions derived from passive sensors data increases
with the increase of their spatial resolution and homogeneity of the stand structure
and topographic, edaphic, and climatic conditions [109, 113]. Some shortcomings
have been pointed out to the use of passive sensor data. Examples are saturation and/
or the impossibility of their use under certain weather conditions, such as clouds
[109, 111, 113]. These limitations are overcome by LiDAR [109, 114], but not by SAR,
which also presents signal saturation for high biomass [110, 113, 115]. Biomass func-
tions derived from LiDAR data and their raster maps are accurate, especially those
from Airborn Laser Scanning data [116, 117].

The combination of data from several passive and/or active sensors has been
used with several statistical methods to improve the accuracy of biomass estimates.
Examples are SPOT and LiDAR data [118], LiDAR and Landsat [113, 119], RaDAR
and Sentinel 1 and 2 [95], SAR and Landsat [120, 121], LiDAR and hyperspectral
[122], LiDAR and RaDAR [123], Geoscience Laser Altimeter System (GLAS) and
Modis [124]; LiDAR and airborne imagery of very high spatial resolution image
[125], or Sentinel 1 (SAR) and Sentinel 2 [126, 127].

5. Conversion of forest biomass into energy

Forest biomass is most commonly converted into energy by thermochemical
processes, combustion being the most mature and widely used [128, 129]. The
two other conversion routes that are commercially available are gasification and
pyrolysis. They transform forest biomass into biofuels. Other primary conversion
routes are possible but are still at a less developed stage. When biomass is converted
into power, secondary conversion technologies are needed. Of these, conventional
steam turbines are the most used [130, 131], but depending on the primary conver-
sion technology or the end-use, other technologies commercially available may be
more appropriate (e.g., organic Rankine cycles or internal combustion engines). A
general description of biomass conversion technologies is outside the scope of this
chapter, but readers should refer, for example, to [131-133] for more information.

Although forest biomass can be used to produce fuels for the transport sector, as
referred above, currently it is mostly converted to heat and/or to electricity and it is
used in the residential, industrial, and energy sectors [1]. The next sections describe
the conversion technologies most frequently used in these sectors.

5.1 Residential sector

As already seen in Section 2, at the world level, energy from solid biomass is
mostly used in the residential sector. In developing countries, solid biomass is
often used in households for heating and cooking with the use of very inefficient
equipment while in developed countries, it is almost exclusively used for heating
purposes [134]. The supply of bioenergy to households by district heating is also
common in some countries [135] and will be described in Section 5.3.
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Cooking is not the activity that consumes the most energy worldwide, but it
is the most universal residential energy service, and therefore, it is of particular
importance [136]. In developed countries, the use of biomass for cooking is not
common and is associated with luxury [134]. In developing countries, however,
cooking is the primary residential use of solid fuels (biomass and coal) [134].
Open fires and inefficient traditional cookstoves are the technologies usually
used [137]. Examples of common wood-fired cookstoves are 3-stone fires,
semi-open cookstoves, traditional hearths or rocket stoves [134]. Their efficien-
cies range from around 10% for open fires to around 40% for improved types of
stoves [134, 138-140]. The traditional use of biomass results in severe negative
impacts on human health [137, 141, 142], and, therefore, strategies to mitigate
health risks are of utmost importance. The development, promotion, and dis-
semination of improved wood-fired cookstoves are important but have proved to
be of limited success [137].

Globally, space and water heating are the most energy-consuming activities
in the residential sector [143]. In most developing countries, however, space
heating is not the main use of energy in households, because of geography and
climate (typically in these countries, most energy is spent for cooking) [144].
Open fires and traditional stoves are used for heating in lower-income house-
holds in developing countries. In cold regions, the same equipment that is used
for cooking is frequently used for space heating [142]. The energy efficiencies are
low, and the negative impacts on human health are high. In developed countries,
in general, wood is not the most used fuel for space and water heating. However,
today, wood heating is still popular in many cold and temperate climate zones
[134]. There is a big diversity of biomass-fired equipment used to produce heat.
Open fireplaces, stoves, furnaces, and boilers are examples of frequently used
equipment [132, 145]. They can produce heat locally (the case of small-size
fireplaces) or centrally (the case of biomass-fired central heating systems).

The conversion efficiencies is very diverse, depending on the way biomass is
converted to energy. The use of inefficient fireplaces leads to efficiencies lower
than 20% [146], while modern wood pellet boilers are very efficient, presenting
efficiencies above 90% [147].

5.2 Industrial sector

Industry is the sector that consumes most solid biomass in OECD coun-
tries, while globally, it is the second largest final use of biomass (Figure 3).
Nonetheless, there is still an untapped potential to increase the use of solid
biomass in industry, but economic viability, high investment costs, guarantee of
feedstock, and security of supply are factors that often hamper the investment in
bioenergy [148]. The sector is very diverse both in terms of industrial processes
and energy conversion technologies used, and, consequently, developing global
strategies to promote biomass use in the industry is a difficult task [148]. Solid
biofuels can provide the full range of temperatures needed by the industry,
which some other renewable energy sources cannot [149]. Therefore, channeling
biomass into high-temperature industrial processes seems to be a good strategy
in terms of greenhouse gas emission reduction (for instance, the residential
sector requires low temperature heat, and, therefore, this is a sector where other
renewable energy sources can easily penetrate). The share of bioenergy in the
different industrial sectors and countries is very uneven, but one can say that it
is essentially used to produce process heat and combined heat and power (CHP).
Boilers, dryers, kilns, furnaces, and ovens are typical biomass-fired process heat
generators [150-163]. The most popular technologies for heat generation in the
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industrial sector are combustion boilers [131], which include fixed bed, bubbling
fluidized bed, and circulating fluidized combustion [148]. The efficiencies of
the former are in the range of 60-90%, while that of fluidized bed boilers are in
the range of 75-92% [164]. CHP systems are also widely used in some industrial
sectors, such as the pulp, food, and chemical industries [165], mostly integrat-
ing conventional steam turbines as secondary conversion technology [130, 131].
Their capacities typically range from 1 to 50 MW, [131, 166], electrical efficien-
cies from 15 to 35% [131], and overall efficiencies are above 80% [167, 168].
Co-firing with coal (described in the next section) is also used in some industrial
sectors [169].

