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PROSPECTS FOR THE USE OF CAVITATION MECHANISMS
IN ORDER TO REDUCE THE CONSUMPTION OF NATURAL WATER
IN MUNICIPAL ENERGY

Abstract: The paper discusses the existing methods of neutralizing condensate among which the most effective
method of hydrodynamic cavitation is determined. To implement the effects of hydrodynamic cavitation, it is
proposed to use the way of discrete - pulsed energy input, which allows neutralization by degassing
condensate of natural gas combustion products.

Based on the created universal mathematical models of the dynamics of single steam-gas bubbles and the
ensemble of bubble dynamics, numerical modeling of the growth of steam-gas bubbles in condensate was
carried out. Within the framework of the mathematical model of the dynamics of the ensemble of bubbles, an
analytical study of the evolution of the unit of steam-gas bubbles to achieve a critical value of the gas content
in them was carried out.

It has been experimentally proven, the effectiveness of the proposed method, in particular, has been established
that the main amount of carbonic acid from both flue gas condensate and model liquid is removed within two
minutes of processing. The obtained data prove that an increase in the pH of the treated condensate
corresponds to the pH of distillate, which indicates the complete removal of carbonic acid. The implementation
of the proposed method of neutralizing condensate will create conditions for improving the environment. This
is achieved by reducing the amount of effluent and rational use of water resources by reducing the need for
natural water.

Keywords: cavitation, acidic condensate, neutralization

Introduction

Condensate formed during the combustion of natural gas in boilers equipped with a system of deep
utilization of the heat of flue gases at municipal energy enterprises is not reused. As a rule, after chemical
neutralization, it enters the wastewater of enterprises. Neutralization of condensate is necessary due to
the low pH value, which is due to the high content of carbonic acid (approximately 70 mg/1 of carbon
dioxide). For this purpose, methods of neutralization with chemical reagents and neutralization using
mass transfer processes are used. The disadvantage of chemical neutralization is a significant
contamination of neutralized condensate with neutralization reaction products and the impossibility of
its further reuse. Common mass exchange processes (decarbonization, thermal and vacuum deaeration)
are not used to neutralize condensate due to high energy costs or due to insufficient carbon dioxide
extraction. Given that from 1 MW of thermal power of the boiler unit, as a rule, up to 140 1/h of
condensate is formed, this leads to the formation of a significant amount of it, so it is advisable to
consider the possibility of reusing condensate in order to reduce natural water consumption and
wastewater emissions.
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Analysis of existing research

Analysis of many sources, including work [1-3] showed that the neutralization of acidic condensate
with chemical reagents can be implemented in equipment using a solid reagent, by liquid
neutralization, as well as using reagents based on neutralizing amines.

The principle of equipment operation based on the use of solid reagent involves passing acid
condensate through a layer of neutralizing reagent. The use of such equipment does not imply the
regulation and control of stable values of the hydrogen indicator. It is advisable to use it for boilers
with a capacity of up to 1000 kW. The principle of operation of the liquid neutralization equipment
involves the addition of a dosed amount of liquid reagent to the acidic condensate. The use of
automated dosing and control systems makes it possible to obtain a stable final value of the pH
indicator, as well as the possibility of its regulation. Such equipment is economically feasible for
boilers with a capacity of more than 1000 kW. The use of special chemicals based on neutralizing
amines to adjust the hydrogen index of water is economically impractical due to their too high cost.

Neutralization of acidic condensate using mass exchange processes can be carried out on absorbent-
type devices. Their work is based on the extraction of dissolved carbon dioxide as a result of contact
with air. Its course is due to a significant number of interdependent factors that can change over a
wide range. For example, as indicated in the article [4] the solubility of carbon dioxide in water
depends on its temperature, which changes during the decarbonization process. The method is one of
the most complex mass transfer processes in the preparation of water in the heat and power industry.
Existing decarbonizers are divided into two groups - countercurrent and direct-flow.

The countercurrent decarbonizer is a nozzle apparatus with air supply by a fan from the bottom.
Decarbonizers of this design have been used for more than 50 years and are obsolete as evidenced by
the article data [5]. The disadvantage of devices of this type is their impressive dimensions, high cost,
complexity in maintenance and repair, as well as the need for individual design.

Among direct - flow decarbonizers, ejection devices and direct - flow spray heat and mass transfer
device are common. The use of water - jet ejectors is limited due to the low values of the permissible
initial concentration of carbon dioxide (up to 20 mg/kg). Direct-flow ejections heat and mass transfer
devices can have an ejection coefficient of about 1000, however, the productivity can be from units to
hundreds of m3/h-m. Common disadvantages of devices of this type are large dimensions and weight,
and therefore they have not found wide application.

Among modern alternative methods, it is worth noting acoustic, in which high-frequency ultrasonic
generators are used. Their effectiveness lies in the fact that they ensure the fastest possible removal of
free gas from the liquid, which is contained in gas bubbles. The degassing of the liquid occurs due to
the fact that a significant part of the dissolved gas under the influence of ultrasonic vibrations passes
into the bubbles, which subsequently exit the liquid through the phase separation surface. Their
advantage lies in the possibility of degassing almost any liquid. However, now these methods are not
widely used due to significant specific energy costs.

In recent years, more and more attention has been paid to the possibilities and advantages of using
hydrodynamic cavitation in various fields. Numerous studies and implementation of the obtained
results in various fields of production have shown that hydrodynamic cavitation should be considered
as a significant alternative to acoustic cavitation in the direction of increasing productivity and
reducing specific energy consumption.

Problem formulation

Taking into account the previous experience of scientific work and the shortcomings and complexities
of existing equipment, the authors proposed a new alternative method of reagent - free neutralization
of condensate. The research carried out within the framework of the project "Improving the efficiency
of technology for reducing nitrogen oxide emissions by recirculating flue gases in boiler installations of
municipal and industrial energy" (Agreement No. 904 of 04.01.22).
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It is method based on the use of physical effects on the treated environment and avoids the addition of
chemical reagents, characterized by low specific energy and material costs. The proposed method was
initiated on the basis of fundamental research within the framework of the scientific direction of
discrete - pulse energy input (DPEI) into dispersed systems and is covered in the work [6]. It includes
the use of mechanisms such as high - frequency hydrodynamic vibrations, accompanied by high
circumferential speed and shear stresses, as well as cavitation phenomena and transient phase
transitions. Removal of carbonic acid from condensate in this way will avoid chemical neutralization
and obtain practically degassed desalinated water. Then it can be used to prepare water to power the
boilers, bypassing the stage of water softening, as well as for other technological needs.

To accomplish this task, it is necessary:

» to carry out previous modeling of the process of growth of gas-steam bubbles in condensate;
» to experimentally establish the regularity of the influence of cavitation mechanisms on the pH of
condensate and investigate its stability over time.

Materials and methods

To carry out numerical modeling, universal mathematical models of the dynamics of single gas-vapor
bubbles and the dynamics of the bubble ensemble created earlier at our institute were used. The
models are built on a system of differential equations and describe the transfer of heat and mass
through the interphase surface "liquid - steam" within the framework of molecular-kinetic theory. To
calculate the dynamics of steam-gas bubbles, it is necessary to present in an analytical form an
equation that adequately describes the nature of the change in external pressure due to which bubbles
grow or compress. This is an equation specific to each individual problem and is a basic equation.

