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EXERGY ANALYSIS IN MODERN INVESTIGAIONS (REVIEW)

The advance of the exergy method is the universality associated with the usage of exergy allows for the estimation of stocks and flows of all types
of energy included in the balance of any energy technology system using a common criterion of efficiency. For this reason exergy approach was
used for systems investigation’s in different areas such as: traditional energy industry, renewable energy, refrigeration industry, chemical
technology, food production and even in medicine. Review of last publication in all these areas showed that the application of the exergy analysis is
very efficient due to the fact that the exergy approach allows thermodynamically objectively estimate all types of energy sources, regardless of the
specific type of processes occurring in individual elements of the system as well as in the system as a whole. Exergy method due to it universality
can be also a base for a high quality innovations and implementations in practice fields of new design and technological solutions as well as provide
of complex competency development connected with the application to the educational process in different Universities world wide.
Keywords: review; exergy analysis; optimization; energy and refrigeration sectors; chemical and food technologies.

B. P. HIKYJIBIIIHH, A. €. JEHUCOBA, C. I. MEJIBHHUK, C. 1. BYXKA/IO
EKCEPTETUYHUIA AHAJII3 B CYYACHUX JOCJILKEHHSAX (OIJI)

[IepeBara exceprerndnoro Meroay monsrac B HOTO YHIBEpCANBHOCTI, IOB'A3aHOI 3 THM, IO 3aCTOCYBAHHS eKCeprii J03BOJSIE OLIHIOBATH
CHEpPreTHYHi IIOTOKH PI3HHX THIIB, SKi BKIIOYAIOTHCS B OANaHCH CHEPTOTEXHONOTIYHHX CHCTEM, 3 BHKOPHCTAHHSM 3arajlbHOTO ITOKAa3HHKA
edexkTHBHOCTI. BUXOs14u 3 1bOT0, EKCEPreTHYHMIA Mi/Xi] 3aCTOCOBYBABCS JUISl CHCTEMHUX IOCIIDKEHb B PI3HHX Traiy3six, TaKHX SIK: TpajguuiiiHa
€HEepreTHKa, BiTHOBIIOBAIbHA SHEPreTHKA, XOIOAMIbHA IPOMHCIOBICTh, XiMiYHA TEXHOJIOris, Xap4oBa IPOMUCIOBICTG 1 HaBiTh MequIHa. Oy
cydacHHX IyOnmikaniifi B IMX BCIX Tally3sX II0Ka3aB, IO 3aCTOCYBAHHS EKCEPreTHYHOrO aHalidy € NOCUTh €()eKTHBHHM B CHIIy TOrO, IO
€KCepreTUYHHHN IiIXiJ1 J03BOJIsIE TEPMOANHAMIYHO 00'€KTHBHO OL[IHFOBATH BCIi THIIM €HEPreTHYHUX PECYpPCIB, HE 3aIeKHO Bijl creludiku Iporecis,
sIKI IPOTIKAIOTh B OKPEMHX CJIEMEHTAaxX, a TAKOXK OL[HIOBATH CHCTEMY B LinoMy. EkceprerwdHmii METOX B CHIy CBO€I YHIBEpCaIbHOCTI MOXeE
CIIyUTH 0a3010 1M BHCOKOSKICHUX, IHHOBAI[IHHHX, NPAKTUYHUX 3aCTOCYBAaHb B OOIACTSAX HOBHX TEXHOJIOTIYHMX 1 AM3aliHEPCHKUX pillleHb, a
TaKOX JJa€ MOXKIIMBICTh KOMIIJIGKCHOIO PO3BUTKY KOMIICTCHI PY BIPOBAKCHHI B HABYAJIBHHUIT IIPOLIEC PI3HUX YHIBEPCUTETIB 110 BCbOMY CBITY.
KutiouoBi ci1oBa: orisiy; excepreTHIHMI aHaIli3; ONTHMI3alis; eHepreTHKa i XOIOJHIbHA IPOMHCIIOBICTh; XIMiYHA Ta Xap4oBa TEXHOJIOTII.