5.3 Energy sector

Biomass use for electricity generation is well developed, biofuels often
being co-fired with coal [170]. Most systems are based on fixed or fluidized
bed technologies used in a steam turbine cycle, pulverized boilers also being
commonly used [171]. Large biomass-fired power plants with capacities of the
order of 50 MW, have efficiencies of around 40%, while smaller plants typically
have efficiencies of 20-30% [132]. Generally, biomass power plants are smaller
than coal ones because of local feedstock availability. Co-firing with coal in
coal-fired power plants is a possibility that allows for the use of larger capacities
(and efficiencies). This cost-effective strategy results in a reduction of the GHG
emissions from conventional solid fuel power plants and is a low-risk option for
the production of bio-power [170, 171].

In conventional power plants, the rejected heat is wasted, and the overall
efficiency is low. If this heat is used (CHP) and distributed in district heating
networks, the overall efficiency of the energy conversion is much higher. Market
penetration of (biomass) district heating systems is quite different depending
on the country. In the countries where district heating (independent of the
energy carrier used) is more popular, it provides heat to around half of building
stocks [135]. It is in the European Union that most CHP biomass-fired district
heating plants are in operation [135, 172]. Some biomass heat-only plants
also exist but are relevant for small-scale district heating systems [173]. The
technologies used are similar to the ones used for indirect heating in industrial
applications.

6. Conclusions

Forests can provide large amounts of biomass, which can be used for energy
generation. The increasing demand of forest biomass for energy brings about
management challenges since biomass is a limited resource. The amount of residues
produced is dependent on stand structure, with pure even-aged stands providing
more biomass than mixed uneven-aged ones. Energy plantations have the highest
potential for biomass for energy. Biomass can be estimated with high accuracy using
both forest inventory and remote sensing. Yet, remote sensing enables biomass
estimation and monitoring in shorter time periods than the forest inventories.
Forest biomass can be converted into energy using distinct technologies and cover
different end-uses, resulting in different overall efficiencies. Important variables
to be considered when choosing the best suited biomass technology are efficiency,
economic feasibility, and environmental benefits. This choice is not unique and
is dependent on the region, facts that pose challenges in the management of the
biomass supply chains.

10



Energy Production from Forest Biomass: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.93361

Acknowledgements
This work is funded by National Funds through FCT—Foundation for

Science and Technology, under the Project UIDB/05183/2020 (MED) and Project
UIDB/50022/2020 (through IDMEC, under LAETA).

Author details

Ana Cristina Gongalvesl*, Isabel Malico®? and Adélia M.O. Sousa®

1 Department of Rural Engineering, School of Sciences and Technology, MED-
Mediterranean Institute for Agriculture, Environment and Development, Institute

of Research and Advanced Education (IIFA), University of Evora, Evora, Portugal

2 Department of Physics, School of Sciences and Technology, University of Evora,
Evora, Portugal

3 IDMEQ, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal

*Address all correspondence to: acag@uevora.pt

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative
Commons Attribution - NonCommercial 4.0 License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits use, distribution and reproduction for

non-commercial purposes, provided the original is properly cited.

11



Forest Biomass - From Trees to Energy

References

[1] IEA. IEA Statistics [Internet]. 2020.
Available from: https://www.iea.org/
data-and-statistics [Accessed: 05 March
2020]

[2] IEA. Renewables Information:
Overview. 2019. p. 12

[3] Goldemberg J, Coelho ST. Renewable
energy—T raditional biomass vs.
modern biomass. Energy Policy.
2004;32(6):711-714

[4] Urbano AR, Keeton WS. Carbon
dynamics and structural development
in recovering secondary forests of the

northeastern U.S. Forest Ecology and
Management. 2017;392:21-35

[5] Cardinale BJ, Wright JP, Cadotte MW,
Carroll IT, Hector A, Srivastava DS, et al.
Impacts of plant diversity on biomass
production increase through time
because of species complementarity.
Proceedings of the National Academy of
Sciences. 2007;104(46):18123-18128

[6] Smith DM, Larson BC, Kelty M]J,
Ashton PMS. The Practice of
Silviculture. Applied Forest Ecology. 9th
ed. New York: John Wiley & Sons, Inc;
1997. p. 560

[7] Kirby KJ, Buckley GP, Mills ].
Biodiversity implications of coppice
decline, transformations to high forest
and coppice restoration in British
woodland. Folia Geobotanica. 2017
Mar;52(1):5-13

[8] Zhang H, Zhou G, Wang Y, Bai S,
Sun Z, Berninger F, et al. Thinning
and species mixing in Chinese fir
monocultures improve carbon
sequestration in subtropical China.

European Journal of Forest Research.
2019;138(3):433-443

[9] Lundqvist L. Tamm review: Selection
system reduces long-term volume

12

growth in Fennoscandic uneven-aged
Norway spruce forests. Forest Ecology
and Management. 2017;391:362-375

[10] Baret M, Pepin S, Ward C,

Pothier D. Long-term changes in stand
growth dominance as related to resource
acquisition and utilization in the boreal

forest. Forest Ecology and Management.
2017;400:408-416

[11] Dye A, Ross Alexander M, Bishop D,
Druckenbrod D, Pederson N, Hessl A.
Size—growth asymmetry is not
consistently related to productivity
across an eastern US temperate

forest network. Oecologia.
2019;189(2):515-528

[12] Grossman JJ, Vanhellemont M,
Barsoum N, Bauhus ], Bruelheide H,
Castagneyrol B, et al. Synthesis and
future research directions linking

tree diversity to growth, survival, and
damage in a global network of tree
diversity experiments. Environmental
and Experimental Botany.
2018;152:68-89

[13] Vanhellemont M, Bijlsma R-], De
Keersmaeker L, Vandekerkhove K,
Verheyen K. Species and structural
diversity affect growth of oak, but
not pine, in uneven-aged mature
forests. Basic and Applied Ecology.
2018;27:41-50

[14] Forrester DI, Ammer C,

Annighofer PJ, Barbeito I, Bielak K,
Bravo-Oviedo A, et al. Effects of crown
architecture and stand structure on light
absorption in mixed and monospecific
Fagus sylvatica and Pinus sylvestris
forests along a productivity and climate
gradient through Europe. Journal of
Ecology. 2018;106(2):746-760

[15] Fotis AT, Morin TH, Fahey RT,
Hardiman BS, Bohrer G, Curtis PS.
Forest structure in space and time:



Energy Production from Forest Biomass: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.93361

Biotic and abiotic determinants

of canopy complexity and their
effects on net primary productivity.
Agricultural and Forest Meteorology.
2018;250-251:181-191