To carry out the experimental part of the research, acidic condensate from a boiler house in city Kyiv
(«Vynohradar» district) and a model liquid were used - a solution of carbon dioxide in distilled water
with a pH close in size to condensate. The experiments were carried out on a laboratory stand, which
consists of two main working units of a rotary - pulsation apparatus (RPA) of a special design and a
thermal vacuum processing unit. The method of experimentation assumed that the processed sample
of liquid with a volume of 30 liters was processed in a closed circuit in recirculation mode for
10 minutes in the absence of supply and delivery of the treated fluid. Samples were selected every
minute throughout the processing cycle (10 minutes) to determine the optimal time. Sampling was
carried out through a special pipe at the outlet of the tank of the thermal vacuum treatment unit.

The pH value was measured using the EZODO PCT - 407 device according to the standard methodology
described in the operating rules. Simultaneously with the pH, the temperature of the condensate and
model liquid was controlled. Measurements were carried out before processing, every minute for
10 minutes of processing and 7 hours after processing.

The selected samples were stored in a non-sealed polypropylene disposable container without direct
sunlight.

Results and Discussions

On the basis of universal mathematical models of dynamics of single gas-vapor bubbles created earlier
in our institute and dynamics ensemble of the bubble, numerical modeling of the growth of gas-vapor
bubbles in condensate was carried out. Within the framework of the mathematical model dynamics of
the ensemble of bubble, an analytical study of the evolution of a totality of steam-gas bubbles until a
critical value of the gas content in them is reached.

Figure 1 shows the change in the size of the gas content depending on the radius of the growing
bubbles in the monodispersed ensemble.

Monodispersed aggregates of bubbles with seven values of the initial radius in the range from 0.7
microns to 10 microns at an initial concentration of carbon dioxide of 70 mg/l and a liquid
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temperature of 25°C were investigated. The dotted line shows the value of the critical gas content (the
ratio of the volume of the gas phase to the volume of the liquid) £,,, = 0.65 at which the inversion of
the flow structure occurs (the transition from the liquid-bubble structure to the gas-droplet). The
figure shows that for all values of the initial radius, the radius of the bubbles increase by about five
times when the critical gas content is reached. That is, the volume of the bubble phase increases by
more than two orders of magnitude. Those sections of curves 1-7 that are above the dotted line do not
correspond to the real state, because bubbles no longer exist in this area due to inversion of phase.
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FIGURE 1. The dependence of the gas content of a monodisperse totality bubbles of carbon dioxide in water on their
current radius at different values of the initial radius: 1 - 0.7 microns; 2 - 1 microns; 3 - 2 microns; 4 - 3 microns;
5 -4 microns; 6 - 5 microns; 7 - 10 microns
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Figure 2 shows the results of calculating the dependence of the gas content on the growth time of
bubbles for nine monodispersed bubble ensembles with initial radii in the range from 0.5 microns to 5
microns at an initial concentration of carbon dioxide of 70 mg/1 and a liquid temperature of 25°C. As
can be seen from the figure, small bubbles with an initial radius of up to 0.6 microns do not grow at all
during this mode of operation of the installation. It is characteristic that bubbles of all initial sizes from
0.7 to 5 microns reach a critical value of gas content in almost the same period of time (115+140 ps)
from the moment the external pressure drops. It is characteristic that the increase in gas content in the
totality of bubbles with relatively large bubbles with an initial radius of more than 2 microns occurs
slowly. While for, a totality of small bubbles with an initial radius of up to 1 micron, the gas content
increases almost instantly.
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FIGURE 2. Change over time of the radius of the value of the gas content of the monodispersed totality of carbon
dioxide bubbles in water at different values of the initial radius

These results provide useful information for further research on this problem.
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As the above research results have shown, small bubbles with an initial radius of up to 0.6 microns
cannot grow at all even with large pressure drops initiated during condensate processing in the
proposed way. Also, this method of processing cannot lead to further grinding of microbubbles.
However, when a liquid-bubble flow passes through the channels of RPA inside the apparatus, a
number of powerful mechanisms are initiated, as a result of which there is a strong dynamic effect on
the fluid: flow of very high stresses and shear rates (about 2.5-105 c1), periodic high-frequency
pressure changes and abnormally high changes in accelerations both in direction and in magnitude,
short-term micro vortices, etc. Due to the total action of these factors - high-frequency braking and
acceleration of fluid, eddy formation, intensive mixing, etc., the collision of bubbles, their coagulation
and the formation of larger bubbles or bubble totality are possible. Then large bubbles form already
during the passage of condensate through the RPA channels.

The calculations also showed that the rate of desorption of carbon dioxide from the surface of
condensate droplets during their stay at the stage of gas extraction is very small compared to the rate
of release of undissolved free carbon dioxide from condensate. This is the advantage and perspective
of the proposed method of neutralization.

To confirm the obtained results of numerical modeling of the process of carbon dioxide extraction
from a liquid, experimental studies of changes in the pH value of condensate of natural gas combustion
products were carried out.

The results of studies on the treatment of acidic condensate in the proposed way confirmed the
assumption of the possibility of reducing the acidity of condensate. For comparison, model fluid was
also subjected to processing.

Figure 3 shows the results of the dependence of the pH of condensate (curve 1), model fluid (curve 2)
on the duration of processing and after 7 hours of holding of the treated condensate (curve 3) and
model fluid (curve 5). Lines 4 correspond to the pH of degassed distilled water - 6.6 (according to
DSTU ISO 3696 2003). That is, the values to which you need to seek when neutralizing condensate.

FIGURE 3. Dependence of the change in the pH of condensate on the duration of processing: 1 - condensate; 2 - model
fluid; 3 - ccondensate after 7 hours of exposure; 4 - degassed distilled water; 5 - model fluid after 7 hours of
exposure

The major amount of carbon dioxide is removed within 2 minutes of treatment. After 4 minutes of
processing, the pH remains constant, which indicates that further processing is impractical. It was
revealed that after processing the condensate is in an unstable state and its pH continues to increase,
which is explained by the course of the process of liquid relaxation. After 7 hours of exposure, the pH
of the condensate stabilizes at a value of 6.5, which corresponds to the almost complete absence of
carbon dioxide in it.
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The obtained results of the pH of condensate indicate that after processing we obtain neutralized
condensate, which by physicochemical parameters is similar to desalinated water with a low content
of dissolved carbonic acid.

The measurement of the change in condensate and model fluid temperature during its processing due
to the dissipative release of heat was approximately 1.8°C/min, and for the working cycle 1.5+2
minutes and was insignificant. However, an increase in temperature should have a positive effect on
the rate of removal of carbon dioxide from the liquid. Therefore, it is advisable to supply condensate
for processing immediately after the economizer.

Conclusion

The traditional and newest methods of neutralizing condensate, their advantages and disadvantages
are briefly considered. It was established that the use of mechanisms of DPEI is promising for
neutralization and degassing of condensate of natural gas combustion products.

