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Abstract. The fuel and energy crisis and the increasing pollution of the environment are one of the pressing
problems facing humanity today. In this regard, the question of finding new alternative energy sources is urgent.
Today there is an increasing interest in solid biofuels and new methods for improving the properties of biofuels
are being developed and improved, such as grinding, drying, pressing, and more recently, heat treatment. Thermal
methods of impact on biomass require special attention of researchers, because while their consumption consumes
some energy, it leads to an increase in the cost of production. But at the same time, they allow not only to increase
the specific energy characteristics of biofuels by removing moisture and ballast components, but also to obtain
fuel with new useful features (such as hydrophobicity, low greenhouse gas emissions, diminishing smoke and
odours, no corrosive substances). Depending on the biomass heat treatment modes, a different end product can be
obtained, and changes in it can be estimated by the weight loss. Investigations of this process were carried out in
the educational scientific laboratory “DAK GPS” of the State Agrarian and Engineering University in Podilya at
the plant for the torrefaction of tape-type biomass with passive interaction with the material. Control automatics
allow to adjust and maintain the temperature in the thermal chamber, as well as the speed of movement of the tape,
which determines the residence time of the biomass under the influence of thermal action. During each 10-minute
heat treatment cycle in 20 °C increments, mass loss was determined, and additional factors were recorded that
could indicate the beginning of internal changes in the material being studied (smoke, odour, etc.). As a result, the
conducted research proved that the torrefaction process of different raw materials meets its own temperature range,
in which there are active changes of material, namely converts raw biomass into torrefied product. This range for
the studied samples is 40-50 °C, in particular for barley and soybeans the process of torrefaction begins at 185-
195 °C and ends at 230-240 °C, for poplar, willow and miscanthus these figures are respectively 235-245 °C and
280-300 °C. As shown by the studies, for most biomaterials of plant origin we can distinguish the beginning of
intensive transformation and its end, after which there is a sharp slowdown in the weight loss, and accordingly, in
the energy density of the samples.
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Introduction

The fuel and energy crisis and the increasing pollution of the environment are one of the pressing
problems facing humanity today. In this regard, the question of finding new alternative energy sources
is urgent. Such a search is often supported by various government programs [1] and accompanied by the
emergence of new types of management, and the development of new technical means for
implementation [2-5]. In Ukraine, bioenergy has gained the greatest development and distribution
thanks to an affordable and cheap raw material base, the lion’s share of which is woodworking, logging
and woodworking waste (bark, sawdust, chips), peat and agricultural waste (straw, sunflower husk,
cereals, waste production, etc.). However, due to the different dispersion, low energy content, low bulk
density and usually high moisture content in such materials, their direct use is limited mainly to internal
use within the enterprise. In addition, the issue of reducing the burden on the environment due to the
combustion of various fuels is increasingly being raised. Therefore, the issue of reducing greenhouse
gas emissions and the release of other combustion by-products should be resolved in parallel. In this
regard new methods for improving the properties of biofuels are being developed and improved, such
as grinding, drying, pressing, etc. For today, one of the most effective methods to increase the efficiency
of solid fuels is pre-torrefaction - thermal treatment without access to oxygen [6]. The applications of
torrefaction and upgraded biomass have been discussed in some papers [7-13]. However, the
information on the system integration and practical applications of biomass torrefaction in the industry
remains insufficient.

