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Abstract. To generate electricity from biofuels at heat and power enterprises of Ukraine, the
direct Rankine cycle is used, which ensures the efficiency of energy transformation within n = 0.25-
0.55. To improve the efficiency of fuel energy, use in boiler plants, it is also proposed to implement
a reverse Rankine cycle scheme. Such a proposal is good to use in enterprises where there is a need
for drying biomaterials. Instead of a separate boiler for drying processes, it is proposed to use the
energy of water condensation from flue gases. In this case, the cost of electricity for the operation of
the compressor is significantly less than the amount of heat obtained by condensing water from flue
gases. The efficiency coefficient or COP of the reverse Rankine cycle can have values greater than
one n = COP > 3. The combination of direct and reverse Rankine cycles in the technological
scheme of the boiler plant increases the efficiency of using primary energy sources.

The paper analyzes the representation of energy as a combination of two components: the
potential P and the dynamics D. The Leibniz model, in which the power N is represented as the
product of the potential P and the dynamics D with the unification of the unit of measure Watt,
allows calculating the efficiency of transformation processes of different types of energy. To
improve the energy performance of boiler plants, further development of the Newton model is
proposed, which makes it possible to calculate the process dynamism indicator — g In Newton's
model, within the framework of one type of energy, the dynamism indicator is calculated — as the
ratio of dynamics to the initial potential = D / P. Dynamism [J can be calculated as the reciprocal
of the resistance R, provided that the units of measurement of the energy components — potential
and dynamics are unified. To increase the efficiency of biofuel combustion energy use, the idea of
the reverse Rankine cycle has been implemented. The moisture condensation temperature of the
flue gases increases due to an increase in the pressure of the medium. To do this, the smoke
exhauster is moved from the discharge zone to the pressure zone. The additional energy from the
flue gases of the boilers can be used to increase the efficiency of drying biomaterials. It is possible
to refuse an additional boiler for drying materials, which significantly reduces fuel costs, and also
improves the environmental performance of technological processes.
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Introduction. Heat supply systems of Ukrainian cities are combined into large energy
complexes — district heating systems (DH). For the past few decades, DH systems have been
operating stably, so only routine measures have been taken. Several pressing issues can be
identified. First of all, this is the physical and moral aging of power equipment, as well as a
decrease in efficiency and other indicators of energy excellence.

Analysis of recent research. The Millennium Declaration on sustainable development noted
the requirement to double the global rate of increase in efficiency by 2030 [1, 2]. Energy contributes
about 60% of total global greenhouse gas emissions. Therefore, in order to improve the
environmental situation, the use of biomass as a remnant of the processing of agricultural products
as fuel is encouraged. Biofuel contains less ash and provides a significant improvement in the
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environmental performance of power equipment [3]. A positive factor is the development of various
kinds of models aimed at improving the energy performance of both the main and auxiliary
equipment [4, 5]. Modeling of energy processes makes it possible to predict and analyze economic,
environmental and other performance indicators of various technologies [6-8].

An analysis of trends in the development of world energy has shown that the main thing is to
extend the life of energy enterprises and equipment by improving performance [9]. First of all, this
is the development and improvement of the performance of the joint generation of heat and
electricity at urban CHPPs with steam boilers, as well as the transfer of heating boiler plants to the
steam mode of cogeneration of electricity and heat. In addition, steam boiler plants of type D, E, K,
etc., which are many in the processing industry, can be transferred to cogeneration mode with the
combustion of biofuels (sunflower husks, miscanthus, energy willow) and other energy fuels in
Ukraine (Table 1).

Table 1 — Characteristics of different types of fuel

Units Sunflower Stone

Characteristics Measure- Miscanthus Wood
husk charcoal

ments
Calorific value MJ/kg 19-20 18.9 18-23 18-19.5
Ash content % 2.7-45 4.88 20 0.5-1.5
Humidity % 6-8 10 5-6 7-8
Sulfur % 0.23-0.45 0 5-5 0

The selected set of problems involves the development of goals and objectives aimed at
improving the performance of the energy industry, especially for the rational and sustainable
development of cities.

The Purpose of research. Analysis of the problems of development of heat supply systems
for settlements, development of measures to improve the quality indicators of the operation of the
main and auxiliary equipment, the use of energy fuels with improved characteristics.