Based on the created universal mathematical models of the dynamics of single steam-gas bubbles and
the ensemble of bubble dynamics, numerical modeling of the growth of steam-gas bubbles in
condensate was carried out. Within the framework of the mathematical model of the dynamics of the
ensemble of bubbles, an analytical study of the evolution of the unit of steam-gas bubbles to achieve a
critical value of the gas content in them was carried out.

Experimentally of way determined that the main amount of carbonic acid from the condensate of flue
gases and model fluid is removed within two minutes of processing. The obtained pH values of
condensate after neutralization are close to the values of distilled water at which carbonic acid is
practically absent. The use of the proposed method of neutralizing condensate will create conditions
for improving the environment by reducing the amount of effluent (chemically contaminated
neutralized condensate and waste from water softening plants) and rational use of water resources by
reducing the need for natural water.
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FEATURES OF COMPLEX ASSESSMENT OF ENERGY
CONSERVATION MEASURES IN BUILDINGS

Abstract: The paper is devoted to the complex assessment of the feasibility of energy conservation measures
for buildings with the help of financial and technical indicators. The considered dynamic methods of
estimation of aforementioned measures for energy efficiency increase in buildings allow to receive more exact
financial indicators during a life cycle of the building. It is determined that the use of technical factors in
addition to the financial indicators allow to define the optimal energy conservation measures. By optimal
measures authors mean those that are most feasible and give higher technical effect in the achievement of
appropriate comfort level in buildings after their renovation.

An algorithm for assessing the feasibility of implementing the measures to improve energy efficiency in
buildings is proposed. This algorithm is based on the use of graphical models of the complex representation of
technical and economic indicators. Its use helps the procedure of the analyses before the implementation of
energy conservation measures.

Keywords: energy conservation measures, energy efficiency in buildings, feasibility indicators, buildings

Introduction

The reduction in the consumption of energy resources for heating purposes in buildings can be
achieved by using [1, 2]: modern heat-insulating materials and technologies at the stages of design and
operation; non-traditional and renewable energy sources (RES) and distributed generation (DG)
systems; means of automatic management of heating systems of buildings; various user behavior
management programs.

The sector of renewable energy is developing every year more and more, due to the reassessment of
the priorities of the countries of the world. Unfortunately, global investments in RES remain at an
insufficient level for a significant increase in the share of renewable energy. Record high prices for
natural gas and coal led to an increase in prices for electricity and heat. Today, with the new prices for
traditional energy carriers, energy from RES is becoming even more competitive in the market of
generation technologies. There is a need for rapid development of solar, wind and other generation to
increase the competitiveness of the energy sector. Figure 1 shows the global trends in the use of RES
for heating residential and public buildings [4-6].

-59-


mailto:dereviankodenys@gmail.com

#® Renewable DHC Renewable electricity
FIGURE 1. The share of different types of RES in the total consumption of thermal energy by buildings

When developing energy conservation measures, buildings should be considered as complex thermal
energy systems, which include the internal microclimate, the building envelope, engineering networks,
and the external climate. This approach makes it possible to carry out a comprehensive analysis of the
energy characteristics of buildings and to implement a reasonable and efficient use of energy resources.
Mathematical models can be used to assess efficiency of energy consumption at various stages of a
building's life cycle. For a long time, the energy characteristics of buildings were determined for
annual/seasonal calculation intervals (stationary calculation) [2, 6].

Results

In accordance with the optimization tasks, the algorithm for determining and evaluation of the energy
effects from the implementation of energy conservation measures (ECM’s) to improve the energy
efficiency of buildings consists of the following main stages (see Fig. 2).

Analysys of the building data and h flnalj's:rs of the input data and defming?
formation of the preliminary list of » the main factors that influence the
L ECM's ) L building consumption )

v

i = E z B’
Estimation of the results in the energy
consumption after the implementation

of the ECM's

" "y " -

Correction of the ECM's

Y

FIGURE 2. Algorithm for determining and evaluating of the energy effects from the implementation of measures to
improve the energy efficiency of buildings

At the first stage, the initial state of the object (building) is analyzed from the point of view of data
analyses and preliminary selection of a set of ECM’s. For most budget facilities, it is advisable to start
the analysis precisely with the possibilities of "passive” energy saving. After choosing a complex of
necessary ECM’s, it is necessary to identify them, including by the type of obtained energy effects
[8, 10]: Energy; Economical; Ergonomic; Environmental; Financial.

Also, it is important to assess the initial conditions, determine the factors that affect the consumption
of energy resources by the building. It is necessary to evaluate the initial conditions, identify and
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account for influencing factors: independent variables and (or) static factors. At this stage (stage 2), a
general analysis of the building's energy consumption over recent years is carried out, from the point
of view of identifying the basic trend, possible fluctuations, and factors affecting the level of energy
consumption are also assessed.

After forming a list of measures to improve energy efficiency at the first stages, the task of selecting the
most appropriate of them, taking into account the condition of the building and other aspects of the
implementation of individual measures, appears. At the same time, energy saving purposes can be
obtained both by changing parameters that have a strong impact on reducing the use of energy
resources, and by changing the duration of equipment operation during the year [11]. In addition, the
analysis and calculation of each technical solution should be carried out for the entire life cycle from
the beginning of investment in project work to the disposal of equipment.

To form an assessment of the feasibility of implementing energy-saving measures, such measures
should first of all be divided into certain groups, for example: measures aimed at increasing the
efficiency of an individual heating unit, increasing the thermal resistance of enclosing structures,
reducing hot water consumption, increasing the frequency of air exchange.

For each of the groups, the initial energy characteristics (before the implementation of the measures)
and the characteristics after the implementation of the measures are calculated. Accordingly, economic
and financial indicators (NPV, NPVQ) are calculated.

The next step is the ratio of the initial and final technical factors for each energy efficiency improvement
measure in each group, respectively (see Fig. 3).

Technical factors —)[ Fro=0Q2'(Qn J
- 4’ ~ Investmenis
0 (E, - €) NPV
Fre=RURz P . k. NPVQ = —
(1 + IRR)' Inv
\ AN ph
s Ty . T T
s - e y B . (B
Dpp = : .(—1 s l¢— Financial factors NPV = —lnv + X1, s
Y A L

FIGURE 3. Technical and financial factors [10, 11]

Assessing the feasibility of implementing a particular ECM is carried out graphically based on two
indicators - the ratio of initial and final technical parameters and the NPVQ profitability index.

On the basis of the obtained values, a diagram of the dependence of NPVQ on the value of the ratio of
technical factors is constructed (Fig. 4a).

a) b)

FIGURE 4. Diagram of dependence of NPVQ and factor of technical efficiency Fr (a) and diagram for comparing the
effectiveness of ECM’s of one group (b)
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After plotting the pointsinto the diagram corresponding to NPVQ values and the ratio of technical
factors (Fri), a matrix of points is formed that correspond to specific ECM in a certain group. By
comparing the positions of the points corresponding to the ECM’s relative to the coordinate axes,
taking into account the specifics of the implementation of the measures and the value of the technical
factors, among several measures of the same group, the one that is the most effective and, accordingly,
the most expedient, is chosen.