[16] Ehbrecht M, Schall P, Ammer C,
Fischer M, Seidel D. Effects of
structural heterogeneity on the diurnal
temperature range in temperate

forest ecosystems. Forest Ecology and
Management. 2019;432:860-867

[17] Liang J, Watson JV, Zhou M, Lei X.
Effects of productivity on biodiversity
in forest ecosystems across the United

States and China: Productivity-

biodiversity relationship. Conservation
Biology. 2016;30(2):308-317

[18] Thom D, Keeton WS. Stand
structure drives disparities in carbon
storage in northern hardwood-

conifer forests. Forest Ecology and
Management. 2019;442:10-20

[19] Flamenco HN, Gonzalez-

Benecke CA, Wightman MG. Long-
term effects of vegetation management
on biomass stock of four coniferous
species in the Pacific Northwest United
States. Forest Ecology and Management.
2019;432:276-285

[20] Pérez-Cruzado C, Sanchez-Ron D,
Rodriguez-Soalleiro R, Hernandez MJ,
Mario Sdnchez-Martin M, Caiiellas I,

et al. Biomass production assessment
from Populus spp. short-rotation
irrigated crops in Spain. GCB Bioenergy.
2014;6(4):312-326

[21] Stojanovi¢ M, Sanchez-Salguero R,
Levanic T, Szatniewska J, Pokorny R,
Linares JC. Forecasting tree growth in
coppiced and high forests in the Czech
Republic. The legacy of management
drives the coming Quercus petraea
climate responses. Forest Ecology and
Management. 2017;405:56-68

[22] Durocher C, Thiffault E, Achim A,
Auty D, Barrette J. Untapped volume

13

of surplus forest growth as feedstock
for bioenergy. Biomass and Bioenergy.
2019;120:376-386

[23] Daioglou V, Stehfest E, Wicke B,
Faaij A, van Vuuren DP. Projections
of the availability and cost of residues

from agriculture and forestry. GCB
Bioenergy. 2016;8(2):456-470

[24] Bergante S, Manzone M,
Facciotto G. Alternative planting
method for short rotation coppice

with poplar and willow. Biomass and
Bioenergy. 2016;87:39-45

[25] Djomo SN, Ac A, Zenone T, De
Groote T, Bergante S, Facciotto G,

et al. Energy performances of intensive
and extensive short rotation cropping
systems for woody biomass production
in the EU. Renewable and Sustainable
Energy Reviews. 2015;41:845-854

[26] Fischer M, Kelley AM, Ward EJ,
Boone JD, Ashley EM, Domec J-C, et al.
A critical analysis of species selection
and high vs. low-input silviculture

on establishment success and early
productivity of model short-rotation
wood-energy cropping systems.
Biomass and Bioenergy. 2017;98:214-227

[27] Dillen M, Vanhellemont M,
Verdonckt P, Maes WH, Steppe K,
Verheyen K. Productivity, stand
dynamics and the selection effect in
a mixed willow clone short rotation
coppice plantation. Biomass and
Bioenergy. 2016;87:46-54

[28] Giannini V, Silvestri N,

Dragoni F, Pistocchi C, Sabbatini T,
Bonari E. Growth and nutrient uptake
of perennial crops in a paludicultural
approach in a drained Mediterranean
peatland. Ecological Engineering.
2017;103:478-487

[29] Cintas O, Berndes G, Hansson J,
Poudel BC, Bergh ], Borjesson P, et al.
The potential role of forest management



Forest Biomass - From Trees to Energy

in Swedish scenarios towards
climate neutrality by mid century.
Forest Ecology and Management.
2017;383:73-84

[30] Farine DR, O’Connell DA, John
Raison R, May BM, O’Connor MH,
Crawford DF, et al. An assessment of
biomass for bioelectricity and biofuel,
and for greenhouse gas emission

reduction in Australia. GCB Bioenergy.
2012;4(2):148-175

[31] Rothe A, Moroni M, Neyland M,
Wilnhammer M. Current and potential
use of forest biomass for energy in

Tasmania. Biomass and Bioenergy.
2015;80:162-172

[32] Martire S, Castellani V, Sala S.
Carrying capacity assessment of forest
resources: Enhancing environmental
sustainability in energy production at

local scale. Resources, Conservation and
Recycling. 2015;94:11-20

[33] Pedroli B, Elbersen B, Frederiksen P,
Grandin U, Heikkild R, Krogh PH, et al.
Is energy cropping in Europe compatible
with biodiversity?—Opportunities and
threats to biodiversity from land-based
production of biomass for bioenergy
purposes. Biomass and Bioenergy.
2013;55:73-86

[34] Mola-Yudego B, Arevalo ],
Diaz-Yafiez O, Dimitriou I, Haapala A,
Carlos Ferraz Filho A, et al. Wood
biomass potentials for energy in
northern Europe: Forest or plantations?
Biomass and Bioenergy. 2017;106:95-103

[35] Ford SE, Keeton WS. Enhanced
carbon storage through management for
old-growth characteristics in northern

hardwood-conifer forests. Ecosphere.
2017;8(4):e01721

[36] Powers M, Kolka R, Palik B,
McDonald R, Jurgensen M. Long-term
management impacts on carbon storage

in Lake states forests. Forest Ecology
and Management. 2011;262(3):424-431

14

[37] Williams NG, Powers MD.
Carbon storage implications of active
management in mature Pseudotsuga
menziesii forests of western Oregon.

Forest Ecology and Management.
2019;432:761-775

[38] Belleau A, Brais S, Paré D. Soil
nutrient dynamics after harvesting and
slash treatments in boreal Aspen stands.
Soil Science Society of America Journal.