To solve the problem, the research tasks are defined:

— analysis of indicators of perfection of energy processes to increase the capacity of
equipment and systems;

— development of indicators characterizing the dynamic processes of hydro and aero systems;

— search for effective methods of using energy fuel and new technologies that improve the
performance of its use.

Materials and research methodology. Two options for organizing energy processes — direct
and reverse Rankine cycles — were used in the research. Features of the organization of the reverse
cycle significantly increase the energy value of low-potential flue gases due to an increase in
pressure and, as a result, an increase in the temperature of the phase transition — moisture
condensation. When designing the channels of the recuperators, indicators of energy perfection
were used. In addition to the well-known indicators of the efficiency of transformation of different
types of energy, an indicator of the dynamism of the implementation of potentials into work is
proposed.

Research results. Indicators of the perfection of energy processes are used in solving
problems of increasing the power of equipment and systems. First of all, it is necessary to analyze
the concept of energy E, which can be attributed to different types of manifestation (electricity,
heat, aero and hydro dynamics ...). Dynamics is inherent in energy — movement, as well as
transformation from one type to another. In engineering, energy is most often associated with work
A. The unit of measure for work is Joule [J], which is calculated as the product of force F or weight
G and the travel path I.

E=A=FxI=Gx1l [n]x[m]=[]. (1)
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An important indicator of energy is power, which characterizes the intensity of work. The
formulas for calculating the power N are similar in different manifestations of energy [10]. Aristotle
proposed the concept of energy as a combination of two components: potential P and dynamics D
[11], but the parameters are formed into groups according to different measurable indicators:

Hydraulic energy Nny = pgOH, [W; (2
Electric energy Nei = U X [, [Wi; (3)
Thermal energy Ni= cAT M = AixM, [Bt]. 4

In hydraulics, parameter groups are formed based on the flow rate:

Q [m¥s] — volumetric; pQ [kg/s] — mass; pgQ [n/s] — weight flow rate.

In electricity, the power formula can be unambiguously divided into two components: voltage
U — potential and current strength I — dynamics. In thermal energy, the potential is represented by
enthalpy i, however, when calculating heat transfer processes or heat dynamics, the potential should
be the temperature T, since the movement or dynamics of heat goes from a high temperature to a
lower one. It is more logical to combine heat capacity ¢ with mass to represent the amount of heat in
the considered body mass M, but such a statement requires investigation. Most importantly, power
is the only indicator for which the unit of measurement [W] is unified, which makes it possible to
determine the efficiency of transformation of different types of energy.

Efficiency pump =# pump = Nhy / Nal, [W]/[W]. (5)
The energy that we expend in the pumping unit is converted into useful work for lifting and
moving water. A few decades ago, power could be represented in [hp], that is, one horsepower is
equivalent to 1h.p. = 785W.
Newton formulated a model for the correspondence of dynamic processes to the initial
potential D =P, taking into account the resistances in the system R.

Hydraulic energy Q = H>®I(Rny+ @) *%; (6)
Electric energy I =U/Re; (7
Thermal energy q=A4T/R:. (8)

But, only for electricity, the formula uses the equal sign, where the current strength | and
potential U are linearly correlated using the proportionality coefficient or resistance R. The value of
the above formulas would be significantly higher if, within the unified power indicator, the
dynamics and potential indicators were unified [12]. You can enter a normalized indicator of
process dynamism.

ey =D/P=1/R — for electricity; 9)
Unar=D/P=1/(R+ @)  —for hydrodynamics. (10)

Leibniz formulated the concept of power N = P x D as the product of the potential P and the
dynamics of D. Due to the unification of the units of power in W, the transformation coefficient of
different types of energy is presented in a normalized formO < n < 1. The Leibniz power model is
good to use optimization of processes in order to ensure minimum costs. Thus, the values 7 > 0.8
have already been reached in pumps, fans or smoke exhausters. Technologies for generating
electricity at thermal and nuclear power plants, which theoretically represent the direct Rankine
cycle, have an efficiency range of = 0.25-0.45.

Recently, heat generation technologies based on the reverse Rankine cycle have become
widespread. Such technologies use phase transition processes, when the working fluid in the
rarefaction zone changes from a liquid state to a gaseous state with the absorption of a large amount
of energy at a lower temperature — cooling and vice versa, condensation in a high pressure zone
releases a comparable amount of heat when the gas turns into a liquid.

