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Summary. The article deals with the influence of heat recovery measures of exhaust process gases on
reducing the negative impact of production on the environment and increasing the competitive ability of products.
The analysis of heat reuse schemes for periodically operating power generating equipment in the processing and
food industry is carried out. A model for calculating the amount of cold heat transfer agent for reuse in the
technological process is suggested.
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Statement of the problem. According to the Energy Strategy of Ukraine until 2035
‘Security, Energy Efficiency, Competitiveness’, the priority of energy saving is to reduce
energy intensity of production, decrease the consumption of primary fuel and energy
resources through the implementation of the latest energy efficiency and energy saving
measures.

Maximum positive results in this area can be achieved only through the introduction
of comprehensive and effective energy saving measures in industrial and domestic
activities. Intensive energy saving in thermal technology deserves special attention, since
the entire variety of thermal processes consumes about 2/3 of organic fuel, and the
integrated coefficient of useful use of primary fuel and energy resources in thermal
technology complexes in terms of the final result of the use of primary raw materials of
material production does not exceed 10-15%.

One of the effective energy saving measures, the heat recovery of exhaust process
gases, which involves their cooling and reuse of the accumulated heat, deserves special
attention. The level of recovery is assessed by the recovery coefficient, which shows the
degree of heat utilization of exhaust process gases. The higher the recovery factor, the lower
the specific consumption of primary fuel and energy resources.

Analysis of recent research. There is a large number of sources which deal with energy
saving and reducing the negative impact of energy-intensive industries on the environment. The
vast majority of them relate to the energy generating, metallurgical, chemical, construction and
other industries, whose enterprises are characterized by technologies that operate at high
temperatures, high productivity and energy intensity. Energy-saving measures in such
industries can generate significant economic benefits and achieve a quick return on investment.
Despite the undoubted expediency, energy saving measures do not receive due attention at the
enterprises of the processing and food industry [1]. Among the reasons for this situation,
researchers name insufficient analysis of the conditions and operating modes of equipment and
methods of heat recovery.
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It is known that reducing the temperature of 1 m? of exhaust process gases by 10°C can
save 10 kJ of thermal energy [2, 3]. If the calorific value of 1 m® is 33.5 mJ and 1 m%nh of
exhaust process gases is cooled by 10°C, 1.4 m3/h of natural gas can be saved. In this case, the
amount of primary fuel and energy resources savings depends on the depth of cooling of the
exhaust process gases.

The maximum cooling depth of the process gases can be achieved with heat pumps.
In the condenser of a heat pump, the process gases can be cooled to a temperature below
the dew point. In this case, water vapor condenses, which provides additional energy for
heating the cold heat transfer agent and reduces emissions of water vapor, which is
classified as a greenhouse gas. Researchers from the Institute of Thermal Physics of the
Academy of Sciences of Ukraine and the National Technical University of Ukraine ‘Kyiv
Polytechnic Institute’ publish information on the successful use of heat pumps in drying
grain and other products of the processing and food industry that are subjected to heat and
mass transfer processes at low temperatures [4, 5]. The experience of designing and
operating technological lines using heat pumps shows that as the temperature of the hot heat
transfer agent increases, the costs of organizing the operation of heat pumps increase
dramatically. It is considered that heat pumps should be used in cases where the temperature
of hot heat transfer agents does not exceed 40°C.

Before cooling in the heat pump, the exhaust process gases with a temperature
exceeding 40°C are cooled in a heat exchanger. However, the issue of calculating the
parameters of the cold heat transfer agent under conditions when a constant amount of hot
heat transfer agent is cooled to a constant temperature and the initial temperature of the cold
heat transfer agent changes remains insufficiently studied.

The purpose of this paper is to create a model for calculating the optimal mode of heat
reuse of exhaust process gases during the implementation of a two-stage process of their cooling.

Justification of the model. To create a model for calculating the optimal mode of
heat recovery on power generating equipment, the choice of ways to reuse the recovered
heat is of particular importance. Such a choice affects the peculiarities of heat exchange
equipment operation, the parameters of the heat exchange process, and the payback period
of heat recovery measures. Thus, the heat obtained as a result of cooling the exhaust process
gases of low-capacity power generating equipment with seasonal and periodic operation is

advisable to use for heating the air that ensures its operation. The scheme of realization of
such heat exchange is shown in Fig. 1.
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Figure 1. Scheme of two-stage cooling of exhaust process gases of energy-generating equipment: 1 — body of
energy-generating equipment; 2 — primary fuel and energy supply system; 3 — heat exchanger; 4 — heat pump;
5 — exhaust fan; 6 — exhaust gas removal system; 7 — fan for supplying heated atmospheric air
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Considering the complexity of reconstruction of existing power-generating
equipment and the cost of heat exchange units, the model for calculating the optimal
heat recovery mode provides for reconstruction in two stages. In the first stage, it is
proposed to install an air-to-air heat exchanger. The second stage of reconstruction
involves the installation of a heat pump. During maintaining the heat exchange process, the
exhaust process gases act as a hot heat agent, while the atmospheric air acts as a cold heat
agent.