When two or more measures fall into the zone of greatest efficiency and a choice must be made
between them, it is proposed to add the dependence of NPV on the discounted payback period of DPP
to the selection criteria. It is also convenient to choose between two such measures by evaluating their
parameters graphically using the diagram shown in Figure 4b.

Based on the results of energy audits in buildings of the communal sphere, we will give example of
calculating the value of saving energy and changing the technical characteristics of enclosing
structures, engineering systems, and climatic conditions before and after the implementation of a
number of measures to improve energy efficiency.

TABLE 1. Parameters of evaluation of building energy saving measures [9, 10, 12]

ECM group Specific ECM Fr NPVQ NPV, UAH DPP, years
1. Insulation of external walls 0.34 0.12 57 162.6 11.7
Increase of thermal resistance
2. Replacement of windows 0.84 0.07 4560.1 12.3
Increasing the efficiency of the 3. Modernization of [HP 0.067 3.10 1726 455.7 2.7
heating system 4. Flushing the heating system | 0.91 2.7 416 546.1 2.10

The next step is the ratio of the initial and final technical factors for each ECM in each group,
respectively.

The diagram (Fig. 5) graphically shows the location of the points corresponding to the measures from
Table 1. Based on the position of the points, it can be concluded that measures numbered 1 and 3 in
the first and second groups, respectively, will be the most appropriate for implementation.

FIGURE 5. Diagram of the distribution of measures by the level of feasibility of their implementation

However, there are cases when it is quite difficult to draw a clear conclusion, as in the case of the
measures of the second group. In such cases, it is worth applying the evaluation method using the ratio
of NPV to the discounted payback period of DPP, constructing the diagram in Figure 6.
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MPY, THE. TpH.
NPV, THC. TpH.

115 1,6 11,7 11,8 118 12 121 122 123 2,55 2,6 2,65 27 2,75 2,8 2,85

FIGURE 6. Comparison of measures of the thermal resistance increase group (a); groups for increasing the efficiency
of the heating system (b)

Assessing the feasibility of implementing a particular measure to improve energy efficiency is carried
out graphically based on two indicators - the ratio of initial and final technical parameters and the
NPVQ profitability index. Therefore, after analyzing the indicators of the above measures, the most
effective in this case is the modernization of the IHU.

Conclusions

The considered dynamic methods of assessing the expediency of implementing measures to improve
energy efficiency in communal buildings make it possible to more accurately assess financial
indicators during the life cycle of the building. Technical factors should also be taken into account
along with economic factors. The algorithm proposed in this work for assessing the feasibility of
implementing measures to improve energy efficiency in communal buildings makes it possible to
comprehensively evaluate technical and economic indicators when analyzing individual ECM’s. This
algorithm is based on the application of graphic models of complex presentation of technical and
economic indicators. Therefore, its use will help to make a decision on the implementation of exactly
such measures to improve energy efficiency, which will allow not only to save money, pay off
investments, but also to increase the level of comfort of staying in buildings and to reach the level of
minimum requirements of current legal acts.
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POSSIBILITIES FOR THE PRODUCTION AND USE OF HYDROGEN
AS A FUEL IN EXISTING BOILERS

Abstract: The process scheme is developed for climate neutral production and use of hydrogen as a fuel in
existing boilers at heat supply enterprises.

Keywords: hydrogen, municipal solid waste, incineration

Abbreviations: MSW - municipal solid waste, RDF - refuse derived fuel

Using of hydrogen at present is a key priority to achieve the European Green Deal and Europe’s clean
energy transition [1], and application of it as a fuel for at least partial replacement of the fossil fuels is
one of the essential components to support the EU’s commitment to reach carbon neutrality by 2050
and for the global effort to implement the Paris Agreement while working towards zero pollution [2].

In spite of the obvious environmental advantages, such using creates a number of currently
unresolved problems due to the peculiarities of the hydrogen characteristics as a fuel, which stipulates
the necessity for changing of the modes of its combustion, of the construction of fire chambers, heat-
receptive elements, etc. The problems for hydrogen practical use in combustion processes in the
existing boiler equipment are pointed out in [3], and maybe the main problem is that the adiabatic
hydrogen combustion temperature in air is high, about 260° higher than the adiabatic combustion
temperature of usually used natural gas.

However, this peculiarity may be quite useful for processes where the combustion temperature is
usually insufficiently high, and must be increased.

Such a process is, in particular, the thermal processing of the municipal solid waste (MSW).

The world's leading countries consider solid waste as an alternative local energy resource that is
constantly generated and is very convenient logistically — in populated areas, close to energy consumers.

At present in Ukraine, especially under conditions of military aggression against our country, one of
the largest threats to national security is Ukraine's energy dependence on imported natural gas;
reducing of this dependence is a priority task for ensuring the stable operation of Ukraine's energy
system. The special State targeted economic program for the energy recovery of MSW at enterprises -
heat energy producers is now under development in Ukraine, the purpose of which is to attract the
energy potential of MSW due to its energy recovery to the country’s energy balance, as well as to solve
the problem of sanitary cleaning of cities due to the utilization of a significant share of MSW.

According to the EU legislation [4], which is now under implementation to the Ukrainian legislation,
waste incineration plants shall be designed, equipped, built and operated in such a way that the
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temperature of combustion even under the most unfavourable conditions must be kept at least at
850°C for at least two seconds.

With taking into account the quite low calorific value of usual MSW (about 1650 kcal/kg) and even of
the Refuse derived fuel (RDF) made from MSW (2000-4000 kcal/kg), keeping of such temperature
often requires an additional high calorific fuel.

The possible solution is using the hydrogen as such additional fuel. The proposed process for realizing
this technique is schematically presented at Figure 1.
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FIGURE 1. Process sheme for using hydrogen at waste incineration

Hydrogen is generated by electrolysis with using “green” power from renewable sources (solar, wind,
etc.) or own produced at the CHP, and is fed partly to the fire chamber of boiler combusting RDF,
causing increasing of the combustion temperature, and partly is fed to the methanizer.

The water vapour contained in flue gases is condensed to liquid water, and carbon dioxide is fed to the
methanizer.

During the reaction of interaction of hydrogen with carbon dioxide from flue gases of boilers, synthetic
methane is formed in the methanizer, the formed methane-hydrogen mixture (up to 10% hydrogen)
may be used practically as the usual methane, in particular may be used in existing natural gas firing
boilers, or fed to a local natural gas network.

The carbon dioxide formed during the subsequent burning of such a mixture is no longer counted as a
greenhouse gas emission.

The above process idea is at the stage of obtaining a patent.

Such process is proposed by the authors for implementation in the heat supply schemes for cities of
Kyiv (at the heat supply station ST-1) and Odesa (at the region boiler-house Pivdenna-1), developed
with participation of the authors.
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TEMPERATURE DISTRIBUTION ANALYSIS ON THE SURFACE
OF THE RADIATOR WITH AN INFRARED CAMERA
AND THERMOCOUPLES

Abstract: The aim of the work was to perform experimental tests for thermal analysis on the outer surface of the
radiator. For this purpose, a localized test stand was used in one of the lecture rooms in Kielce University of
Technology. The experiment concerned the isothermal character of a radiator during its operation. Temperature
distribution was verified with two different methods: thermocouples and thermovision camera. The radiator was
divided into 8 measuring fields and temperature was measured in each of them. The experiments were conducted
for different supply flow rates of the medium. The results were presented by means of diagrams comparing both
methods of temperature survey.