Under favorable conditions (when the value of the compressor capacity and a small increase
in the switching efficiency increase temperature), the efficiency coefficient COP is observed as the
use of the energy of the consumed energy to the heat received from the flue gas water condensation
can be greater than the consumption of COP > 5. The technology can be designated as a system
with the definition of energy balance, since for 1 kW of energy expended, more than 5 kW is
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generated at a higher temperature than at the source. This performance is called a pump, since
energy is used from a cold environment to a warmer one. On Fig. 1 shows a diagram and graphs of
the processes of the reverse Rankine cycle in a heat pump.
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Fig. 1. Representation of reverse Rankine cycle processes:
a — scheme of heat pump processes; b — parameters of the heat pump

The main function of the processes of the reverse Rankine cycle is the extraction of energy
from low potential sources (with a low temperature) and the transfer of this energy to a medium
with a high potential (with a higher temperature). The conditional axis of separation of parameters
in the system can be considered the line 0-3 between the regulator and the compressor. Under
natural conditions, the liquid phase of the coolant medium is always at the bottom, and the gaseous
phase is located above the liquids. The heat pump circuit can be divided into two parts.

Point 0 indicates the regulator. The parameters behind the regulator can be considered the
beginning of the cycle. Section 1-2 is responsible for the transfer of energy from a conditionally
cold source — the external environment to the evaporator, in which a phase transition from a liquid
to a gaseous state occurs. The cooling power Ncqq is significantly greater than the electric power Ng
spent ON the compressor. COP in the cooling zone could be Section 4-5 is responsible for the transfer
of energy from the capacitor of a conditionally hot source to the external environment. The
capacitor undergoes a phase transition from the gaseous state to the liquid phase. Thus, the
condenser heats the environment, and the heating power Ny can be significantly greater than the
electric power Nej spent ON the compressor.

COP is the coefficient of transformation of different types of energy: electricity Ng is
consumed, and thermal power Npea IS useful. In a normalized form, with a small temperature
difference, the energy transformation efficiency can be greater than unity » > 1. The law of
conservation of energy is not violated, since in the technological cycle how much energy is
extracted in the lower part, the same amount of energy (but taking into account dissipation) is given
off in the upper part. The electrical energy in the heat pump is spent on the formation of pressure
and vacuum, as well as on transport with its own values of losses and, accordingly, efficiency. And
heat and cold are obtained by organizing natural processes in accordance with their separate balance
ratios, which are balanced taking into account dissipation and have their own efficiency values.
Rankine's ideas, implemented in the form of cyclic processes, can also be organized in technologies
that require heating with a large amount of energy for drying biomaterials: soybeans, wheat, etc.

To increase the efficiency of such processes, it is necessary to distinguish between changes in
parameters within one type of energy [12]:
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1 — Change in temperature (potential). To heat 1 kg of water by 100°C, it is necessary to
spend 400 kJ of energy.

2 — The change in thermal energy during a phase transition occurs at a constant temperature,
but has a much larger range of energy changes. When converting 1 kg of steam into water, 2000 kJ
can be obtained at a constant temperature t; = 100°C. Therefore, if you need to heat any medium, it
IS better to do it due to the energy of the phase transition and better due to the condensation of the
vapor part of the flue gases. On Fig. 2 shows a diagram of power equipment, including a boiler for
generating saturated steam and a drying plant with auxiliary equipment.
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Fig. 2. Scheme of power equipment of the system for drying biomaterials:
FB — fuel box; Gj — gas-jet; B — Boiler; E — economizer; C — cyclone; GWCR — flue gas water
condensation recuperates; Fan; SE — smoke exhauster; SC — smoke chimney

To organize the process of drying or removing moisture from biomaterials, dry heated air or
flue gases are used. To heat the air, you can use electricity, the energy of burning fuel. However, a
more economical option for air heating can be considered the energy of flue gases after boilers, the
temperature of which is often more than 150°C. As an innovative increase in the temperature of
water vapor condensation, it is proposed to use a flue gas water condensation recuperate GWCR — a
flue gas air heater.

In the first part of the dryer, preheating of soybeans is formed with the transfer of part of the
moisture from soybeans to flue gases. To organize the soybean heating process, it is necessary to
transfer energy from the flue gases without condensation, since condensation will lead to the
transfer of a large amount of water to the soybean, which is contrary to the task of drying. To
eliminate condensation, it is advisable to place the smoke exhauster D1 between the dryer and the
chimney to form a vacuum in the first part of the dryer. The temperature of the phase transition of
water in the flue gases is reduced, which eliminates the occurrence of moisture condensation in the
flue gases.

