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Abstract: Climate change is a reality that affects the daily lives of people around the world, with a
set of effects that are systematically felt. If there is still discussion about the real cause behind these
phenomena, with differing opinions defending the anthropic origin or the origin in terrestrial cycles of
geological scale, it seems to be unanimously attributed to the increased concentration of greenhouse
gases—particularly to CO,. That is, whatever the source of COy, it is commonly accepted that this is
the cause of the acceleration of the climate change process, and the occurrence of extreme climate
phenomena. The use of energy from renewable sources, such as solar or wind, can contribute to the
replacement of energy generated from fossil sources. However, these forms of energy are dependent
on uncontrollable climatic factors and are, therefore, dependent on the existence of alternatives that,
when in reserve, can be activated at any time as soon as the power grid requests their activation.
Thus, biomass emerges as an alternative capable of providing this answer, although it also has
numerous disadvantages. Torrefaction may be the technology that corrects these drawbacks and
allows for the successful use of biomass in the replacement the coal used in power generation,
contributing significantly to the reduction of CO; emissions. In addition to this possibility, it is
necessary to introduce forest management models that effectively make use of all material flows
generated during forestry operations, creating value-added chains, with a view toward a circular
economy and resource sustainability.
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1. Introduction

Today, humankind is facing what is most likely its greatest challenge ever [1,2]. This challenge,
caused by its own inability to manage a growing need for material and energy resources, has led to a
state of pressure on the environment, causing imbalances in the Earth’s systems [3-5]. Of all these
imbalances, the one suffering the most profound effects is the global climate system which—in addition
to experiencing the simple seasonal changes that considerably affect the agricultural and forestry
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cycles—is also leading to frequent extreme weather phenomena, such as those being continually
reported by the media worldwide [5-7].

Regardless of the ongoing discussion of the origin of the problem, with some contemporaries
defending the occurrence of climate change as a problem related to natural phenomena associated with
geological scale terrestrial cycles, or with other contemporaries who attribute any and all responsibility
to anthropic activity, there is little doubt that at least the acceleration of these climate change processes
stems from humankind’s excessive release of greenhouse gases in its relentless pursuit of resources
and energy [8-12].

Of all the greenhouse gases, the one that is primarily responsible and released in the largest
volume is carbon dioxide (CO;) [13,14]. This gas, which naturally exists in the atmosphere, essentially
results from combustion processes, and with the advent of the industrial revolution 200 years ago,
fuels traditionally used in daily tasks, namely biomass, have been replaced by fossil fuels, which are
much richer from the energy point of view, enabling the development of industry and society [15,16].

The aim of this article is to review the processes associated with carbon dioxide emissions caused
by the production of energy from fossil fuels, and which renewable alternatives can be used, notably
for the substitution of coal, which is widely used for the production of electricity in coal-fired power
plants. The process of converting solid biomass into energy first involves collecting the various wastes
of which it is composed, possibly by a process of conversion into product, followed by transport to
the places of consumption where the energy is used. The most common process is combustion for
both heat and power production through thermochemical conversion, usually in cogeneration systems
(Figure 1).
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Figure 1. Several methodologies for converting forest biomass into energy and byproducts, where
forest waste must play a very important role. In the definition of biomass, many other forms than forest
biomass waste can be included, such as agricultural waste biomass or even industrial waste.

It is also intended to present the advantages of biomass torrefaction, which is a thermochemical
conversion process that has the ability to standardize the properties of biomass, making them more
consistent with those of coal. This article also addresses the need to create an integrated forest
management model capable of creating a value chain that justifies the use of forest residues from forest
management operations, associated with other supply chains, particularly those related to the pulp and
paper industry and the wood panels industry, which use little or nothing of such waste by-products.

For the discussion presented here, after the bibliographical research on the themes, the analysis
of the opinions expressed by other authors was made, allowing the establishment of a model that
integrates the use of waste biomass as a sustainable energy alternative through the use of torrefaction
technology, while also addressing the issue of creating an integrated forest management model and
one which comprises forest resource management with the ability to capture and store carbon.
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From this perspective, this review article also intends to address the fact that one of the main
advantages presented by several authors for torrefaction as a biomass pretreatment technology is its
ability to homogenize different forms of biomass, thus making possible the use of residual forms,
which are normally not part of the supply chains of bioenergy circuits. With this ability to use new
forms of biomass, many of which have no commercial market value, production costs can be reduced
significantly, thus making more competitive a process that, being more complex, is also more costly.