B. P. HUKYJIBIIIUH, A. E. JEHUCOBA, C. H. MEJIBHHUK, C. H. BYXKA/IO
SKCEPITETUYECKUIA AHAJIN3 B COBPEMEHHbBIX UCCJEIOBAHUSIX (OB30P)

ITpenMymiecTBO dKCEPreTUUECKOr0 METOIa 3aKIIOYAeTCs B €r0 YHHBEPCAIBHOCTH, CBS3aHHOH C TeM, YTO NPUMEHEHHE JKCepPrud MO3BOJSIET
OLICHHMBATh JHEPreTUYecKHe IIOTOKM Pa3HBIX THIOB, BKIIOYAaeMble B OallaHCHl DHEPrOTEXHOJIOTHYECKHX CHCTEM, C HCIIOIBb30BAaHHEM OOIIEro
nokasarens 3¢ ¢dekTuBHOCTH. VIcX0ns U3 3TOro, SKCepreTH4eckuil MOAXo/] IMPUMEHSUICS JUIS CUCTEMHBIX HCCIEIOBAaHUH B Pa3JIMYHBIX OOJACTSX,
TaKMX Kak: TpaJUIMOHHAs OJHEPreTHKa, BO300HOBIsEMas JHEPIreTHKA, XOJNOIWIbHAS IPOMBIIUICHHAS, XUMHUYECKas TCXHOJIOIHS, IHINeBast
IPOMBIIUIEHHOCTs ¥ Jake MexunuHa. O030p COBPEMEHHBIX ITyOIMKAIMi B 3THX BCEX OOJACTAX MOKa3al, YTO HMPHUMEHEHHE YKCepPreTHIECcKOro
aHaJN3a SBIseTCs BecbMa d((EKTUBHBIM B CHITy TOTO, YTO YKCEPreTHUSCKUH IOIXO0]] I03BOJISIET TePMOJHHAMIYECKH 00bEKTHBHO OLEHUBATH BCE
THUIIBI SJHEPTreTHIECKUX PECYPCOB, HE 3aBHCHMO OT CIEHH(UKH NPOTEKAIOMUX B OTACIBHEIX dJIEMEHTaX IPOLECCOB, a TAKKE OLCHUBATH CHCTEMY B
[eToM. ODKCepreTHYeCKHi METOX B CHIY CBOSH YHHBEPCAIBHOCTH MOXKET CIYXKHTh 0a30i JAIS BBICOKOKAYECTBCHHBIX, HHHOBAIMOHHBIX,
MPAKTHYIECKUX TIPUIOKEHUH B 00JIACTIX HOBBIX TEXHOJIOTNYECKUX U TH3aiHEPCKUX PEIIeHNH, a TakoKke JaeT BO3MOXKHOCTh KOMIIIEKCHOTO Pa3BUTUSL
KOMIIETEHITHI [P BHEAPEHUH B yIeOHbIH IIPOLECcC PAa3IMIHbIX YHUBEPCUTETOB 10 BCEMY MUDY.

KiioueBble ciioBa: 0030p; DKCEpreTHUYECKHIl aHANM3; ONTHUMH3AIMs; DHEPreTHKa M XOJIOJHUJIbHAs NPOMBINIICHHOCTh, XHMHUYecKas M
IIMIIEBas TEXHOJIOTUH.

Introduction. For application of exergy method
analysis now is an increased interest. Only in the leading
journals in this area Energy and Int. J. of Exergy during
the past 5 years, the number of publications exceeds 200.
Only in 2017 in this area was published more papers than
for 2014-2016 in total. In contrast to the methods of
thermodynamic analysis used earlier, the exergy method
takes into account not only the quantity but also the
quality of energy flows, which puts this method in first
place in its objectivity.

The advance of the exergy method is the
universality associated with the fact that the use of
exergy allows to estimate stocks and flows of all types of
energy included in the balance of any energy technology
system using a common criterion of efficiency.

Exergy as an indicator of practical energy efficiency
can serve also for an approximate comparative estimation
of average energy efficiency indicators, especially in
those cases where purely economic criteria for evaluation
are absent. This method is also characterized by the
simplicity and visibility in calculation.

Exergy method due to it universality can be also a
base for a high quality innovations and implementations
in practice fields of new design and technological
solutions as well as provide of complex competency
development connected with the application to the
educational process in different Universities world wide.

Applications of exergy analysis. The first Russian-
language monographs with detailed description of exergy
method are [1], [2]. Subsequently, this method was also
described in [3], [4], [5], [6], [7], [8], [9], [10]. Since that
the exergy method of thermodynamic analysis was used
in the following different areas (the recent publications
are given below).