Keywords: radiator, thermal analysis, isothermal, thermovision, thermocouples

Introduction

Most of us spend plenty of our every day time in the buildings interiors. We sleep, spend some of our
free time and even often work inside different types of rooms. One of the most important factors
during that time is our general sensation named as thermal comfort and defined by ASHRAE (ASHRAE,
2013) as: “the condition of mind in which satisfaction is expressed with the thermal environment”. In
order to analyze the function between the surrounding environment and the person thermal comfort a
proper balance was required and the predicted mean vote (PMV) index has been proposed by Fanger
model. The scale ranges between -3 to +3 depending on the cold or hot conditions. The approach
includes the heat transfer between the occupant and his environment (Stokowiec et al.,, 2022). The
environmental parameters are: air temperature, mean radiant temperature, relative humidity and air
velocity. As it can be concluded, the temperature inside the room (both air and radiant ones) strongly
influences our sensations.

That is why in order to predict the personal thermal feelings, it is necessary to conduct experiments on
the source of proper temperature level inside the room. When analyzing winter season, the heating
season in particular, the heating system is of key importance. The elements that transfer the heat to
the room interior are heaters. Depending on the heating media they can be water/steam/electric or
gas ones. On the other hand, we can divide heaters to convection, that principle is the motion of heated
air, or radiant ones, that heat the surfaces around. The materials used for their production are cast
iron, aluminum or steel. They can be manufactured as plate, of tinned tubes or sectional radiators.

Many investigations have been conducted in order to observe the phenomena occurring in the area of
the operating radiators that influence the personal comfort system in order to extend acceptable
comfort zones. Results from the survey conducted in China revealed (Du et al.,, 2020) that the feet and
lower body parts were the most preferred parts to be heated in winter and therefore local heating
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device was designed to supply warm air to subjects’ feet and calves directly. For the experiments 20
subjects (10 males and 10 females) were randomly recruited.

Radiant heating was also compared to other systems such as all-air systems (Karmann et al., 2017)
and in that case they provide equal or even better thermal comfort. In case of convective and radiant
heating systems, there was no significant thermal comfort difference observed (Lin et al., 2016).
Radiant electric heaters that are situated overhead provide localized heat in case of historic buildings
(churches) without affecting painted walls or works of art that are displayed (Samek et al., 2007).
Radiant heaters are most commonly used in case of any large-cubage building. However, they can be
also gas-fired with the possibility of additional heat energy recovery from the flue gases of gas radiant
heaters (Dudkiewicz and Szatanski, 2019).

The temperature stratification was much higher during research of convective heaters compared to
floor heating system, but still not significant enough to change the thermal comfort vote. The reduction
of temperature stratification can be achieved by means of heating from the floor and cooling from the
ceiling (Causoen et al, 2010). The opposite situation results in high discomfort due to the great
temperature stratification (d'Ambrosio Alfano et al., 2014). Moreover, the air temperature stratifications
depending on the heating systems may differ: during the experiment the convector achieved the worst
air temperature stratification (Legera et al., 2018).

The tests were also conducted for radiant temperature distribution patterns generated by radiant
heaters with different power outputs and suspended at different angles (Dudkiewicz and Jezowiecki,
2011). The results refer to parameters characterizing the thermal comfort of people in large capacity
halls. Other research analyzed the heat enhancement by means of additional coatings or mesh
structures (Chatys and Orman, 2017; Dabek et al,, 2019).

The studies of radiant panel heater evaluated the perception of indoor environment and investigated
experimentally the comparison with conventional portable natural convective heaters, resulting with the
conclusion that situating the panel heaters on the wall facing the window and on the wall close to the
window, provides the best operative temperature distribution in the office room (Ali and Morsy, 2010).

Numerous examinations have been performed on convective-radiative heat transfer: the effect of
turbulence has been modelled (Wang et al., 2014) indicating that the ratio between convection and
radiation is directly proportional to the Grashof number and inversely to the surface emissivity.
Turbulent natural convective energy transport above a heated element phenomenon has also been
conducted statistically, dividing turbulent flow into three regions according to power spectrum
distribution analysis (Zhang et al, 2016). The research also noted that the enclosure geometry
presents high impact on determining the circulation configuration and heat transmission inside the
enclosure (Miroshnichenko and Sheremet, 2018).

The underfloor heating system is also widely analyzed and described in the literature. The studies
mainly are grouped in two fields: the economic analysis (Karimi et al., 2019) or experimental and
numerical research of system design and performance (Magni et al., 2019). Recently, the interested
has grown in the aspect concerning the energy transport and liquid circulation (Stepan et al., 2021).

Both not enough theoretical and experimental analyzes have been recently performed in order to
research the convection heaters as an element of a central heating system in the building. The studies
include the estimation of preheating time in case of buildings that are not continuously occupied, such
as shopping malls, office buildings, and residential houses (Sun et al., 2022). Thermal analysis based on
the obtained experimental laboratory results was used to assess the heating efficiency of heaters with
parameters: different power consumption, geometric shape and dimensions (Bertolin et al., 2015).

The environmental protection issues, including the reduction of carbon dioxide and other pollutants
emissions, involve the thermomodernization practices (Wcislik, 2017) with the energy efficiency of
the heating system and economic analyzes required.

Due to the scarce scientific and academic achievements evaluating the convection heaters, the paper
presents thermal study with the experimental results of convection heaters incorporated in the
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laboratory installation simulating the real central heating system operation. The scope of the
experiments was to measure the isothermal filed of the heaters.

Methodology
Conducted research and the testing device

The research was taken during the heating period season in November in one of the lecture rooms in
Energis - a laboratory and didactic building that is an intelligent, self-sufficient and modern part of
Kielce University of Technology complex. The tested installation consists of hydraulic system with an
electric boiler as a heat source, radiators, pumps, heating pipes with all necessary equipment such as:
shut off valves, regulating valves, and others as shown in Figure 1. The system simulates the central
heating operation on one outlet, and the domestic hot water on the other.

FIGURE 1. Lecture room in Kielce University of Technology with tested installation

To carry out the research one of the four panel radiators was connected to the DaqlLab2000 data
acquisition station using 8 thermocouples. The station collected the changes of the temperature on the
surface of the tested radiator with dedicated computer software program. DaqLab2000 is a measurement
system by 10Tech equipped with an ethernet interface. The device allows the measurement of analog
signals (8 channels, 16 bit converter/200 kHz), frequency measurements (4 channels, 16 bit/10 MHz).
Additionally, the user gets 6 digital inputs/outputs available (+24 on DB37 connector).

In the same time infrared camera Testo 890 was located opposite the measured radiator (Fig. 1) and
several thermograms were taken during the heating process. For each of the four supply flow rates
that were set during the experiment, the measurements lasted for 4.5 minutes with a 15 seconds
interval. Thermal imaging camera used in the research has a resolution of 640x480 pixels, with the
SuperResolution technology of 1280x960 pixels. Its thermal sensitivity is <40 mK which allows to see
even the smallest temperature differences. Temperature measuring range is from -20°C to 350°C and
the picture refreshens of 33 Hz.