2. Current Situation of Energy Production

Fossil fuels, mainly coal, were first used for large-scale thermal energy production and later
for the massive production of electric energy, whereas petroleum derivatives because they are more
easily found in liquid or gaseous states, had particular applicability in the development of terrestrial,
maritime, and air mobility [17,18]. However, now that the problem of their contribution to climate
change has been identified, a solution that at least partly assists with climate change mitigation is
urgently required [19]. As might be expected, there will be no simple, single solution, but rather a set of
interconnected measures will be required to help to solve the problem [20]. That is, the solution in part
involves the use of alternative renewable energy sources [21]. However, with current state-of-the-art
technology, many types of renewable energy sources will be needed [22]. For example, both wind and
solar energy are becoming increasingly efficient in terms of production, requiring less investment for
their implementation. However, these energy types are dependent on weather factors, such as the
occurrence of wind or the absence of cloudiness, to be generated [23]. In this scenario, biomass is an
interesting alternative, as it allows the storage of energy that can be used once it is needed, thus meeting
the demand of energy systems when other sources are not available [24]. Biomass can act as an energy
reserve, or as a backup source that is used as soon as the system indicates a shortage [25].

Due to its heterogeneity, low density, low energy power, high moisture content, and territorial
dispersion, the efficient use of biomass poses a set of challenges [26]. However, if properly processed
and pretreated, biomass can be converted into a fuel, or rather a high-performance fuel package, capable
of replacing any form of fossil fuel [27]. Depending on the conversion process used, an equivalent fuel
can be obtained from biomass [27]. Examples include biodiesel, which is the renewable equivalent of
diesel, and bioethanol, which is the renewable equivalent of gasoline. Concerning solid fuels, especially
those with the potential to replace coal, several options have emerged, such as biomass pellets, which are
products obtained from the drying, grinding, and subsequent densification of biomass particles into
cylindrical shaped aggregates of variable diameter and length. This process creates homogeneous
products with logistical advantages related to increased density and transportability [28,29].

Although these materials are already an alternative to coal, they cannot fully replace coal on
a global scale due to several factors; notably, the differences in physical and chemical properties,
such as hydrophilic properties opposed to the hydrophobicity of the coal, and the approximately 8 GJ/t
difference in their heating values [30-32]. These two significant factors result, for the former, in the
need for large investments by the end-user for the storage of biomass pellets to prevent them from
degrading while waiting for use, and for the latter, the difference in heating values results in the mixing
of the two fuels during co-firing process, creating too much turbulence in the flame, causing difficulties
with maintaining efficient heat exchange [30,33].

Furthermore, other key issues must be addressed, such as high levels of halogens and alkali
metals that enhance corrosion, slagging, and fouling phenomena in the combustion systems, causing
unexpected and costly shutdowns, in addition to the need for the installation of a whole parallel system
for the input of biomass pellets to the furnace [30,34]. Due to other differences in physical and chemical
properties, the conventionally used system for coal cannot be used, requiring large investments for the
conversion of coal-fueled power plants to biomass [30,34].
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3. Biomass Torrefaction

Given this context, biomass torrefaction has emerged as an alternative capable of meeting the
needs of a demanding energy market due to its ability to supply a final product according to the
needs of coal users, as it is capable of directly replacing coal without the need for process changes,
and therefore, prevents the need to invest significant amounts for the conversion of coal-fired power
plants to biomass power plants [35]. Torrefaction can be defined as the thermochemical conversion
process of biomass, occurring within a temperature range of 220 to 320°C, at atmospheric pressure,
in an oxygen-deficient environment, where the degradation of the constituent hemicellulose occurs
with cellulose and lignin remaining [36-39]. This process eliminates volatile organic compounds and
water, contributing to an increase in the fixed carbon content, and subsequently to the calorific value of
the final product [40,41]. That is, torrefaction increases the energy density while effectively allowing
the biomass to approximate the properties of coal [42—44].

This thermochemical conversion technology is capable of producing an excellent quality biomass
fuel that meets all the requirements for efficient combustion [42,45,46]. This technology has considerable
advantages over other biomass fuels, such as traditional pellets or chips, first because it results in a
product with more calorific value per unit of mass; second, because it is hydrophobic and does not
require physical structures for its storage; third, because all its physical properties are similar to coal
and can, therefore, be used in the same combustion systems without major changes; fourth, because it
remains a biomass fuel, which contributes to the carbon neutrality of energy production [47,48].

4. Torrefied Biomass and Coal

Biomass torrefaction is one of the solutions for mitigating the effects of climate change, as it
allows the replacement of one of the fossil fuels that underlies the problem [49]. Torrefied biomass,
either pelletized or chipped, can be used to replace up to 100% of the coal used in the production of
electricity, allowing for the conversion of coal-fired power plants to biomass plants but without the
high financial investments required if the option was conversion to the use of non-thermally processed
biomass pellets [44,50,51].

The conversion of coal-fired power plants, in addition to the clear economic and environmental
advantages, has an additional social benefit, as it will allow coal-fired power plants to continue their
work beyond the period imposed by the forced closure determined by the various governments,
thereby maintaining the many direct jobs related to the functioning of these units. It is, therefore,
an option that embraces the three pillars of sustainability [52,53]. Table 1 shows in a simplified way
the comparison between different forms of biomass, namely wood chips, wood pellets, and torrefied
biomass, with coal for power production.