2006;70(4):1189

[39] Berndes G, Hoogwijk M, van den
Broek R. The contribution of biomass
in the future global energy supply:

A review of 17 studies. Biomass and
Bioenergy. 2003;25(1):1-28

[40] Shepard JP. Water quality protection
in bioenergy production: The US

system of forestry best management
practices. Biomass and Bioenergy.
2006;30(4):378-384

[41] Egnell G. A review of Nordic
trials studying effects of biomass
harvest intensity on subsequent
forest production. Forest Ecology and
Management. 2017;383:27-36

[42] Guidi W, Labrecque M. Short-
Rotation Coppice of Willows for the
Production of Biomass in Eastern
Canada. In: Matovic MD, editor.
Biomass Now—Sustainable Growth
and Use. Rijeka, Croatia: IntechOpen;
2013. Available from: http://www.
intechopen.com/books/biomass-
now-sustainable-growth-and-use/
short-rotation-coppice-of-willows-for-
the-production-of-biomass-in-eastern-
canada [Accessed: 08 March 2018]

[43] Raulund-Rasmussen K, Stupak I,
Clarke N, Callesen I, Helmisaari H-S,
Karltun E, et al. Effects of very intensive
forest biomass harvesting and long

term site productivity. In: Roser D,
Asikainen A, Raulund-Rasmussen K,
Stupak I, editors. Sustainable Use Pf
Forest Biomass for Energy a Synthesis
with Focus on the Balticand Nordic



Energy Production from Forest Biomass: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.93361

Region. Dordrecht: Springer; 2008.
pp- 29-78

[44] Achat DL, Fortin M, Landmann G,
Ringeval B, Augusto L. Forest soil
carbon is threatened by intensive
biomass harvesting. Scientific Reports.

2015;5(1):15991

[45] Pyttel PL, K6hn M, Bauhus J. Effects
of different harvesting intensities on
the macro nutrient pools in aged oak

coppice forests. Forest Ecology and
Management. 2015;349:94-105

[46] Tamminen P, Saarsalmi A,
Smolander A, Kukkola M, Helmisaari
H-S. Effects of logging residue harvest
in thinnings on amounts of soil carbon
and nutrients in scots pine and Norway
spruce stands. Forest Ecology and
Management. 2012;263:31-38

[47] Marron N. Agronomic and
environmental effects of land
application of residues in short-
rotation tree plantations: A literature
review. Biomass and Bioenergy.
2015;81:378-400

[48] Jandl G, Acksel A, Baum C,
Leinweber P. Indicators for soil organic
matter quality in no-till soils under

perennial crops in Central Sweden. Soil
and Tillage Research. 2015;148:74-84

[49] Holscher D, Schade E,
Leuschner C. Effects of coppicing
in temperate deciduous forests on
ecosystem nutrient pools and soil
fertility. Basic and Applied Ecology.
2001;2(2):155-164

[50] Fernandez C, Vega JA,

Fonturbel T, Pérez-Gorostiaga P,
Jiménez E, Madrigal J. Effects of
wildfire, salvage logging and slash
treatments on soil degradation. Land

Degradation and Development.
2007;18(6):591-607

[51] Stupak I, Asikainen A, Réser D,
Pasanen K. Review of recomendations

15

for forest energy harvesting and
wood ash recycling. In: Réser D,
Asikainen A, Raulund-Rasmussen K,
Stupak I, editors. Sustainable Use of
Forest Biomass for Energy a Synthesis
with Focus on the Balticand Nordic
Region. Dordrecht: Springer; 2008.
pp. 155-196

[52] Jonsell M. The effects of

forest biomass harvesting

on biodiversity. In: Réser D,
Asikainen A, Raulund-Rasmussen K,
Stupak I, editors. Sustainable Use Pf
Forest Biomass for Energy a Synthesis
with Focus on the Balticand Nordic
Region. Dordrecht: Springer; 2008.
pp. 129-154

(53] Fartmann T, Miller C,
Poniatowski D. Effects of coppicing
on butterfly communities of
woodlands. Biological Conservation.

2013;159:396-404

[54] Schroeder LM. Insect pests and
forest biomass for energy. In: Réser D,
Asikainen A, Raulund-Rasmussen K,
Stupak I, editors. Sustainable Use Pf
Forest Biomass for Energy a Synthesis
with Focus on the Balticand Nordic
Region. Dordrecht: Springer; 2008.
pp. 109-128

[55] Gongalves AC, Malico I, AMO S.
solid biomass from forest trees to
energy: A review. In: Jacob-LopesE,
Queiroz Zepka L, editors. Renewable
Resources and Biorefineries. Rijeka,
Croatia: IntechOpen; 2019. Available
from: https://www.intechopen.com/
books/renewable-resources-and-
biorefineries/solid-biomass-from-
forest—trees—to—energy-a—review
[Accessed: 09 August 2019]

[56] Burkhart HE, Tomé M. Modeling
Forest Trees and Stands [Internet].
Dordrecht: Springer Netherlands; 2012.
Available from: http://link.springer.
com/10.1007/978-90-481-3170-9
[Accessed: 03 July 2018]



Forest Biomass - From Trees to Energy

[57] McRoberts RE, Tomppo EO,
Nasset E. Advances and emerging
issues in national forest inventories.

Scandinavian Journal of Forest
Research. 2010;25(4):368-381

[58] Tomppo E, Olsson H, Stdhl G,
Nilsson M, Hagner O, Katila M.
Combining national forest inventory
field plots and remote sensing data for
forest databases. Remote Sensing of
Environment. 2008;112(5):1982-1999

[59] Neumann M, Moreno A, Mues V,
Harkoénen S, Mura M, Bouriaud O,

et al. Comparison of carbon estimation
methods for European forests.

Forest Ecology and Management.
2016;361:397-420

[60] Eamus D, Mcguinness K,

Burrows W. Review of Allometric
Relationships for Estimating Woody
Biomass for Queensland, the Northern
Territory and Western Australia.
Technical Report No. 5a2000. p. 56

[61] Paul KI, Roxburgh SH, England JR,
Ritson P, Hobbs T, Brooksbank K,

et al. Development and testing of
allometric equations for estimating
above-ground biomass of mixed-species
environmental plantings. Forest Ecology
and Management. 2013;310:483-494

[62] Ter-Mikaelian MT, Korzukhin MD.
Biomass equations for sixty-five north

American tree species. Forest Ecology
and Management. 1997;97:1-24

[63] Zianis D, Seura SM,
Metsantutkimuslaitos, editors. Biomass
and Stem Volume Equations for Tree
Species in Europe (Silva Fennica
Monographs). Helsinki, Finland:
Finnish Society of Forest Science,
Finnish Forest Research Institute;

2005. p. 63

[64] Annighofer P, Ameztegui A,

Ammer C, Balandier P, Bartsch N,
Bolte A, et al. Species-specific and

16

generic biomass equations for seedlings
and saplings of European tree species.
European Journal of Forest Research.
2016;135(2):313-329