During the experiment the electric boiler was set to the 50°C of flow rate and the system was heated
up for several minutes to reach the required temperature. The temperatures changes in each of the
fields were collected by the acquisition station and by the THV camera for four different flow rates
(30; 60; 90; 120 1/h) selectable with the rotameter readers and with duration of 4.5 min each. At the
same time the data of the heating medium on the supply and return side was measured using
temperature sensors located as a part of the system. The radiator chosen for the experiment was
Radson Integra type 11, which is one panel radiator with dimensions 600x600x57, height, length and
width respectively. Its power is 563 W for parameters 75/65/20°C with bottom left connection as

- 69 -



dedicated for this type of radiator. The heater is made of cold-rolled steel sheet in accordance with
PN-EN 10130 and is painted with white colour RAL 9016. The max. working pressure is 10 bar, and
max. working temperature is 100°C.

The front panel of the radiator was divided into 9 fields and on 8 of them thermocouples were located
according to the Figure 2.

a)

FIGURE 2. Tested Radiator with 8 no. field measurement location: a) actual photo, b) arrangement of the measured
fields

Emissivity of the tested object was tested in the beginning of the experiment by using tape of known
emissivity and defined as 0.92. That factor was applied into THV camera during the experiment. The
glossy surface of the heater and thus the reflection of radiation from surrounding objects was not include.

Results and discussion

Based on the results obtained from the measurement series for both THV camera and thermocouples,
temperature distribution as a function of flow rate is shown in Figures 3, 4 and 5 depending on the
location of the measuring points of the radiator (top, middle and bottom).

As shown in Figure 3 the points M2 and M3 located at the top of the radiator are with the highest
temperature according to measurements with thermocouples and according to infrared camera. The
mean temperature of the surface of the radiator rises with the flow rate. The M3 and M2 points are the
closest points to main vertical channel that distributes the water inside the radiator and are the
highest values. The differences in temperatures between the M3 and M1 points are between 0.74°C
and 1.3°C with thermocouples and 0.36°C and 1.02°C respectively with infrared camera.

FIGURE 3. Temperature distribution in upper part of the radiator as a function of flow rate
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In the middle part of the radiator only two fields were measured with thermocouples, the M4 point is
located at the left side of the heater and M5 on the opposite end, therefore the difference in
temperature between the two is greater and is around 1°C with the min. and max. values of 0.74°C and
1.15°C respectively (Fig. 4).

FIGURE 4. Temperature distribution in middle part of the radiator as a function of flow rate

Figure 5 represents the bottom part of the examined heater which is the coolest area in the radiator
according to the research that took place. The temperature changes between the M8 and M7 and M6 is
greater than in the middle part and is in range from 0.55°C to 2.19°C. The temperature differences
between the points are lower according to thermovision camera then thermocouples, despite the
higher temperature rates achieved by infrared camera.

FIGURE 5. Temperature distribution in bottom part of the radiator as a function of flow rate

The mean values were calculated for all three parts of the radiator that were tested and Figure 6
represents the results. The distribution analysis show that the surface is not isothermal despite the
applied method. The greater the flow rate the changes in temperature difference are smaller, but with its
minimum flow rate 30 1/h value the dT is even 5.96°C with thermocouples and 5.82°C with infrared
camera between the fields (regarding the mean values for each of the part studied). The overall mean
temperature surface of the radiator is 44.92°C and 47.66°C for each of the research method. Standard
deviation for the mean temperatures depending on difference flow rates was calculated as 2.32 in terms
of thermocouples and 2.43 regarding infrared camera experiment. Figure 7 illustrates characteristics of
temperature difference between the two measurement method for each of the 8 points and show that
the temperature difference between is significant and at some points it reaches even dT 3.65°C.
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FIGURE 6. Mean temperature distribution in top, middle and bottom part of the radiator as a function of flow rate

FIGURE 7. Characteristics of the temperature difference between the thermocouples and the themovision camera
measurements for M1 to M8

Temperature change over time is shown in Figure 8 and Figure 9 for THV camera and thermocouples
respectively. As noticed on both of the diagrams temperature increases equivalently with the flow. The
highest temperature during the entire experiment was noted in points M3, M2 and M5 for each of the
method. The curves were prepared for water flow of 120 1/min, which was the final test taken. The
diagrams proof the non-isothermal temperature distribution on the heater, even thou the radiator was
heated and the max flow rate was achieved.
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FIGURE 8. Temperature change for 8 points M1 to M8 for 120 I/min water flow with infrared camera measurements
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FIGURE 9. Temperature change for 8 points M1 to M8 for 120 [/min water flow with thermocouples measurements

Using thermograms the infrared camera show how temperature fields are shaped. Figure 10 is an
example thermogram taken at the flow rate of 30 1/h and at 120 1/h, the reddish colors show the
hottest temperatures and the green and blue the coldest.

FIGURE 10. Thermogram of a radiator showing measured fields (M1 to M8) with 30 I/h and 120 l/h of flow rate

The connection of the radiator to the hydraulic system right side bottom has a huge impact on the
temperature distribution especially with the min flow rate required by the radiator. The right side of
the radiator and also its upper side is warmer and is heated much faster than the rest of the radiator.
This has a huge impact on the process of convection, and affects the thermal comfort of the occupants
inside the environment. During the whole process internal air temperature was monitored and the
temperature increased from 236°C to 25.5°C with the max. flow rate of 120 1/h. The outside air
temperature was around 10°C.

Conclusion

Between the two methods the infrared camera and thermocouples there are differences in temperatures
of top, middle and bottom part of the radiator with the min. of 1.78°C and max. of 3.65°C differences. The
contact method with thermocouples and acquisition station seems to be more accurate. The
thermovision method despite the camera accuracy and the examined emissivity factor have given
highest temperatures. There are numerus reasons for that. One of them is the distance between the
object and the infrared camera. The other one is the direct sun light that appear during the experiment
and the room was not fully shaded. The mechanical ventilation and floor heating systems installed in the
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room could have increased the surface temperature of the panel heater. Based on the conducted study,
further analysis of the measurement uncertainty of the devices can be performed as well as thermal
comfort analysis of the occupants with the radiators as a main source of heating.
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TORREFACTION OF COMPOSITE BIOFUEL
IN THE ATMOSPHERE OF ITS OWN GASEOUS ENVIRONMENT

Abstract: Torrefied pellets of composite fuel made from a mixture (1:1) of pine wood with lowland peat and
pine wood were studied by TGA and DTA methods. Torrefaction was carried out at atmospheric pressure in a
gaseous environment, which was formed in a limited space during the partial thermal decomposition of
organic substances of fuel. An increase in the torrefaction temperature from 250 C to 290 C leads to an
increase in the degree and temperature range of fuel decomposition. The presence of wood in the composite
fuel has a positive effect on the results of torrefaction: the heat of thermal decomposition increases, ash
content and hydrophilicity decrease. The method of torrefaction without the use of inert gases has shown its
effectiveness and the possibility of application in the production of torrefied fuel.