In the energy sector for: thermodynamic evaluation
of air cooling systems [11], absorption heat pump
analysis [12], Brighton supercritical carbon cycle
research [13], thermodynamic analysis of Renkin's
organic cycle [14], [15], gas turbine installation study
[16], the thermodynamic analysis of the thermoelectric
battery [17], the study of a three-generation system using
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pneumatic motors [18], [19], [20], [21], the development
of new three-generation thermodynamic cycles with two-
phase expander and compressors [22], the definition of
exergy losses due to the improvement of steam boilers
[23], [24], [25], the study of the operation of aviation
turbines [26], the study of pneumatic energy
accumulation systems [27], [28], the study of steam
boilers with a boiling layer [29], analysis of impact at
environment of gas turbine plants [30], the study of
boiling fluid boilers [31], the analysis of the operation of
thermal power plants [32], [33], [34], [35], the analysis
of plate heat exchangers [36], the analysis of tubular heat
exchangers [37], turbine engine research [38], pneumatic
transport systems research [39], is investigation of
processes in the work of turbomachines [40], [41], gas
turbine optimization [42], research of processes in heat
pipes [43], optimization of secondary energy resources
use in industry [44], analysis of high-temperature
combustion chambers [45], research of transport systems
[46], improvement of thermal power plants [47], [48],
[49], [50], optimization of regenerative cogeneration
systems [51], [52], thermodynamic analysis of
compressed air storage [53], optimization of heat
exchanger systems [54], optimization of operating modes
of power units of thermal power plants [55],
investigation of a buildings heating [56].

In renewable energy for: analysis of renewable
energy sources use in multigeneration systems [57],
research of the solar absorption refrigeration system [58],
analysis of processes in solar ponds [59], research on
electricity generation for biofuels [60], research of solar
gas turbine cycle combined with the transformation of
fuels [61], the study of flat solar collectors [62], the ther-
modynamic analysis of a solar receiver [63], an investi-
gation of the Renkin organic cycle with a solar energy
source [64], investigation of the hybrid type systems
[65], the study of the absorption refrigerators using solar
energy [66], the study of gasification processes in the
production of biofuels [67], the study of biomass pro-
duction processes [68], [69] , thermodynamic analysis of
diesel fuel on biofuels [70], solar collector studies [71].

In the refrigeration industry for: thermodynamic
analysis of ejector refrigeration cycles on neural
networks [72], the development of cryoaccumulators
[73], the design of cryoaccumulators, combined with
liquefied gas regasifiers [74], evaluation of low-
temperature processes [75], research of cooling processes
[76], improvement of the processes of operation of
ejector refrigeration systems [77], research of cooling

Table 1 — Exergy characteristics of sugar production

processes of hydrogenerators [78], analysis of cryogenic
systems [79], analysis of irreversibility of processes in
solar absorption refrigerators [80].

In chemical technology for: research on the
hydrogen production system [81], the analysis of reactors
for the production of methyl [82], the study of rotary
furnaces for the production of ferronickel alloys [83], the
study of anode gases in fuel accumulators [84],
optimization of industrial ammonia production [85] ,
comparison of various cycles of ammonia synthesis
processes [86], calculation of generalized exergy
functions of chemical processes [87], analysis of recycle
gas processes [88], study of mass transfer processes [89],
research of processes in boiling layer dryers with
obtaining of soda [90], the study of filtration processes
[91], the study of regeneration processes in the
production of sulfuric acid [92], the improvement of the
properties of structural materials [93], the analysis of
liquid ammonia storage [94], the experimental study of
gas-solids reactors [95], the analysis of carbon dioxide
absorption processes [96], gas gauge studies [97], the
analysis of the diffusion air pollutants from the chimney
[98], the study of gasification processes of fuel [99].

In food technology for: improvement of cogenerati-
on systems in sugar production [100], investigation of
environmental impact of ethanol and sugar production
[101], optimization of sugar plant [77], [94], thermody-
namic analysis of milk pasteurization [102], optimization
of food preparation processes [103], improvement of tea
leaves drying process [104], [105], strawberry straw
growth studies in greenhouses and open soil [106].

And even in medicine for: studying the comfort of
Fanger with the use of exergic loss of man [107],
research on the work of the heart on the exergy model
[108]. From the last years Papers of authors in this area
can be mentioned as follows. In [109-111] exergy
analysis was applied to a typical technological scheme of
a sugar production factory with a capacity of 3000
tons/day, and determined the corresponding exergy
characteristics (tabl. 1).