In the second part of the dryer, the task is to transfer more heat to dry air. Analysis of
parameter changes in Fig. 3 shows that an obstacle to the transfer of energy of the phase transition
is an insufficient potential — the temperature of the phase transition. Therefore, for the second part
of the dryer, it is necessary to solve the problem of improving the parameters of the recuperator
based on optimizing the value of the potential — pressure [13]. The problem of increasing the
moisture condensation temperature of flue gases can be solved by changing the installation location
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of the smoke exhauster D2 in order to organize pressure in the heat exchanger in the flue gas
channels.
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Fig. 3. Heat exchange in the heat exchanger at different potentials in the gas channels:
a — rarefaction in gas channels; b — pressure in gas channels

The most economical and environmentally friendly stage of soybean dehydration is cooling in
the third section. In the cooling zone, an important parameter is the degree of air dryness dais1 =
5gr/kg.d.m. If the smoke exhauster D2 is installed after the heat exchanger, and in the flue gas
channels, the discharge of moisture condensation occurs at a constant temperature tsp, = 85°C =
const. The amount of flue gas heat transferred to air heating during condensation will be 5 times
greater than when the flue gas temperature decreases.

To improve the efficiency of the drying process of biomaterials, it is proposed to increase the
temperature of condensation of moisture from flue gases by increasing the pressure in the flue gas
channels and, accordingly, increasing the temperature at which condensation will take place [8, 9].
This solution corresponds to Rankine's idea in the zone of pressure increase in the system by the
compressor. To do this, as an innovative solution, it is proposed to install a D2 smoke exhauster in
front of the heat exchanger, that is, switch it to the fan or compressor mode (Fig. 1 and Fig. 2).
Changing the potential — pressure in the flue gas channels from discharge to pressure will increase
the condensation temperature to tspp+ = 130°C and higher. To implement such a solution, the D2
smoke exhauster moves from the zone after the GWCR recuperator to the zone after the Ts2
cyclone, switches to the compressor mode to create the required vacuum.

However, the increase in pressure that the compressor generates can significantly increase the
cost of electrical energy for the drive. Therefore, an alternative to increasing the air temperature by
increasing the compressor speed can be considered the use of a heater. The heater solves the
problem of increasing the air temperature by using steam from the boiler. The heater uses saturated
steam, which also condenses at a constant phase transition temperature tsseam = 180°C. Thus, the
paper formulated the problem of optimizing the parameters of the joint operation of the recuperate
and heater. Today, the balance of fuel costs for the operation of a dryer with a supply of 20 tons of
soybeans per hour is more than Vu = 500kg.c.t./hour. The innovative method of drying soybeans
using flue gas heat recovery for air heating provides fuel costs by more than 50%. The energy costs
for the operation of fans and smoke exhausters are not considered, since the costs for the operation
of blowers remain comparable.

Conclusions. The possibility of increasing the temperature of the reverse phase transition
within the framework of the use of the Rankine cycle makes it possible to obtain significant savings
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in resources in the system for drying biomaterials due to insignificant energy costs for the
compressor, which increases the pressure in the flue gas channels of the recuperator. To implement
this idea, the smoke exhauster operating in the boiler plant is switched to the compressor mode (the
flue gas channels in the heat exchanger will be under pressure). With a new installation of a smoke
exhauster-compressor with pressure in the recuperator, air heating will not exceed t,; + p > 120°C
due to an increase in the temperature of the phase tssg+p > 130°C.