[65] de Jong ], Akselsson C, Egnell G,
Lofgren S, Olsson BA. Realizing the
energy potential of forest biomass in
Sweden — How much is environmentally

sustainable? Forest Ecology and
Management. 2017;383:3-16

[66] Jagodzinski AM, Dyderski MK,
Gesikiewicz K, Horodecki P, Cysewska A,
Wierczynska S, et al. How do tree stand
parameters affect young scots pine
biomass? — Allometric equations

and biomass conversion and

expansion factors. Forest Ecology and
Management. 2018;409:74-83

[67] Brovkina O, Novotny ], Cienciala E,
Zemek F, Russ R. Mapping forest
aboveground biomass using airborne
hyperspectral and LiDAR data in the
mountainous conditions of Central
Europe. Ecological Engineering.
2017;100:219-230

[68] Chen Q. LiDAR remote sensing of
vegetation biomass. In: Remote Sensing
of Natural Resources [Internet]. CRC
Press; 2013. pp. 399-420. Available
from: http://www.crcnetbase.com/doi/
abs/10.1201/b15159-28 [Accessed: 21
November 2019]

[69] Vidal C, Lanz A, Tomppo E,
Schadauer K, Gschwantner T, di
Cosmo L, et al. Establishing forest
inventory reference definitions for
forest and growing stock: A study
towards common reporting. Silva
Fennica. 2008;42(2):247-266. Available
from: http://www.silvafennica.fi/
article/255 [Accessed 03 July 2018]

[70] Jagodzinski AM, Dyderski MK,
Gesikiewicz K, Horodecki P. Effects of
stand features on aboveground biomass
and biomass conversion and expansion
factors based on a Pinus sylvestris L.



Energy Production from Forest Biomass: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.93361

chronosequence in Western Poland.
European Journal of Forest Research.
2019;138:673-683

[71] Somogyi Z, Cienciala E, Mdkipdd R,
Muukkonen P, Lehtonen A, Weiss P.
Indirect methods of large-scale forest
biomass estimation. European Journal
of Forest Research. 2007;126(2):197-207

[72] Kangas A, Astrup R,

Breidenbach J, Fridman J, Gobakken T,
Korhonen KT, et al. Remote sensing
and forest inventories in Nordic
countries—Roadmap for the future.

Scandinavian Journal of Forest
Research. 2018;33(4):397-412

[73] Sousa AMO, Gongalves AC,
Mesquita P, Marques da Silva JR.
Biomass estimation with high resolution
satellite images: A case study of
Quercus rotundifolia. ISPRS Journal of
Photogrammetry and Remote Sensing.
2015;101:69-79

[74] Gongalves AC, Afonso A,
Pereira DG, Pinheiro A. Influence of
umbrella pine (Pinus pinea L.) stand
type and tree characteristics on cone
production. Agroforestry Systems.
2017;91(6):1019-1030

[75] Gongalves AC, Sousa AMO,
Silva JRM. Pinus pinea above ground
biomass estimation with very high
spatial resolution satellite images

2017, p. 7

[76] Gongalves AC, Sousa AMO,
Mesquita PG. Estimation and dynamics
of above ground biomass with very
high resolution satellite images in Pinus

pinaster stands. Biomass and Bioenergy.
2017;106:146-154

[771 AMO S, Gongalves AC, JRM d S.
Above-ground biomass estimation with
high spatial resolution satellite images.
In: Tumuluru JS, editor. Biomass Volume
Estimation and Valorization for Energy
[Internet]. IntechOpen; 2017. Available

17

from: http://www.intechopen.com/
books/biomass-volume-estimation-
and-valorization-for-energy/
above-ground-biomass-estimation-
with-high-spatial-resolution-satellite-
images [Accessed: 22 December 2017]

(78] Powell SL, Cohen WB, Healey SP,
Kennedy RE, Moisen GG, Pierce KB,

et al. Quantification of live aboveground
forest biomass dynamics with Landsat
time-series and field inventory data:

A comparison of empirical modeling

approaches. Remote Sensing of
Environment. 2010;114(5):1053-1068

[79] Tomppo E, Nilsson M,

Rosengren M, Aalto P, Kennedy P.
Simultaneous use of Landsat-TM and
IRS-1C WiFS data in estimating

large area tree stem volume and
aboveground biomass. Remote Sensing
of Environment. 2002;82(1):156-171

[80] Carreiras JMB, Pereira JMC,
Pereira JS. Estimation of tree canopy
cover in evergreen oak woodlands using

remote sensing. Forest Ecology and
Management. 2006;223(1-3):45-53

[81] Lu D. The potential and challenge
of remote sensing-based biomass

estimation. International Journal of
Remote Sensing. 2006;27(7):1297-1328

[82] Muukkonen P, Heiskanen J. Biomass
estimation over a large area based on
standwise forest inventory data and
ASTER and MODIS satellite data: A
possibility to verify carbon inventories.
Remote Sensing of Environment.
2007;107(4):617-624

[83] Salvador R, Pons X. On the
applicability of Landsat TM images
to Mediterranean forest inventories.

Forest Ecology and Management.
1998;104(1-3):193-208

[84] Steininger MK. Satellite estimation
of tropical secondary forest above-
ground biomass: Data from Brazil and



Forest Biomass - From Trees to Energy

Bolivia. International Journal of Remote
Sensing. 2000;21(6-7):1139-1157

[85] Naesset E, Gobakken T, Solberg S,
Gregoire TG, Nelson R, Stahl G, etal.
Model-assisted regional forest biomass
estimation using LiDAR and InSAR

as auxiliary data: A case study from a

boreal forest area. Remote Sensing of
Environment. 2011;115(12):3599-3614

[86] Zheng D, Rademacher ], Chen ],
Crow T, Bresee M, Le Moine J, et al.
Estimating aboveground biomass using
Landsat 7 ETM+ data across a managed
landscape in northern Wisconsin,

USA. Remote Sensing of Environment.
2004;93(3):402-411

[87] McRoberts RE, Naesset E,
Gobakken T. Inference for lidar-assisted
estimation of forest growing

stock volume. Remote Sensing of
Environment. 2013;128:268-275

[88] Chirici G, Mura M, McInerney D,
Py N, Tomppo EO, Waser LT, et al.

A meta-analysis and review of the
literature on the k-nearest neighbors
technique for forestry applications
that use remotely sensed data.
Remote Sensing of Environment.
2016;176:282-294

[89] Chirici G, Barbati A, Corona P,
Marchetti M, Travaglini D, Maselli F,
et al. Non-parametric and parametric
methods using satellite images for
estimating growing stock volume

in alpine and Mediterranean forest
ecosystems. Remote Sensing of
Environment. 2008;112(5):2686-2700

[90] McRoberts RE, Gobakken T,
Nzsset E. Post-stratified estimation of
forest area and growing stock volume
using lidar-based stratifications.