The proposed heat exchange scheme provides for the operation of the heat exchanger
in an autonomous mode. Subsequently, the proposed model for calculating heat recovery
involves the use of a plate heat exchanger with countercurrent movement of heat agents.
This model of the heat exchanger allows organizing heat exchange in two modes. The first
mode provides heating of a constant amount of cold heat transfer agent to a constant
temperature. In this case, if the initial temperature of the cold heat transfer agent changes,
the temperature of the hot heat transfer agent will change. The second mode provides
cooling of a constant amount of hot thermal agent to a constant temperature. Here, the final
temperature of the cold heat transfer agent will change.

To ensure the stable operation of the heat pump, it is necessary to provide a supply
of hot heat transfer fluid with a constant temperature, so it is reasonable to perform heat
exchange in the heat exchanger in the second mode. Therefore, the model for calculating
the optimal heat recovery mode assumes that the heat exchange process in the heat
exchanger occurs under conditions of constant initial and final temperatures of the hot heat
transfer medium and variable initial and final temperatures of the cold heat transfer medium,
depending on the season. The preheated cold heat agent is supplied to the combustion zone
of the primary fuel and energy resource. In the process of combustion, process gases are
formed, which maintain the temperature and aerodynamic conditions provided by the
technological conditions. As a result of changes in the temperature of the cold heat agent,
the consumption of the primary fuel and energy resource also changes. Since, at this stage
of research, the consumption of the primary fuel and energy resource is used to assess the
economic efficiency of implementation of heat reuse of exhaust process gases, it is
important to know the effect of the final temperature of the cold heat agent on this
consumption.

The development of a procedure for preliminary calculation of changes
in the consumption of the primary fuel and energy resource when the final temperature
of the cold heat agent changes is the main task of the proposed model for calculating
heat at power generating equipment. To solve this problem, it is necessary to know
the maximum temperature to which a cold heat agent can be heated under given
conditions. The known methods of calculating heat exchange processes do not resolve
this issue. Therefore, it is necessary to estimate the dependence of the volume flow
rate of the cold heat transfer agent on its initial temperature at different values of the
final temperature for a particular equipment and process parameters. Based on the
obtained dependence Lx=f(Tx), it is possible to determine the maximum temperature
to which a cold heat transfer agent can be heated if its initial temperature is known.
The obtained results are used to calculate the change in the consumption of the primary
fuel and energy resource. The change in the consumption of the primary fuel and
energy resource leads to a corresponding change in the consumption of the cold heat
agent and, accordingly, its final temperature. To calculate this process, it is necessary
to determine the effect of the initial temperature of the cold heat agent on its final
temperature for various flow rates. As a result of the studies, within the range of changes
in the initial temperature of the cold heat transfer agent -30°C<Tx<+30°C, it was found
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that the dependence Tx.=f(Tx1) is straightforward, and the process can be described by the
equation Tx2=ATx1+B.

The obtained dependence makes it possible to perform a refined calculation of the
primary fuel and energy resource consumption and the optimal mode of heat recovery of
exhaust process gases.

Calculation model:

1. Analysis of operation of power generating equipment.

2. Justification of the heat recovery scheme for exhaust process gases and the use of
recovered heat.

3. Calculation of the recovery process and preliminary selection of heat exchange
equipment.

4. Calculation of dependence of the volume flow rate of a cold heat transfer agent
on its initial temperature at different values of the final temperature.

5. Determination of the initial temperature effect of the required amount of cold heat
transfer agent on its final temperature.

6. Calculation of primary fuel and energy resource consumption changes due to
changes in the final temperature of the cold heat agent.

7. Calculation of dependence of the cold heat agent final temperature on its initial
temperature at different values of the volume flow rate.

8. Calculation of the change in the required amount of cold heat agent as a result of
a change in the consumption of the primary fuel and energy resource and clarification of
the effect of its initial temperature on the final temperature.

