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Abstract. The results of classification and analysis of local exergy losses in heat
recovery systems of various types are presented. The combined heat recovery system of a
boiler plant, designed for heating water and blast air, as well as heat recovery systems
with anti-corrosion methods for protecting gas exhaust tracts, are considered. On the
examples of these systems, a classification of local exergy losses was carried out and their
type and place in heat recovery systems were established. For research, a complex
methodology was used, combining structural-variant methods of exergy analysis with
methods for presenting exergy balances in matrix form. Structural diagrams of heat
recovery systems are presented and exergy equations are obtained for calculating exergy
losses in places of localization. For a combined heat recovery system, a comparative
analysis of local exergy losses was carried out. It has been established that the smallest
exergy losses are observed in the hot air heat exchanger and in the gas heater. The total
contribution to the total exergy losses of the pumping system and the piping system is quite
significant for all boiler power values. With an increase in boiler power from 30 to 70% of
the installed power, there is a slight increase in exergy losses in the heat recovery system
and in the hot water heat recovery unit. In this section, the main exergy losses are in the
pumping system and in the pipeline system. With a further increase in the power of the
boiler, the exergy losses in the heat recovery system and in the hot water heat recovery
unit begin to increase more significantly. In this case, the main exergy losses fall on the
hot water heat exchanger. It is concluded that the optimal mode of operation of the
installation is carried out at the boiler power, which is 50 ... 60% of its installed power.
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Relevance. Increasing the efficiency of various types of power plants involves
reducing exergy losses in them. Appropriate research requires the use of modern methods
of thermodynamic analysis along with classical methods. A promising direction, which is
increasingly used in the energy sector, is the study of the efficiency and optimization of
power plants based on the exergy approach. Complex techniques based on the exergy
approach make it possible to determine the locations of exergy losses in a power plant,
calculate their magnitude and outline ways to reduce them. Therefore, the classification
and analysis of exergy losses in heat recovery systems of various types using complex
methods based on the exergy approach is an urgent scientific problem.

Analysis of recent achievements and publications. Modern research methods based
on the use of exergy approaches are now becoming more and more widespread in the
world for assessing the thermodynamic perfection of power plants of various types. It was
noted in [1] that the exergy analysis makes it possible to identify all aspects that affect the
global efficiency of systems and offer the maximum number of possible improvements for
them. Work [2] emphasizes that exergy analysis can be considered as a way to obtain
information that allows you to identify areas where technical improvements can be made.
In [3], exergy analysis is used to evaluate the efficiency of power plant elements at various
ambient temperatures. In [4], exergy analysis methods are used to estimate various types
of exergy losses. Transient processes in elements of heating and hot water supply systems
from a Stirling engine and a condensing boiler are considered. In [5], balance methods of
exergy analysis were used to conduct comparative studies of exergy losses in elements of a
multifunctional structure. The interrelation of exergy losses in the elements located in the
direction of coolant movement is shown. The paper [6] presents the results of exergy
studies of an integrated coal gasification system designed for hydrogen production and
power generation. The article [7] presents the results of studies of energy and exergy
efficiency, the purpose of which was to develop modeling and improve the performance of
fuel cells. Complex methods for studying power plants, based on a combination of exergy
analysis methods with other modern research methods, make it possible to determine the

locations of exergy losses in a power plant and calculate their magnitude [6-11]. Such
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studies are important and relevant, as they provide an opportunity to obtain the necessary
information for designing optimal heat recovery schemes.

Purpose and objectives of research

The aim of the work is the classification and analysis of local exergy losses in heat
recovery systems of various types.

To achieve the goal, you must complete the following tasks:

- present heat recovery systems of various types in the form of block diagrams with
the identification of exergy flows between individual elements;

- carry out a classification and establish the place and type of local exergy losses in
the considered heat recovery systems;

- to obtain exergy equations for calculating exergy losses in places of localization;

- to analyze local exergy losses in the combined heat recovery system of the boiler
plant, designed to heat water and blast air.

Materials and methods of research.

Exergy losses are an indicator of the efficiency of the heat recovery system and its
individual elements. An increase in exergy losses corresponds to a decrease in their
efficiency.