Keywords: torrefaction, thermal decomposition, composite granular fuel, pine wood, peat

Introduction

At peat deposits in Ukraine, actively used for many years, the ash content often exceeds the standard
established for peat as a fuel [1]. Its thermal characteristics can be improved by creating a composite
with plant materials [2] and by performing granulation. However, this does not solve the problems of
high hydrophilicity and biological damage. The use of biofuels and peat in energy sector requires a
more significant increase in calorific value and the creation of conditions for effective dispersion.

Torrefaction is among the well-known methods of increasing the energy properties of biofuel. It is a
thermochemical process in an inert or limited oxygen environment, where the biomass is slowly
heated to a predetermined temperature and maintained for a specified time [3, 4].

The main components of plant biomass are hemicellulose, cellulose and lignin. Coniferous wood
contains 48-56% cellulose, 26-30% lignin, and 23-26% hemicellulose [5]. These components are much
less in lowland type peat. The total content of hemicellulose and cellulose residues in it is on average
about 27.6%, and 12.3% lignin. However, peat contains ~40.2% humic acids, ~15.5% fulvic acids, and
~4.2% bitumen [6].

The temperature range of torrefaction is from 200°C to 300°C [7-9]. During torrefaction, most of the
hemicellulose and amorphous cellulose decomposes, while crystalline cellulose and lignin undergo
less decomposition [10-12]. Thermal destruction is accompanied by a change in the composition of
biomass, a loss of ~40% of mass and 10-15% of energy [3, 13]. The content of low-calorie components
decreases [14] and the content of cellulose and lignin increases, the calorific value of which is much
higher [15]. As a result of torrefaction, the carbon content increases, which leads to an increase in the
heat of combustion of the fuel [16, 17].
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Another important aspect of the torrefaction conditions is the oxygen concentration in the reactor. It
was found [11] that the presence of a small amount of oxygen has a beneficial effect on the course of
the process. During torrefaction biomass loses its fibrous structure, becomes brittle, grinds easily, and
does not lose its properties to form granules without auxiliary binders [18, 19]. Due to the destruction
of OH groups, the fuel loses its hydrophilicity. This simplifies the conditions for its transportation and
storage and provides protection against biological degradation [3]. Torrefaction makes it possible to
bring the properties of the fuel as close as possible to the properties of thermal coal and to burn it in
pulverized coal boilers [3, 4, 7].

The creation of an inert environment complicates and increases the cost of torrefaction technology.
Therefore, it is relevant to study the possibility of carrying out the torrefaction process in a gaseous
atmosphere, which occurs in a limited volume during the thermal decomposition of organic fuel
substances.

Materials and methods

Pellets from a mixture (1:1) of lowland peat and crushed pine wood (composite fuel), 8 mm in
diameter and 30-40 mm long, were subjected to torrefaction. Pine wood pellets were also made for
comparison. The torrefaction took place at atmospheric pressure in a non-hermetic steel cylindrical
container with a volume of 0.5 1, which was densely filled with pellets. Heating was carried out in a
muffle furnace (Fig. 1). The temperature of the furnace and pellets in the container was registered
using thermocouples and a DT821A controller. The wires of the thermocouples were inserted into the
container through a small hole, which simultaneously served as a channel for the exit of excess gases
formed during the torrefaction process. The container was placed in a muffle furnace preheated to
250°C, 270°C or 290°C. The countdown of the torrefaction time was started after the pellets reached
the furnace temperature. The torrefaction time was 60 min at a temperature of 250°C and 290°C and
30 min at 270°C (Fig. 2).

FIGURE 1. Equipment for torrefaction: 1 - muffle furnace; 2 - container; 3, 4 - temperature sensors; 5 - controller;
6 - nozzle for exhaust gases

Thermal analysis of fuels was carried out in the derivatograph "Q-1000" of the Paulik-Paulik-Erdey
system ("MOM" company, Hungary), modernized in the Institute of Engineering Thermophysics (IET) of
National Academy of Sciences of Ukraine, in the range of 20-1000°C at a sample heating rate of 7.4 K/min.
The temperature scale was corrected according to the transition temperature of quartz from a- to 3-form
(573°C). The temperature deviation did not exceed +0.5 K. The collection and processing of information
from the measurement channels of the derivatograph was carried out using applied computer program
"Derivatograph", created at IET. Fuel samples crushed in a porcelain mortar were loaded into a conical
alundum crucible. An inert substance (aluminum oxide) was in the comparison crucible.
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FIGURE 2. Temperature change of composite fuel pellets during torrefaction at furnace temperatures of 250°C,
270°C, and 290°C

Measurement results and discussion

The degree of decomposition and the yield of torrefied fuel were calculated from the data on the
change in the mass of the pellets during heat treatment. Table 1 show that under the same conditions,
pellets made of wood acquire a higher degree of decomposition compared to pellets of composite fuel.

TABLE 1. The degree of decomposition of granulated biofuel and the yield of torrefied fuel

Degree of decomposition, % e
Temperature in Torrefaction g p DA % dry mass
the furnace, °C time, min
Wood Composite Wood Composite
250 60 17.06 14.62 82.94 85.38
270 30 22.98 17.64 77.02 82.36
290 60 44.64 37.62 55.36 62.38

Samples of initial fuels, the derivatograms of which are shown in Figures 3a and 3b, were subjected to
thermal analysis to compare the torrefaction results. DTG and DTA curves shows that bound water is
removed from wood in the range of 20-170°C and from composite fuel in the range of 20-178°C [20].

FIGURE 3. Derivatograms of pine wood (a) and composite fuel (b)
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Thermal decomposition of organic substances is accompanied by a sharp change in mass and active
gas formation. This is registered on the TG and DTG curves. This process reaches its maximum rate at
324°C for both fuels. However, the active phase of gas evolution in composite fuel ends at a lower
temperature (375°C) than in wood (387°C).

The obtained derivatograms of the initial fuels confirm the multi-stage nature of their destruction due
to the different thermal stability of biopolymers. Thermal decomposition of pine wood is completed at
606°C, and composite fuel at 637°C. Heat release (DTA curves) stops after complete thermal
decomposition of organic substances after 17 K (at 654°C) for composite fuel and after 14 K (at 620°C)
for pine wood due to different heat capacity and thermal conductivity of fuel residues (ash).

An endothermic process of thermal dissociation of CaCO3z (DTA curve) is observed in the composite
fuel after the complete decomposition of organic substances in the range of 637-729°C (DTG curve).
CaCOs is present in peat in the form of remains of shells of molluscs.

The analysis of the derivatograms showed that the temperature of the beginning of thermal
decomposition in torrefied fuels (Figs. 4 and 5) shifts towards higher temperatures compared to non-
torrefied fuel (Fig. 3), and the higher the temperature of torrefaction, the greater the shift. For pine
wood, it shifts from 172°C in the inital fuel to 218°C in the torrefied at 290°C (DTG curves in Figs. 33,
4a and 4b). Under the same conditions for composite fuel, the temperature of the beginning of thermal
decomposition shifts from 178°C to 207°C (DTG curves in Figs. 3b, 5a, and 5b). The increase in thermal
stability is a consequence of the destruction of thermolabile components, primarily hemicellulose.