Calculation results and their analysis. To calculate the optimal mode of heat recovery
of the exhaust process gases, we used the indicators and parameters of the A2IIIBI" furnace.
The use of natural gas with a calorific value of 33.5 mJ/m? is assumed as the primary fuel and
energy resource. The maximum temperature of the process gases in the furnace is 280°C.
Parameters of the exhaust process gases at the output of the exhaust system: volume flow rate —
0.54 m%/s; temperature — 160°C. Recuperation is planned to be organized according to the
scheme shown in Fig. 1. Commissioning of the recuperation system is planned in two stages.
At the first stage, it is proposed to install an air-to-air plate heat exchanger. Air with a
temperature varying from -30°C to +30°C is used as a cold heat agent.

The heat exchanger was designed taking into account the subsequent cooling of the
exhaust process gases in the heat pump condenser. That is, the temperature of the exhaust
process gases at the output of the heat exchanger is +40°C. According to the calculation
results, such a mode of cooling the exhaust process gases is provided by a plate heat
exchanger with a heat exchange surface area of 16.7 m2,

As a result of the heat balance calculation, it was found that in order to maintain
the thermal regime of the furnace, it is necessary to burn 20 m® of natural gas per hour
or 5.47 10-> m®/s. Meanwhile, to ensure the temperature and aerodynamic conditions
in the furnace, air is supplied from the production facility in the amount of 0.53 m3s
at a temperature of +20°C. To provide for the reuse of heat from the exhaust process
gases, the heat exchanger is supplied with atmospheric air, the temperature of which
varies both throughout the year and throughout the day. In accordance with the accepted
heat exchange conditions, the temperature of the preheated atmospheric air will change,
which will lead to a change in natural gas consumption. To calculate the change in natural
gas consumption and the economic effect of supplying preheated atmospheric air, the
effect of the initial temperature of the cold heat agent on its volumetric flow rate at
different values of the final temperature was calculated. The calculation results are shown
in Fig. 2.
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Figure 2. Dependence of the volume consumption of a cold heat agent on its initial temperature at different
values of the final temperature. 1 — Tx,=40°C; 2 — Tx2=50°C; 3 — Tx,=60°C; 4 — Tx,=70°C; 5 — Tx,=80°C;
6 — Tx2=90°C; 7 — Tx,=100°C; 8 — Txx=110°C; 9 — Tx2=120°C; 10 — Tx2=130°C; 11 — Tx,=140°C

The obtained dependence suggests that, under the accepted heat exchange conditions,
the required amount of atmospheric air with an initial temperature of -30°C can be heated to a
temperature of +64°C, and with an initial temperature of +30°C can be heated to +145°C.
Accordingly, the natural gas consumption will vary from 20 m%nh without preheating the
atmospheric air to 12.7 m3/h with preheating of the atmospheric air in the heat exchanger at an
initial temperature of +30°C.

To determine its effect on the final temperature of preheated atmospheric air, the effect
of the initial temperature of atmospheric air on its final temperature was calculated for different
flow rates.

Table 1

Influence of cold heat transfer agent parameters on natural gas consumption

Temperature of atm. air. 293 243 253 263 273 283 293 273
(KCC) T« (+20) (-30) (-20) (-10) 0) (+10) (+20) (+30)

Temperature of atm. air. 293 337 352 363 378 393 405 418
(°K(°C)) Tx (+20) (+64) (+79) (+90) (+105) | (+120) | (+132) | (+145)

Heat content, 11.kJ/kg 41 70 85 96 117 136 159 200
Natural gas consumption, | 0.00543 | 0.00508 | 0.00489 | 0.00476 | 0.0045 | 0.0044 0.004 | 0.0035

Lg (M¥s; m¥h)) 20 18.3 17.6 17.1 16.2 15.8 14.3 12.7

Eﬁ'ﬁ'e”.cy due to air 0 17 24 29 38 42 5.7 73

eating, m*/h
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The technological conditions of the furnace under study require a stable aerodynamic
regime. In this case, a decrease in the supply of natural gas leads to an increase in the supply of
atmospheric air. Within the studied temperatures, this change is 5.1*10°m%/s — 3.5%103m?s.
The obtained calculation results make it possible to establish that within the studied initial
temperatures of the cold heat agent Txu, the effect of changes in its flow rate Lx on the final
temperature Tx, can be neglected.