The paper classifies exergy losses in heat recovery systems of various types. The
combined heat recovery system of a gas-consuming boiler plant with a heat output of 2
MW is considered. The heat recovery system is designed to heat water and blast air. In
addition, for the classification of exergy losses, heat recovery systems of boiler plants are
considered, in which methods of anti-corrosion protection of gas exhaust tracts are
implemented. For research, a complex methodology was used, combining structural-
variant methods of exergy analysis with methods for presenting exergy balances in matrix
form. The accuracy of the obtained results is, on average, 0.4%..

Research results and discussion.

Representation of heat recovery systems of various types in the form of block
diagrams with the identification of exergy flows between individual elements of the

structure.
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The combined heat recovery system designed for heating water and blast air includes
a sufficient number of elements in order to classify local exergy losses. A hot heat
exchanger for water heating, an heat exchanger for air heating, a gas heater, a smoke
exhauster, a fan, a pumping system and a piping system connecting the main elements of
the heat recovery system. The heat recovery systems of the boiler plant, in which the
methods of anti-corrosion protection of gas exhaust ducts are implemented, make it
possible to supplement the types and locations of exergy losses. The corresponding block
diagrams of heat recovery systems are presented (Figure). In structural diagrams, input and
output exergy flows between individual elements of the structure are identified.

Classification of local exergy losses and determination of the location and type of
losses in heat recovery systems.

A classification of local exergy losses in heat recovery systems has been carried out.
Exergy losses in such systems occur due to the following factors:

- Heat transfers between coolants.
- Movement of heat carriers.

- Mixing of heat carriers.

- Exergy losses to the environment.

The first and second types of exergy losses can be observed in the main elements of
the considered heat recovery systems. In hot water and hot air heat exchangers, exergy
losses occur during heat transfer and movement of heat carriers, namely, cooled flue gases
and heated water or heated air.

In the gas heater, the coolants are cooled water and heated gas.Exergy losses in these
elements, as well as in the smoke exhauster, fan and pumps, should be calculated using the
black box principle. This principle involves the calculation of exergy losses by the values
of input and output thermodynamic parameters. Exergy losses in the pipeline system
include losses due to the movement of coolants and exergy losses to the environment.
These losses are calculated as the difference between the total exergy losses in the heat
recovery system and the total exergy losses in the system elements. The total exergy losses
in a heat recovery system can also be calculated using the black box principle. The third

type of exergy losses is observed in the heat recovery systems of boiler plants, in which
8
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the methods of anti-corrosion protection of gas exhaust tracts are implemented: the air
method and the method of bypassing part of the flue gases past the heat recovery unit. In
the first case, in the flue located behind the heat exchanger, the flue gases cooled in the
heat exchanger and the air heated in the boiler or in the air heater are mixed. In the second
case, mixing of part of the flue gases cooled in the heat exchanger with hotter flue gases

passed by the heat exchanger.
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Fig. Block diagrams of heat recovery systems:
a) combined heat recovery system for heating water and blast air;

b) heat recovery system with air method of anti-corrosion protection of gas exhaust
ducts: B - boiler; WH — heat exchanger for water heating; AH — heat exchanger for air
heating; GH - gas heater; SE - smoke exhauster; F - fan; P - pump; —— flue gases; - -+ —
air; --—» — water;; E; - Eq; - exergy flows; Qi - Q6 - heat fluxes; N7 - Nyg - energy flows

Obtaining exergy equations for calculating exergy losses in places of localization.

The calculation of exergy losses in individual elements of the heat recovery system
and for the system as a whole is carried out according to the black box principle using
input and output thermodynamic parameters.

Exergy equations for calculating exergy losses in a heat exchanger for water heating:

EWH = chg (Tir?WH _To%tWH) _TenGg [Cg In(Tir?WH/To?JtWH) - R/lug In( pignWH/ pc?utWH)]_

los

wl wl wl wl wl
-G [(hinWH _TensinWH - (houtWH _TensouthWH ]
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Exergy equations for calculating exergy losses in a heat exchanger for air heating:

Epe = Go¢p (Tioan — Touan) — TenG® [C;g) IN(Tioar / Towear) = RY 422 INC piag / pgutAH)]_

los
_Gacg (Tir?AH _ToallJtAH) -i_-l-enGal:Ci)l In(Tir?AH /To?JtAH) - R//ua In( pi?\AH / pc?utAH)]
Exergy  equations  for calculating exergy losses in a gas

GH _ ~wW2 /W2 w2 W2 [} W2 w2 0A0 g g
E =G (hinGH _TensinGH) -G (houtGH _TensoutGH) -G Cp (TinGH _ToutGH) +

los

heater: +TenGgCg In(Tir?GH /To%tGH) +TenGg R/:ug In( pi%GH / pgutGH).