Remote Sensing of Environment.
2012;125:157-166

[91] Foody GM, Cutler ME,

McMorrow ], Pelz D, Tangki H,
Boyd DS, et al. Mapping the biomass

18

of Bornean tropical rain forest from
remotely sensed data. Global Ecology
and Biogeography. 2001;10(4):379-387

[92] del Campo AD, Gonzalez-

Sanchis M, Molina AJ, Garcia-Prats A,
Ceacero CJ, Bautista I. Effectiveness

of water-oriented thinning in two
semiarid forests: The redistribution of
increased net rainfall into soil water,
drainage and runoff. Forest Ecology and
Management. 2019;438:163-175

[93] Taylor AR, Dracup E,

MacLean DA, BoulangerY, Endicott S.
Forest structure more important than
topography in determining windthrow
during hurricane Juan in Canada’s
Acadian Forest. Forest Ecology and
Management. 2019;434:255-263

[94] Chen L, Wang Y, Ren C,

Zhang B, Wang Z. Optimal combination
of predictors and algorithms for Forest
above-ground biomass mapping from
sentinel and SRTM data. Remote
Sensing. 2019;11(4):414

[95] Ghosh SM, Behera MD.
Aboveground biomass estimation
using multi-sensor data synergy and
machine learning algorithms in a dense
tropical forest. Applied Geography.
2018;96:29-40

[96] Li X, DuH, Mao F, Zhou G, Chen L,
Xing L, et al. Estimating bamboo forest
aboveground biomass using EnKF-
assimilated MODIS LAI spatiotemporal
data and machine learning algorithms.
Agricultural and Forest Meteorology.
2018;256-257:445-457

[97] Saatchi SS, Harris NL, Brown S,
Lefsky M, Mitchard ET, Salas W, et al.
Benchmark map of forest carbon
stocks in tropical regions across

three continents. Proceedings of

the National Academy of Sciences.

2011;108(24):9899-9904

[98] Barbosa P, Hines J, Kaplan I,
Martinson H, Szczepaniec A, Szendrei Z.



Energy Production from Forest Biomass: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.93361

Associationalresistanceandassociational
susceptibility: Having right or

wrong neighbors. Annual Review of
Ecology, Evolution, and Systematics.
2009;40(1):1-20

[99] Propastin P. Large-scale mapping
of aboveground biomass of tropical
rainforest in Sulawesi, Indonesia,
using Landsat ETM+ and MODIS
data. GIScience & Remote Sensing.
2013;50(6):633-651

[100] Viana H, Aranha], Lopes D,
Cohen WB. Estimation of crown
biomass of Pinus pinaster stands and
shrubland above-ground biomass using
forest inventory data, remotely sensed
imagery and spatial prediction models.
Ecological Modelling. 2012;226:22-35

[101] Ahmad T, Sahoo PM, Jally SK.
Estimation of area under agroforestry
using high resolution satellite

data. Agroforestry Systems.
2016;90(2):289-303

[102] Askar, Nuthammachot N,
Phairuang W, Wicaksono P,
Sayektiningsih T. Estimating above
ground biomass on private Forest using
Sentinel-2 imagery. Journal of Sensors.
2018;2018:1-11

[103] Chi H, Sun G, HuangJ, Li R,

Ren X, Ni W, et al. Estimation of forest
aboveground biomass in Changbai
mountain region using ICESat/GLAS
and landsat/TM data. Remote Sensing.
2017;9(7):707

[104] Gongalves AC, Sousa AMO,
Mesquita P. Functions for aboveground
biomass estimation derived from
satellite images data in Mediterranean

agroforestry systems. Agroforestry
Systems. 2019;93(4):1485-1500

[105] Ploton P, Barbier N,

Couteron P, Antin CM, Ayyappan N,
Balachandran N, et al. Toward a general
tropical forest biomass prediction
model from very high resolution optical

19

satellite images. Remote Sensing of
Environment. 2017;200:140-153

[106] Schneider LC, Lerner AM,
McGroddy M, Rudel T. Assessing carbon
sequestration of silvopastoral tropical
landscapes using optical remote sensing

and field measurements. Journal of
Land Use Science. 2018;13(5):455-472

[107] Berninger A, Lohberger S,
Stangel M, Siegert F. SAR-based
estimation of above-ground biomass
and its changes in tropical forests of
Kalimantan using L- and C-band.
Remote Sensing. 2018;10(6):831

[108] Carreiras J, Melo ], Vasconcelos M.
Estimating the above-ground biomass
in miombo savanna woodlands
(Mozambique, East Africa) using
L-band synthetic aperture Radar data.
Remote Sensing. 2013;5(4):1524-1548

[109] Lu D, Chen Q, Wang G, Liu L,
Li G, Moran E. A survey of remote
sensing-based aboveground biomass
estimation methods in forest

ecosystems. International Journal of
Digital Earth. 2016;9(1):63-105

[110] Patenaude G, Milne R, Dawson TP.
Synthesis of remote sensing approaches
for forest carbon estimation: Reporting
to the Kyoto protocol. Environmental
Science & Policy. 2005;8(2):161-178

[111] Boyd DS, Danson FM. Satellite
remote sensing of forest resources:
Three decades of research developmen.
Progress in Physical Geography-Earth
and Environment. 2005;29(1):1-26

[112] Nilsson M, Nordkvist K, Jonzén J,
Lindgren N, Axensten P, Wallerman J,
etal. A nationwide forest attribute map
of Sweden predicted using airborne
laser scanning data and field data

from the national forest inventory.

Remote Sensing of Environment.
2017;194:447-454

[113] Phua M-H, Johari SA, Wong OC,
Ioki K, Mahali M, Nilus R, et al.



Forest Biomass - From Trees to Energy

Synergistic use of Landsat 8 OLI image
and airborne LiDAR data for above-
ground biomass estimation in tropical
lowland rainforests. Forest Ecology and
Management. 2017;406:163-171

[114] Ko C, Remmel TK. Airborne
LiDAR applications in forest landscapes.
In: Remmel TK, Perera AH, editors.
Mapping Forest Landscape Patterns.
New York: Springer; 2017. pp. 105-185

[115] Nelson RF, Hyde P, Johnson P,
Emessiene B, Imhoff ML, Campbell R,
et al. Investigating RaRDAR-LiDAR
synergy in a North Carolina pine forest.