Torrefied fuel has a wider temperature range of thermal decomposition. In wood torrefied at 250°C
(DTG curve, Fig. 4a), thermal decomposition is observed in the range of 203-674°C, while in the inital
wood (DTG curve, Fig. 3a) destruction begins at 172°C and ends at 606°C. An increase in the
torrefaction temperature shifts the temperature of the end of thermal decomposition to higher
temperatures (up to 785°C in wood torrefied at 290°C) (DTG curve, Fig. 4b).

FIGURE 4. Derivatograms of pine wood after torrefaction at 250°C (a) and 290°C (b)

The temperature interval of thermal decomposition of inital composite fuel is in the range of 138-
637°C (Fig. 3b). Increasing the heat treatment temperature from 250°C to 290°C increases the
temperature range of its decomposition from 205-718°C to 207-767°C (Figs. 5a, 5b and 6b). Extending
the range and increasing the thermal decomposition temperature indicates an increase in the carbon
content in the fuel.

Figures 6a and 6b clearly show how the temperature range of heat release changes during the thermal
decomposition of biofuels with a change in temperature and time of torrefaction.
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FIGURE 5. Derivatograms of composite fuel after torrefaction at 250°C (a) and 290°C (b)
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FIGURE 6. DTA curves of pine wood (a) and composite biofuel (b) before and after torrefaction at 250°C, 270°C, and
290°C

Calculations based on the TG and DTG data (Table 2) showed that the degree of decomposition (the
thermally decomposed part of the dry mass of the sample related to the mass of the dry material) up to
300°C (the final temperature of the samples during torrefaction over 290°C) is 16.86% in the initial
wood, and 17.51% in composite fuel. Another ~20% of wood and ~13% of composite fuel decomposes
in the range from 300°C to 325°C. That is, the degree of decomposition of the initial samples of pine
wood increases to 36.82% and of composite fuel to 30.32% when heated to 325°C.

TABLE 2. The degree of decomposition of the dry mass of fuels at the moment of reaching 300°C and 325°C
(determined by TGA)

Fuel Determination Degree of decomposition, %
temperature, °C Pine wood pellets Composite fuel pellets
300 16.86 17.51
Non-torrefied
325 36.82 30.32
300 7.81 6.81
Torrefied at: 250°C
325 27.17 17.35
300 6.27 7.74
270°C
325 24.90 18.41
300 4.89 4.83
290°C
325 11.42 10.61
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The degree of decomposition of torrefied fuel, determined by TGA at the moment the sample reaches
300°C (Table 2), decreases by 2.92% in wood samples and by 1.98% in composite fuel with an
increase in heat treatment temperature from 250°C to 290°C. This indicates an insignificant residue of
hemicelluloses in the torrefied fuel. Increasing the heat treatment temperature to 325°C leads to a
sharp increase in the degree of decomposition. Necessity in this mode can be determined only as a
result of comparing the thermal characteristics of the obtained fuels.

Comparison of the degree of decomposition (Tables 1 and 2) shows that the degree of decomposition
of biofuels during torrefaction is more than two times higher than that determined by TGA results
when the samples reach 300°C. This indicates the role of the atmosphere and heat treatment time in
torrefaction technology.

Torrefaction caused an increase in the hydrophobicity of fuels, which was manifested in a decrease in
equilibrium moisture content (Table 3) as a result of the destruction of biopolymers and a decrease in
the number of hydrophilic active centers. The equilibrium moisture content of pellets torrefied at
250°C is more than two times lower than that of non-torrefied ones. Increasing the torrefaction
temperature to 290°C leads to deeper changes in the composition and structure of biofuels, which
leads to an increase in their hydrophobicity. The equilibrium moisture content of composite fuel
pellets is somewhat higher than wood pellets in both non-torrefied and torrefied states due to the
presence of peat.

TABLE 3. Thermal characteristics of fuels

Fuel Moisture content, Ash content, Heat effect, Increase in thermal
% % to dry mass mV-s/mg dry mass effect, %
Composite fuel pellets
Non-torrefied 9.94 6.92 369.7 -
Torrefied at: 250°C 4.55 9.87 426.8 15.4
270°C 4.60 8.63 4423 19.6
290°C 3.06 10.01 484.9 31.2
Pine wood pellets
Non-torrefied 7.33 0.76 325.3 -
Torrefied at: 250°C 3.16 1.43 389.1 19.6
270°C 3.20 1.35 413.1 27.0
290°C 2.65 1.84 535.0 64.5

Ash content of torrefied fuel is higher compared to non-torrefied fuel due to unchanged mineral
composition and a decrease in dry mass. A decrease in the dry mass of the fuel also leads to an
increase in the ash content in it with an increase in the heat treatment temperature (Table 3).

The heat of thermal decomposition was estimated according to the method described in [2]. An
estimate showed that the used torrefaction modes cause an increase in the heat of decomposition
(Table 3). Thus, the specific heat of thermal decomposition of torrefied pine wood increases from
19.6% to 65.4% compared to non-torrefied wood with an increase in the torrefaction temperature
from 250°C to 290°C. The specific heat of thermal decomposition of composite fuel increases from
15.4% to 31.2% under the same conditions of torrefaction (Table 2). The decrease in the thermal
effect of decomposition for composite fuel is associated with peat, the torrefaction conditions of which
still need to be studied. Considering that the thermal decomposition of biofuels in the derivatograph
takes place in the air atmosphere, there is a direct relationship between the specific heat of thermal
decomposition and the calorific value of the fuel.

-80 -



The time of heat treatment affects the results of torrefaction. It can be seen from the thermal analysis
data (Tables 1 and 3) that heat treatment at 270°C for 30 min is insufficient. The obtained results on
the degree of decomposition, equilibrium moisture, ash content and heat of decomposition are either
worse or the same as for fuel torrefied at 250°C for 60 min. The DTA curves (Figs. 6a and 6b) also
show that the temperatures of the end of heat release during the thermal decomposition of torrefied
fuel at 250°C and 270°C coincide.

The obtained torrefied fuels have the properties of a brittle solid. They are easily crushed to a powdery
state, which is the key to effective dispersion in ball or hammer mills of power plants.

Conclusions

Thermal analysis of torrefied pellets made from a mixture (1:1) of pine wood with lowland peat and
pine wood showed that the degree of their decomposition directly depends on the temperature and
time of heat treatment.

The specific heat of thermal decomposition of torrefied biofuels depends on the degree of decomposition
of fuels. Pine wood pellets showed 2 times increase in the specific heat of decomposition compared to
composite fuel pellets under equal torrefaction conditions. This fact requires future studies of peat
torrefaction conditions.

Biofuel significantly loses its hydrophilic properties as a result of heat treatment. This is manifested in
a decrease in its equilibrium moisture. Ash content of torrefied fuel increases due to a decrease in dry
mass.

Studies of the method of torrefaction of biofuels at atmospheric pressure in a gaseous environment
formed during the partial thermal decomposition of organic substances have shown its effectiveness
and the possibility of application without the use of inert gases.
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