Exergy equations for calculating exergy losses in the flue when mixing flue gases and
air:

los

~ GG (T op — Toms) + TG00 (T Toie) = R/ 12 I P! D)}

Ejos = Gacg( ir?GP _TOT'E)C(-}P _TenGa[C; In(Ti?lGP/TorSti)C(;P) —R/ 4% In( pi?lGP/ p:utGP)]_

Analysis of local exergy losses in the combined heat recovery system of a boiler plant
designed to heat water and blast air.

On the example of a combined heat recovery system, a comparative analysis of
exergy losses in the places of their localization was carried out (Table 1).

As can be seen from the table, the exergy losses for all elements of the combined heat
recovery system increase with increasing boiler power. At the same time, the smallest
exergy losses are observed in the hot air heat exchanger and in the gas heater. The total
contribution to the total exergy losses of the pumping system and the piping system
connecting the main elements of the heat recovery system is quite significant for all boiler
power values. The exergy losses in the pumping system and the piping system
significantly exceed the exergy losses in the heat recovery units and the gas heater for the
boiler capacity of 30 to 70% of the installed capacity. With an increase in the boiler power
from 30 to 70% of the installed power, there is a slight increase in the total exergy losses
in the heat recovery system and exergy losses in the hot water heat exchanger.

In this section, the main exergy losses are in the pumping system and in the pipeline
system. With a further increase in the boiler power to 90% of the installed power, the

exergy losses in the heat recovery system and in the hot water heat recovery unit begin to

10



"Enepzemuka i agmomamuxa'’, Nel 2023 p.

increase more significantly. In this case, the main exergy losses fall on the hot water heat
exchanger. Taking into account the feasibility of reducing exergy losses in the heat
recovery system by regulating exergy losses in the pumping system and piping system, it
can be concluded that the optimal mode of operation of the plant is carried out at a boiler

power of 50 ... 60% of its installed power.

1. Exergy losses in the elements of the combined heat recovery system

Exergy losses, kW

Elements of 30% of 50% of 70% of 90%
Ne | the heat recovery | installed boiler | installed boiler | installed boiler of
system capacity capacity capacity installed  boiler
capacity
Heat 5,0 8,5 17,0 33,0
recovery system
1 Heat 0,8 1,0 4.5 15,0

exchanger for
water heating
2 Heat 0,7 1,0 15 2,2

exchanger for air

heating
3 Gas heater 0,1 0,4 0,5 0,7
4 Smoke 1,0 2,2 4,0 6,1
exhauster
5 Fan 0,3 0,7 15 2,6
6 Pump 1 0,7 1,3 2,1 2,7
7 Pump 2 1,0 1,8 2,5 3,2
8 Piping 0.1 0,1 0,4 0,5
system

Scientific novelty and practical value of the obtained results. The scientific
novelty and practical value of the results obtained lies in the classification of local exergy

losses in heat recovery systems of various types, the establishment of their place and type,

11
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as well as the possibility of their reduction in the development and implementation of
optimal heat recovery schemes.

Conclusions

1. For a combined heat recovery system of a boiler plant designed for heating water
and blast air, and a heat recovery system with an air method for protecting gas exhaust
ducts, block diagrams are presented with the identification of exergy flows between
individual elements.

2. On the examples of the heat recovery systems under consideration, a classification
of local exergy losses was carried out and their place and type in heat recovery systems
were established.

3. Exergy equations are obtained for calculating exergy losses in localization areas.

4. For the combined heat recovery system of the boiler plant, designed for heating
water and blast air, a comparative analysis of local exergy losses was carried out.