Table 1. Biomass properties for coal replacement.

Properties Coal Wood Chips Wood Pellets Torrefied Biomass
Moisture Content Natura}ly low in High in water content Moderate water Similar to coal
moisture content
Energy Content High energy content Low energy content Modigitteerelrt‘lergy Similar to coal
Handling and Logistics Low handhng Low bulk density Moderate bulk density Can use existing
requirements coal logistics
CO2 Emissions Fossil Fuel Carbon-neutral Carbon-neutral Carbon-neutral
renewable fuel renewable fuel renewable fuel
Required Investments Low processing Requu‘es. loggmg and  Requires Cﬁlpp}ng and Can. use existing
requirements chipping densification coal infrastructure
Co-Firing Ratio Low co-fire ratios due o o
with Coal N/A to low bulk density Up to15% Up to 50% or more

5. Forest Management from the Supply of Biomass to Energy Perspective

From this perspective—and because biomass torrefaction is a technology that enables the
standardization of different types of biomass, thus allowing the use of a wider range of plant
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species—biomass torrefaction could also play a key role in the eradication and control of invasive
species, which may be classified as a resource, but also by the contribution to the clearing of the forest
space, specifically in the elimination of residues resulting from forestry operations [54,55]. Thus, the
production of energy products does not conflict with the market for raw materials for other industries,
namely pulp and paper and wood pellets, and also contributes to reducing the risk of forest fires by
decreasing the permanent fuel load [56,57].

Creating a value-added supply chain for forest products requires the development of a new
mindset for the forest sector around the world, as this is the only way that biomass can be a sustainable
energy alternative from a circular economy perspective; where all materials are used, creating value
along the supply chain and enabling the settlement of rural populations [58,59].

The possibility of exploiting forests dedicated to energy production is also a potential alternative,
especially in the case of the conservationist management of carbon levels, ensuring that the amount of
carbon released by energy recovery remains neutral by planting a new area equivalent to that used [60].
This conservationist view leads to the verticalization of the forest management model, where the
energy recovery units have upstream dedicated production forests with species selected for biomass
production, preferably in a multi-crop regime with the interleaving of different species, chosen for
the same purpose [61]. As such, the problems related to the use of monocultures are avoided. These
problems mainly arise due to the lack of resilience in this type of forest management. An example
of this is the spread of pests and diseases that, when they reach an area with vulnerable species, can
progress quickly, causing damage and losses [62].

If properly managed, a dedicated multi-crop forest where the hydrological and nutrients cycles
are maintained, with sufficiently long rotation periods to ensure carbon conservation through efficient
capture and sequestration, has many advantages, mainly because the fuel supply process can be
continually and permanently vertically integrated [63,64]. The combination of forests dedicated to the
production of biomass for energy and the use of surplus material resulting from forestry operations for
other purposes will ensure the viability of the material supply model for the conversion to fuels or to
direct energy recovery [63,65].

6. Conclusions and Future Developments

Climate change is a set of phenomena that have a direct impact on daily activities, highlighting
the changes that affect the growth cycle of both agricultural and forest crops. From all the measures
necessary to mitigate climate change—the use of renewable energy sources that may be an alternative
to the use of fossil fuels emerges as one that may, perhaps, contribute more quickly and effectively
to the reduction of CO, emissions. Torrefaction is a technology capable of transforming waste
biomass—resulting from forest, agricultural, or industrial activities—into biomass-derived fuels,
capable of directly replacing coal in electricity generation, especially if it comes from forests designed
to function as carbon sinks.

Torrefaction is a technology that can serve as a basis for the development of other technologies,
by acting as a preprocessing technology prior to the use of other processes, whether for energy
production or for biorefineries for green chemicals. Many cases can already be found in the literature
of the biomass gasification and liquefaction processes used to obtain these products. One of the most
promising cases is the production of hydrogen from biomass gasification, which is thought to allow the
development of a new form of mobility based on electricity-driven systems, but without the constraints
inherent in the use of batteries, as is currently the case.

Despite all the advantages presented for biomass torrefaction, mainly with regard to its ability
to homogenize different types of raw materials, this technology still presents some constraints,
namely regarding its scalability and the capacity of large units to operate continuously. Many recent
developments have been achieved, mainly in terms of process control and stability, a fact that has
enabled the production of high-quality products. However, it cannot yet be considered as a mature
technology, so a large investment in R&D is still needed.
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The use of torrefaction as a pretreatment technology allows the gasification process to be much
more efficient than when starting from thermally unprocessed biomass. The production of more
advanced forms of materials with high fixed carbon contents, such as charcoal, coke, and activated
charcoal, are also promising possibilities that will aid with the development of new nanotechnology
products, for example, by supplying carbon for the production of graphene, or activated charcoal for
the removal of toxic compounds.
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