Thermal methods of impact on biomass require special attention of researchers, because while their
consumption consumes some energy, it leads to an increase in the cost of production, but at the same
time they allow not only to increase the specific energy characteristics of biofuels by removing moisture
and ballast components, but also to obtain fuel with new useful features (such as hydrophobicity, low
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greenhouse gas emissions, diminishing smoke and odours, no corrosive substances) [12]. Upon
examining the articles, similar research focus can be observed, such as torrefaction effects on biomass
properties, energy densification, and solid and energy yields, followed by addressing the industrial,
environmental, and agricultural applications of torrefied biomass ,such as combustion, ironmaking,
pyrolysis, liquefaction, gasification, pollutant adsorption, and soil amendment [7; 10; 11; 15; 16].
Several studies attempted to understand biomass thermal degradation behaviours by conducting
torrefaction kinetics [17-20]. The thermogravimetric method of analysis is widely used to study the
torrefaction process. This method allows not only to obtain quantitative characteristics of the process of
term decomposition, but also to describe this process with sufficient accuracy in the form of kinetic
equations [21]. Although such studies are the most accurate, they are not so common in the literature
[22], which is due to the high complexity of the experiments and the need to have the appropriate
equipment.

For production conditions it is important, first of all, to have qualitative characteristics of the final
product, which depend on the modes of thermal processing of biomass. This is due to the fact that in the
process of torrefaction there is not only removal of moisture from the raw material (drying), but also
partial thermal destruction of the organic component of biomass. It is accompanied by changes that can
be detected and evaluated not only by complex laboratory analysis, but also by simple measurements,
weighing or even organoleptic evaluation of samples. According to the parameters that characterize the
level of thermal transformations of biomass can be a change in colour, weight loss, change in the shape
and size, acquisition of new properties (fragility, hardness, etc.). The aim of the work is to identify
gualitative and quantitative characteristics of such parameters of the initial assessment of the process as
the weight loss and colour change.

Materials and methods

It continues the work on the scientific topic “Agrobiomass of Ukraine as an energy potential of
Central and Eastern Europe” (registration number 0119U103056) at the State Agrarian and Engineering
University in Podilia, the joint Ukrainian-Polish educational and scientific laboratory “DAK GPS” [23-
27]. The main activity of the laboratory is to improve the energy performance of biomass by thermal
treatment (torrefaction), which results in torrefied product. Investigations of the primary signs of the
state of heat-treated raw materials were carried out on a plant for torrefaction of tape-type biomass with
passive interaction with the material (Fig.1). This method minimizes the physical and mechanical effects
on the raw material, and the flow of the process allows to get the most homogeneously processed
product. Control automatics allow to adjust and maintain the temperature in the thermal chamber, as
well as the speed of movement of the tape, which determines the residence time of the biomass under
the influence of thermal action.

Fig. 1. General view of the biomass torrefaction installation (in laboratory “DAK GPS”)

Selected biomass samples using laboratory scales were divided into equal-weight portions of 50-
100 g, which were alternately subjected to thermal treatment with a step of 20C in the range of 180-
300 °C, which fully corresponds to the conditions of torrefaction. After thermal treatment, organoleptic
evaluation of the product was performed, and the final weight was recorded.
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Results and discussion

Given the new qualitative properties that raw materials acquire as a result of such processing, the
process of biomass torrefaction is actively studied by scientists around the world. Various studies of the
process have appeared. Thus, studies of changes in the specific heat of combustion of such fuel, the
limits of hygroscopicity of the obtained product, the study of destruction of organic matter,
determination of the quantitative and qualitative composition of decomposition products, and so on [6;
14; 21-22; 28-30]. At the same time special techniques and equipment, which allows to reveal these or
those indicators, are usually applied. Perhaps, the main criterion that characterizes the quality of the
product is its specific heat of combustion. For some types of raw materials this figure is known, but
thermal treatment makes its adjustments, because it reduces the weight of the material, and the energy
density, respectively, increases. Analysis of the Kinetics of drying and thermal treatment of some types
of biomass is considered in the works of Zaichenko, Maryandyshev, Lyubov [14; 21; 28]. They show
thermogravimetric curves of the mass change dynamics (TG), mass change rate (DTG) and thermal
effects that occur in the test sample depending on the mode of torrefaction and the type of raw material.