Remote Sensing of Environment.
2007;110(1):98-108

[116] McRoberts RE, Chen Q,

Walters BF, Kaisershot DJ. The effects
of global positioning system receiver
accuracy on airborne laser scanning-
assisted estimates of aboveground

biomass. Remote Sensing of
Environment. 2018;207:42-49

[117] McRoberts RE, Chen Q,

Domke GM, Stahl G, Saarela S,

Westfall JA. Hybrid estimators for mean
aboveground carbon per unit area.

Forest Ecology and Management.
2016;378:44-56

[118] Shendryk I, Hellstrom M,
Klemedtsson L, Kljun N. Low-density
LiDAR and optical imagery for biomass
estimation over boreal forest in Sweden.
Forests. 2014;5(5):992-1010

[119] Matasci G, Hermosilla T,

Wulder MA, White JC, Coops NC,
Hobart GW, et al. Large-area mapping
of Canadian boreal forest cover, height,
biomass and other structural attributes
using Landsat composites and lidar

plots. Remote Sensing of Environment.
2018;209:90-106

[120] Jin X, Yang G, Xu X, Yang H,

Feng H, Li Z, et al. Combined multi-
temporal optical and Radar parameters
for estimating LAI and biomass

20

in winter wheat using HJ and
RADARSAR-2 data. Remote Sensing.
2015;7(10):13251-13272

[121] Shao Z, Zhang L. Estimating Forest
aboveground biomass by combining
optical and SAR data: A case study in
Genhe, Inner Mongolia, China. Sensors.
2016;16(6):834

[122] Vaglio Laurin G, Chen Q,

Lindsell JA, Coomes DA, Frate FD,
Guerriero L, et al. Above ground biomass
estimation in an African tropical forest
with lidar and hyperspectral data. ISPRS
Journal of Photogrammetry and Remote
Sensing. 2014;89:49-58

[123] Kaasalainen S, Holopainen M,
Karjalainen M, Vastaranta M, KankareV,
Karila K, et al. Combining Lidar and
synthetic aperture Radar data to
estimate Forest biomass: Status and
prospects. Forests. 2015;6(12):252-270

[124] Xi X, Han T, Wang C, Luo S, Xia S,
Pan F. Forest above ground biomass
inversion by fusing GLAS with

optical remote sensing data. ISPRS
International Journal of Geo-
Information. 2016;5(4):45. DOI:
10.3390/ijgi5040045

[125] Reyes-Palomeque G, Dupuy JM,
Johnson KD, Castillo-Santiago MA,
Herndndez-Stefanoni JL. Combining
LiDAR data and airborne imagery

of very high resolution to improve
aboveground biomass estimates in
tropical dry forests. International
Journal of Forestry Research.
2019;92(5):599-615

[126] Laurin GV, Balling ], Corona P,
Mattioli W, Papale D, Puletti N, etal.
Above-ground biomass prediction

by Sentinel-1 multitemporal data in
Central Italy with integration of ALOS2
and Sentinel-2 data. Journal of Applied
Remote Sensing. 2018;12(01):1

[127] Nuthammachot N, Askar A,
Stratoulias D, Wicaksono P. Combined



Energy Production from Forest Biomass: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.93361

use of Sentinel-1 and Sentinel-2
data for improving above-ground
biomass estimation. Geocarto
International. 2020:1-11. DOI:
10.1080/10106049.2020.1726507

[128] Pisupati SV, Tchapda AH.
Thermochemical processing of biomass.
In: Ravindra P, editor. Advances in
Bioprocess Technology. Cham: Springer
Science+Business Media BV; 2015.

pp. 277-314

[129] Ahmad AA, Zawawi NA,

Kasim FH, Inayat A, Khasri A. Assessing
the gasification performance of biomass:
A review on biomass gasification process
conditions, optimization and economic
evaluation. Renewable and Sustainable
Energy Reviews. 2016;53:1333-1347

[130] EPA. Biomass Combined Heat and
Power Catalog of te#chnologies. v.1.1.

U. S. Environmental Protection Agency;
2007

[131] Kan T, Strezov V. Combustion of
biomass. In: Strezov V, Evans TJ, editors.
Biomass Processing Technologies. Boca

Raton: CRC Press; 2014. pp. 53-80

[132] van Loo S, Koppejan J, editors. The
Handbook of Biomass Combustion and
Co-Firing. London: Earthscan; 2012.

p. 464

[133] Brown RC. Thermochemical
Processing of Biomass: Conversion into
Fuels, Chemicals and Powe. John Wiley
& Soms; 2019. p. 408

[134] de Carvalho RL. Wood-Burning
Stoves Worldwide: Technology,
Innovation and Policy [Internet].
Aalborg: Aalborg University; 2016. DOI:
10.5278/ VBN.PHD.ENGSCI.00122

[135] Werner S. International review of
district heating and cooling. Energy.
2017;137:617-631

[136] Malico I, Mujeebu MA. Potential
of porous media combustion

21

technology for household applications.
International Journal of Advanced
Thermofluid Research. 2015;1:50-69

[137] Amegah AK, JaakkolaJ].
Household Air Pollution and the
Sustainable Development Goals. Report
No.: 94(3). World Health Organization;
2016. p. 215

[138] Chica E, Pérez JF. Development
and performance evaluation of an
improved biomass cookstove for
isolated communities from developing
countries. Case Studies in Thermal
Engineering. 2019;14:100435

[139] Jetter ], Zhao Y, Smith KR,

Khan B, Yelverton T, DeCarlo P, et al.
Pollutant emissions and energy
efficiency under controlled conditions
for household biomass cookstoves

and implications for metrics useful in
setting international test standards.
Environmental Science & Technology.
2012;46(19):10827-10834

[140] Suresh R, Singh VK, Malik JK,
Datta A, Pal RC. Evaluation of the

performance of improved biomass
cooking stoves with different solid

biomass fuel types. Biomass and
Bioenergy. 2016;95:27-34

[141] Hanna R, Duflo E, Greenstone M.
Up in smoke: The influence of
household behavior on the long-run
impact of improved cooking stoves.
American Economic Journal: Economic
Policy. 2016;8(1):80-114

[142] WHO. Burning Opportunity:
Clean Household Energy for Health,
Sustainable Development, and
Wellbeing of Women and Children.
Geneva: WHO Press; 2016. p. 113