Conventions

C, Is the specific heat capacity; E is exergy; h is the specific enthalpy; p is pressure; R
Is the universal gas constant; s is the specific entropy; T is the absolute temperature; p is
the molecular weight. Upper indices: g, w, a — flue gases, water, air; mix is mixture; 1—
heated water, 2 — cooled water; PS — piping system. Lower indices: los — losses; in, out -
input, output; en is the environment.
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KIACHUDIKALIA JOKAJIBHUX EKSEPTETUYHUX BTPAT B
CUCTEMAX PEKYIEPAIIII TEIVIA PI3BHUX TUIIIB
H. ®ianko, A. Cmenanosa, H. Mepanoea, I. Copooosa, C.Illeguyx

AHoTanisgs. Hasedeno pesynomamu knacughixayii ma ananizy JNOKATbHUX SMPAM
excepeii 6 cucmemax pekynepayii meniaa pisnux munis. Poszensinymo kombinogamy
cucmemy pexynepayii menia KomeibHi, NpusHavery O0Jis nioiepisanus 600U ma Oymms, a
makodc cucmemu pexkynepayii menia 3 AHMUKOPO3IIUHUMU MeMOOaAMU 3aXUCHY
2a308i08i0Hux mpaxkmis. Ha npukiadax yux cucmem nposedeno Kiacugixayiio 10KaibHUxX
empam excepeii ma 8CmaHo81eHo ix 6ud i micye 8 cucmemax pexynepayii menia. /[ns
00CNi0MCeHHsT OYa BUKOPUCMAHA KOMNIEKCHA MemoO0o0l02is, Wo NOEOHYE CMPYKMYPHO-
8apiaHmHi  Memoou  eKCcepeemuyHo20  aHauizy 3 ~ Memooamu — npeoCcmasieHHs
eKcepeemudHux oOanaucie y mampuunit gopmi. Hasedeno cmpykmypHi cxemu cucmem
pexynepayii menjia ma OmpumMaHo pPIGHAHHS eKcepeii OJisl pO3PAXYHKY empam ekcepeii 6
micyax qoxanizayii. [ns  KomOIHOBaAHOI cucmemu peKynepayii menia npo8eoeHo
NOPIBHANLHUU AHANI3 TOKATLHUX empam excepeli. Bcmanoeneno, wo navumenwi empamu
eKcepeii cnocmepiearomovCs 8 Meni000MIHHUKY 2apsa4020 NoGImpsi i 8 2a3080M) HAZPIBAYI.
CymapHuti 6Hecox Yy 3az2anvbHi empamu exkcepeii HACOCHOI cucmemu ma cucmemu
mpybonpoeodie docums 3HA4YHUU OJ1s 8CiX 3HaA4YeHb nomyxcnocmi komaa. Ilpu 30invuienni
nomyosichocmi komaa 6i0 30 oo 70 % 6i0 ecmanosnenoi nomyxicHocmi 8i00y8aemucs
He3HauHe 30LNbUeHHs empam excepeii 8 cucmemi ymunizayii menia i 8 YCMAHOBYI
ymunizayii menaa I'BIl. Ha yiti Oinanyi ocHoeHi eémpamu ekcepeii npunadaroms Ha
HACOCHY cucmemy ma cucmemy mpyoonpoeoois. Ilpu noodanvuiomy 30inbUleHHI
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NOMYHCHOCMI KOMJIA 8mMpamu exkcepeii 8 cucmemi peKynepayii menia i 6 80002PIUHOMY
ymuizamopi nowunaromes 3pocmamu Oitbwt icmomno. Ilpu yvomy ocHoeHi empamu
excepeii npunadaromv HA B0002PIUHUL MEenI00OMIHHUK. 3po0OJieH0 BUCHOBOK, WO
ONMUMAILHULL pedcUM pooomu YCmMaHo8KU 30ILUCHIOEMbC NPU NOMYHCHOCMI KOmJa, uo
cmanosums 50 ... 60 % 810 1i020 6CMAHOBIEHOI NOMYHCHOCHII.

Kuo4uoBi cioBa: cucmemu pexynepauii menna; J10KaiabHi eémpamu eKcepeii;
Knacugpikayina empam excepzii
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