On such curves it is usually possible to allocate two peaks. The first one corresponds to the phase
of active removal of physical and mechanical moisture and is limited by the rate of external diffusion of
moisture. This is the process of drying the material. The second peak corresponds directly to torrefaction
and is determined by the nature of the destruction of organic and inorganic components of raw materials
and the removal of volatile substances from it. This peak is of the greatest interest, because this
parameter characterizes the quality of the final product - torrefied biomass.

To determine these parameters a number of studies were conducted for different types of raw
materials, the results of which are shown in Fig. 2.
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Fig. 2. Graph of the dependence of biomass weight loss on the torrefaction temperature:
1 — barley (straw) wo = 13%; 2 — soybeans (chaff) wo = 0%; 3 — poplar wo = 6.5%;
4 — miscanthus (stems) wo = 10%; 5 — willow wo = 0%
Analyzing the graphs, we see that the dynamics of changes in the weight loss depending on the

thermal treatment temperature for different biomass occurs on similar principles. At the initial stage, the
curve is almost horizontal, or with a slight slope toward the growth, depending on the initial humidity
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of the material. Obviously, as in the case of the thermogravimetric curves (Fig. 2) at this stage there is
removal of free moisture and drying of the material. Further, there is a sharp increase in the weight loss,
which is apparently due to the internal destruction of organic matter of biomass and the removal of
volatile substances. After some period of temperature, the curve stabilizes again, which indicates the
end of the active phase of thermal transformations. This interval can be considered as temperature modes
of torrefaction. As it can be seen from the graphs, this interval has different values for different crops,
but given that their definition does not require complex techniques and expensive equipment, this
method can be a way of initial assessment of the parameters of torrefaction and the quality of
torrefaction.

In addition, as a result of the research, some pattern of colour change of biomass, which is subjected
to thermal treatment was noticed. The colour of the feedstock is an intuitive indicator that changes when
the feedstock is thermally degraded [31]. The colour change of biomass depends on the conditions of
torrefaction. It has been found that the colour change of biomass from brown to black occurs at the
temperature range of 150-300°C [32]. This primarily results from the changes in the chemical
composition after torrefaction. The colour range of samples prepared at different temperatures also has
its own characteristics. In most cases, there were two characteristic changes in colour. At low
temperatures, characteristic mainly for the first stage of thermal treatment (Fig. 2), there is a slight
change in colour towards darkening, or there is a characteristic shade. At temperatures, corresponding
to the beginning of a sharp increase in the weight loss, brown-black tones appear in the samples, until
they acquire a charcoal colour (Fig. 3). Since these changes correspond quite accurately to the stages
described above on the curves of the weight loss, we can conclude that colour is another promising area
for determining the parameters of thermal treatment of biomass.
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Fig. 2. Change in the colour of biomass depending on the temperature of torrefaction:
a — Jerusalem artichoke, b — soybean (chaff), ¢ — barley (straw)

Conclusions

As a result, the conducted researches proved that the torrefaction process of different raw materials
meets its own temperature range, in which there are active changes of the material, namely, it converts
raw biomass into a torrefied product. This range for the studied samples is 40-50 °C, in particular for
barley and soybeans the process of torrefaction begins at 185-195 °C and ends at 230-240 °C, for poplar,
willow and miscanthus these figures are respectively 235-245 °C and 280-300 °C.
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As shown by the studies for most biomaterials of plant origin, we can distinguish the beginning of
intensive transformation and its end, after which there is a sharp slowdown in the weight loss, and,
accordingly, in the energy density of the samples. At the same time, there is also a parallel change in the
colour of the material from darkening or discoloration to the acquisition of a charcoal colour. These
changes are followed by a similar pattern as in the analysis of the weight loss curves.

Thus, the control of weight loss and discoloration of biomass subjected to thermal treatment can be
parameters of the initial assessment of the modes of torrefaction and the quality of torrefaction. And
this, in turn, will allow without the presence of complex equipment in the production environment with
sufficient accuracy to determine the necessary modes of torrefaction.
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