[143] Urge-Vorsatz D, Cabeza LF,
Serrano S, Barreneche C, Petrichenko K.
Heating and cooling energy trends

and drivers in buildings. Renewable

and Sustainable Energy Reviews.
2015;41:85-98



Forest Biomass - From Trees to Energy

[144] Urge-Vorsatz D, Eyre N, Graham P,
Harvey D, Hertwich E, Jiang Y, et al.
Energy end-use: Buildings. In: Global
Energy Assessment: Toward a
Sustainable Future. Cambridge:
Cambridge University Press; 2012.

pp. 649-760

[145] Miguez JL, Moran JC, Granada E,
Porteiro J. Review of technology in
small-scale biomass combustion systems
in the European market. Renewable

and Sustainable Energy Reviews.
2012;16(6):3867-3876

[146] Martinopoulos G, Papakostas KT,
Papadopoulos AM. A comparative
review of heating systems in EU
countries, based on efficiency and fuel

cost. Renewable and Sustainable Energy
Reviews. 2018;90:687-699

[147] Carlon E, Schwarz M, Golicza L,
Verma VK, Prada A, Baratieri M, et al.
Efficiency and operational behaviour
of small-scale pellet boilers installed in
residential buildings. Applied Energy.
2015;155:854-865

[148] Malico I, Nepomuceno Pereira R,
Gongalves AC, Sousa AMO. Current
status and future perspectives for
energy production from solid biomass
in the European industry. Renewable
and Sustainable Energy Reviews.
2019;112:960-977

[149] Taibi E, Gielen D, Bazilian M.
The potential for renewable energy
in industrial applications. Renewable

and Sustainable Energy Reviews.
2012;16(1):735-744

[150] Barthe P, Chaugny M, Roudier S,
Sancho LD. Best Available Techniques
(BAT) Reference Document for the
Refining of Mineral Oil and Gas.
Luxembourg; 2015

[151] Brinkmann T, Santonja CG,

Schorcht F, Roudier S, Sancho LD. Best
Available Techniques (BAT) Reference

22

Document for the Production of Chlor-
Alkali. Luxembourg; 2014. p. 317

[152] Cusano G, Gonzalo MR, Farrel F,
Rainer R, Roudier S, Sancho LD. Best
Available Techniques (BAT) Reference
Document for the Non-ferrous Metals
Industries. Luxembourg; 2017

[153] EIPPCB. Reference Document

on Best Available Techniques for the
Manufacture of Large Volume Inorganic
Chemicals—Ammonia, Acids and
Fertilisers. Seville: EIPPCB; 2007

[154] EIPPCB. Reference Document
on Best Available Techniques in the

Ceramic Manufacturing Industry.
Seville: EIPPCB; 2007

[155] EIPPCB. Reference Document
on Best Available Techniques in the

Production of Polymers. Seville:
EIPPCB; 2007

[156] EIPPCB. Reference Document on
Best Available Techniques in the Food,

Drink and Milk Industries. Seville:
EIPPCB; 2006

[157] Falcke H, Holbrook S, Clenahan I,
Carretero AL, Sanalan T, Brinkmann T,
et al. Best Available Techniques (BAT)
Reference Document for the Production
of Large Volume Organic Chemicals.
Luxembourg; 2017

[158] Mikul¢i¢ H, Klemes J],

Vujanovi¢ M, Urbaniec K, Duié¢ N.
Reducing greenhouse gasses emissions
by fostering the deployment of
alternative raw materials and energy
sources in the cleaner cement
manufacturing process. Journal of
Cleaner Production. 2016;136:119-132

[159] Mousa E, Wang C, Riesbeck ],
Larsson M. Biomass applications in
iron and steel industry: An overview
of challenges and opportunities.

Renewable and Sustainable Energy
Reviews. 2016;65:1247-1266



Energy Production from Forest Biomass: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.93361

[160] Remus R, Aguado-Monsonet MA,
Roudier S, Sancho LD. Best Available
Techniques (BAT) Reference Document
for Iron and Steel Production.
Luxembourg; 2013

[161] Scalet BM, Garcia Mufioz M,

Sissa AQ, Roudier S, Sancho LD. Best
Available Techniques (BAT) Reference
Document for the Manufacture of Glass.
Luxembourg: Publications Office of the
European Union; 2012

[162] Schorcht F, Kourti ], Scalet BM,
Roudier S, Sancho LD. Best Available
Techniques (BAT) Reference Document
for the Production of Cement, Lime and
Magnesium Oxide. Luxembourg; 2013

[163] Suhr M, Klein G, Kourti I,

Gonzalo MR, Santonja GG, Roudier S,
et al. Best Available Techniques (BAT)
Reference Document for the Production
of Pulp, Paper and Board. Luxembourg;
2015

[164] S2Biom. Biomass Conversion
Technologies Database [Internet]. 2019.
Available from: http://s2biom.alterra.
wur.nl/ [Accessed: 20 April 2018]

[165] Vatopoulos K, Andrews D,
Carlsson ], Papaioannou I, Zubi G.
Study on the State of Play of Energy
Efficiency of Heat and Electricity
Production Technologies. Luxembourg;
2012

[166] Castillo A, Panoutsou C, Bauen A.
Report on Biomass Market Segments
within the Transport, Heat &
Electricity—CHP Sectors for EU27 &
Member States. 2010

[167] Ahrenfeldt ], Thomsen U,
Clausen LR. Biomass gasification
cogeneration—A review of state of
the art technology and near future
perspectives. Applied Thermal
Engineering. 2013;50(2):1407-1417

[168] BASIS. Report on Conversion
Efficiency of Biomass. BASIS—Biomass

23

Availability and Sustainability
Information System. 2015. p. 20

[169] Rahman A, Rasul MG, Khan MMK,
Sharma S. Recent development
on the uses of alternative fuels in

cement manufacturing process. Fuel.
2015;145:84-99

[170] Roni MS, Chowdhury S, Mamun S,
Marufuzzaman M, Lein W, Johnson S.
Biomass co-firing technology with
policies, challenges, and opportunities:
A global review. Renewable and

Sustainable Energy Reviews.
2017;78:1089-1101

[171] IRENA. Biomass for Power
Generation. International Renewable
Energy Agency; 2012. p. 12

[172] Lake A, Rezaie B, Beyerlein S.
Review of district heating and cooling
systems for a sustainable future.

Renewable and Sustainable Energy
Reviews. 2017;67:417-425

[173] Ericsson K, Werner S. The
introduction and expansion of biomass
use in Swedish district heating systems.
Biomass and Bioenergy. 2016;94:57-65