Conclusions. Analyzing the results obtained, the following conclusions can be
drawn: 1) the proposed model for calculating the optimal mode of heat recovery allows
preliminary calculation of changes in the consumption of the primary fuel and energy
resource as a result of the reuse of heat from the exhaust process gases of power generating
equipment; 2) the results of the research can be used to calculate the economic efficiency
of introducing energy-saving technologies into production; 3) when calculating the saving
of the primary fuel and energy resource through the introduction of the reuse of heat of
exhaust process gases, it is necessary to take into account the initial temperature of the cold
heat agent.
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MOJEJIb PO3PAXYHKY OHTUMAJIBHOI'O PEXKUMY
PEKYHEPANII TEILIA HA EHEPTOTEHEPYIOYOMY
OBJIATHAHHI HEPEPOBHOI I XAPHOBOI ITPOMUCJIOBOCTI

Crenan bana6an; Borogumup Kacnpyk

Teproninbcokull HayioHabHUU MeXHIYHUU YHIgepcumem imeni leana Ilynios,
Tepuonins, Ykpaina

Pe3tome. Texwiuni piuienHs HANpaeneHi HA 30ePedCeHHsl eHepPeeMUYHUX pecypcié | 3MeHULeHHs
He2amu6Ho20 GNIUGYy GUPOOHUYMEA HA OO06KINIA € 0COOAU60 akmyanvHumu. [o makux piuieHb GIOHOCAMb
peKynepayiio menna ionpayboBaAHUX MeEXHOIO2IMHUX 2A316 eHep202eHepyiou020 00NAOHAHHS Ul NOGMOPHE 1020
suKopucmanHa y mexnonoiunux npoyecax. Ilonepednvo nposedenuil ananiz pob6omu nepiooutno npayoiovozo
eHepeozenepyiou020  00NAOHAHHA HA NIONPUEMCIBAX NepepoOHOi 1 Xapuoeoi NPOMUCIOBOCHI NOKA3A8
HedoCmamuio yeazy 00 0anoi npoonemu. Ceped MOHCIUBUX NPUYUH MAKOT cumyayii Ha 0cobIUBY y8azy 3aciy208ye
8I0CYmMHICMb A0ANMOBAHOI 00 MAKUX YMO8 MemoOi8 PO3PAXYHKY OOYLIbHOCHI 6NPOBAONCEHHS NOBMOPHO20
BUKOPUCMAHHA MeNnIa BIONpaybo8aAHUX MeXHONo2INHUX 2a3i6. Mema O0ocniodcenns — CMEOpeHHs MOoOeui
PO3PAXYHKY ONMUMALBLHO20 PENCUMY NOBMOPHO20 GUKOPUCMAHHS MEN1a 8iONpaybo8aHUX MeXHOIO02INHUX 2a3i6
nio uac peanizayii 06oemanto2o npoyecy ix oxono0xcentns. Ilpoananizoeano ennug 3axoodie 3 pexynepayii menia
BIONPAYLOBAHUX MEXHONOIUHUX 2A3I8 HA 3MEHUWIEHHS He2amueHO20 6NAUBY BUPOOHUYMEA HA OO06KINIA U
3POCMAHHS KOHKYPEHMOCNPOMOdICHOCmi npodykyii. [Ipoananizoeano cxemu no6mopHo20 GUKOPUCMAKHA MeNnia
Ha nepioOudYHO NpayioiouoMy eHepeo2eHepyiouoMy O00NAOHAHHI nepepOobHOi I Xapuo8oi NpOMUCIOBOCHI.
Bcmanoeneno  3anescnocmi 06 ’emHOI gumpamu  XOJIOOHO20 MENN06020 a2eHma 6i0 1020 NOYAmKO60i
memnepamypu 00 pi3HUX 3HAueHb KiHyegoi memnepamypu. 3a3Haueno, o HaseoeHi 3aNedCHOCMI 003601AI0Mb
BU3HAUUMU 3MIHY KiHYeoi memnepamypu nonepeoHbo nidiepimux mexHoN02IYHUX 2a3ié y pe3yavmami 3mMinu ix
nouamkoeoi memnepamypu 6i0 -30°C 0o +30°C i pospaxysamu KinbKicmb 3eKOHOMACHO20 € pe3ylbmami
NePBUHHO20 eHep2OHOCIA. 3anponoHosana Mooeib PO3PAXYHKY ONMUMANbHO20 DPedlCUMy peKynepayii menia
BIONPAYLOGAHUX MEXHONOSIYHUX 2a3i8 003605C PO3PAXY6AMU 3MIHU GUMPAMU NEPEUHHO20 NATUBHO-
eHepeemuyHo20 pecypcy i cmeopumu 0a3y OaHux O eQeKmuHo20 6NnpOBaAVIICEHH )V GUPOOHUYMEO
eHnepeo36epicalouux MexHoN02i WIAXOM NOBMOPHO20 GUKOPUCMAHHS MeNaad GiONpaybO8aAHUX MEXHON02IUHUX
2asis.

Kniouosi cnosa. pexynepayis, enepeozenepyloue 00IAOHANHA, MENIO0OMIHHUK, MENI06Ull HACOC,
nepUHHULL NATUBHO-EHEP2EMUYHULL PeCyPC.
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