To analyze the perfection of energy processes, it is proposed, in addition to the indicator of
the conversion efficiency of different types of energy, to apply the indicator of dynamism — as the
ratio of the dynamic component of energy to the initial potential. Such a variant of an innovative
solution can be qualified as an architecture of energy potentials of various kinds of technological
processes.
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AHoTanisa. Jlns cTBOpeHHS eleKTpoeHeprii 3 OiomanuBa Ha  TEIUIOCHEPTETHYHHUX
MIJIPUEMCTBAX YKpaiHM BUKOPUCTOBYETbCS npsiMuii I1ukia Penkuna, skuii 3abesmneuye
edexTuBHICTh TpaHchopmarlii eneprii B mexxax 7 = 0,25 — 0,55. [{nst migBuimeHHsT eeKTUBHOCTI
BUKOPUCTAHHS €HEprii MmajuBa B KOTEJIbHUX YCTAaHOBKAaX 3alpOINOHOBAHO pealli3yBaTH CXEMY
3BOpOTHOTrO 1Ky Penkina. Taky mpomo3urito go0pe BUKOPUCTATH Ha MiANPHEMCTBAX, 1€ €
notpeba B ocylieHHI OiomarepiaiiB. 3aMICTh OKPEMOTO KOTJIA JUIsl OCYIICHHS IMPOMOHYETHCS
BUKOPUCTOBYBAaTH CHEPTiI0 KOHJIEHCAIlil BOJM 3 JAMMOBHX rasiB. B IIbOMy BHITaIKy BUTpPATH
€IIEKTPUKH Ha poOOTY KOMIIpecopa ICTOTHO MEHIIl 3a KUIbKICTh TeIlia, OTPUMAaHOro Hpu
KOoHJIeHcamii Boau 3 guMmoBHX rasiB. KoedimieHt edextuBHOCTI 200 COP 3BOPOTHOTO ITUKITY
Penkuna moxe Matu 3HaueHHs Ounbiie oaunuii 77 = COP > 3. IloeqHaHHS B TEXHOJIOTIYHIN cXemi
KOTEJIbHOI YCTAaHOBKM TPSMOTO Ta 3BOPOTHOrO LUKIIB PeHkiHa 30imbinye e(QeKTUBHICTh
BUKOPHUCTAHHS IMIEPBUHHUX JDKEPEN SHEPrii.

Y po0OTi BUKOHAHO aHaJi3 YsABIEHHS €HEeprii sIK MO€IHaHHS IBOX KOMIIOHEHT: MoTeHuiany /7
1 nuaamiku [|. Monens JlelOHina, y ki MOTYXHICTH N TIPEICTaBISIFOTh, K TOOYTOK MOTCHINATY
11 na nunamiky /[ 3 yHidikaiiero onuHull BuMipy Batt, 103Boiisie po3paxoByBaTu e€(hEeKTHBHICTD
nporeciB Tpanchopmamii pi3HUX BHIIB eHeprii. s MmokpamieHHs €HepreTHYHUX IOKA3HUKIB
KOTEJICHb 3alPOMOHOBAHO MOJAJBIINNA PO3BUTOK MoAeNi HbioTOHA, 110 JA03BOJISE PO3PaxOBYBaTH
MOKAa3HUK JWHaMi3M TmporeciB 4 Y Monemi HpoToHa B paMKax OJHOTO BHIY €HEprii
PO3PaXOBYETHCS MOKA3HUK JUHAMI3MY — SIK BIJHOLICHHS JUHAMIKU 10 BUXIAHOTO MOTEHINAY /4 =
JU/I1. luHami3M  MO’KHA pO3paxoOBYBAaTU SIK 3BOPOTHY BEJIMUYMHY omnopiB R 3a ymoBM yHiikamii
OJIMHUIIH BUMIPIOBaHHSI KOMITOHEHTIB €HEPrii — MOTEHITIay Ta JUHAMIKH.

[TokazaHo mpuKIaA YCHIIMIHOTO BUKOPUCTAaHHS OloMacH SK OCHOBHE MAIMBO KOTEIBHUX
YCTaHOBOK, OCKUJIBKM MICTUTh MEHIIE 30JId. BukopucTaHHs 171€i 3BOpOTHOrO 1ukiIy PeHkiHa mpo
MiBUIICHHS] TeMIepaTypu KOHJEHcAIlll BOJIOTM AMMOBUX Ta3iB 3a PaxXyHOK MiJABUIIEHHS THCKY
cepenoBuiia 3a0e3nedye  MIJIBUIIEHHS CHUCTEeMHOI e(eKTUBHOCTI mporeciB. Haiikpaie
BUKOPUCTaHHS €Heprii TMMOBMX ra3iB KOTJIIB MiBUIIYE e€(EeKTUBHICTh OCYLIEHHs Oiomarepiaiis,
CYTTE€BO 3MEHIIYE BHUTpPATH €HEPrii, MOKpaIlye €KOJOTIYHI MOKAa3HUKH POOOTH TEXHOJOTIYHUX
MIPOIIECIB.

Kurouosi cioBa: enepris, nuki PeHknHa, epeKkTUBHICTh, OloMaTepiaiu, OCYIIEHHS.
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