In the initial preparing of product, the greatest loss
of exergy (187 kW) falls on the process of obtaining
affinity sugar with a minimum value of the degree of
thermodynamic perfection 0,5. This is due to dissipative
losses of centrifugation processes, mechanical separation
and grinding, diffusion, in which energy is used on the
equipment drives. In the processes of syrups heating the
exergy losses caused to heat transfer irreversibility at
sufficiently high temperature differences, and the
dissipative losses of the product transportation process in
the subsequent processing steps.

No | Groups of production Exergy Exergy Exergy losses, The degree of

processes at the input, kW at the output, kW kW thermodynamic perfection

1 | Initial preparing 1022 665 357 0,65

2 | Syrups heating 1034 831 203 0,80

3 | Evaporation of syrups 8236 4448 3788 0,54

4 | Syrups collecting 309 284 25 0,92

5 | Filtration of syrups 1122 1020 102 0,91

6 | Processing of products 899 815 84 0,91

7 | Sugar cleaning 1669 949 720 0,57
Total 14291 9012 5279 0,63
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The largest losses of exergy (93 kW) fall on the
process of heating the syrup of affinity sugar at a low
value of the degree of thermodynamic perfection 0,77.

For syrup evaporation the greatest exergy loss (kW
1451) occur in the process of primary refined (as well as
a low value of 0,55 degree thermodynamic perfection),
which results to a large heat flows and an irreversibly of
heat transfer processes at high temperature differences.

In the processes of collecting syrups, loss of exergy
caused by dissipation in transportation of the product
from several locations with subsequent mixing and direct
losses of a heat to the environment from the equipment
due to imperfect thermal isolation. The largest losses of
exergy (10 kW) fall on the process of collecting the
syrup 2 product at a sufficiently high value of the degree
of thermodynamic perfection 0,92.

During filtration, the greatest loss of exergy (30
kW) falls on the process of filtering the syrup before
sulphation at a sufficiently high value of the degree of
thermodynamic perfection 0,89. This is due to the
dissipative processes during filtration and the low quality
of filtration material. As follows from the consideration
of the results for system of sugar production as a whole,
the greatest exergetic losses are observed during the
process of syrup evaporation (more than 70 % of the
exegetic losses of the whole process of sugar
production). These processes are also characterized by
the lowest degree of thermodynamic perfection from all
the processes under consideration (0,54), therefore, for
these processes have been given the most attention.

In [112-116] was considered exergy application
with a graphs method on a base of exergy flow graph for
investigating of Power systems on example of gas
turbine installation. The exergy flow graph of a system
with arbitrary structurecan can be expressed as a graph, E
=(A, )= (A, U), where A is nodes multitude corresponds
to systems elements A={a; ,a, ,...,ai ,...,am }, U is the arcs
multitude corresponds to the exergy flows distribution in
the system U={a; ,ai}; i=Li=12,..,m;1=12, .. m,
and T represents a multivalued display of multitude A
into itself.

The generalization of characteristic and exergy flow
graph gives the possibility to avoid multi-types of graph
models in analysis of power intensive systems. Also it
provides a common exergy-topological approach in the
systems investigation.

For gas turbine installation exergy losses in the
turbines and in the turbo compressor are the result of
dissipation of expansion (pressure) processes in a real
installation.

Degree of thermodynamic perfection of turbines
and turbocompressors are sufficiently high. Usually, the
bigger the difference between average parameters of the
working fluid and the environment, the smaller the
exergy losses.

The same situation is also true for heat exchangers.
Higher temperature level in regenerative refrigerator (as
compared with intermediate refrigerator) gives a higher
degree of thermodynamic perfection of the heat
exchanger.

Exergy losses in other elements of the system are
caused by dissipation of the flow transport in the pipe-
lines or by mechanical losses. For the system as a whole
the degree of thermodynamic perfection is less than the
same characteristics for any element of the system in
result of the mutual influence of one elements to the
others in the system.

Conclusion.

1. The exergy method of thermodynamic analysis of
systems is actively used not only in various industries
(energy, refrigeration, renewable energy, construction
industry,  chemical, pharmaceutical and food
technologies), but also in areas which are quite unusual
for its application, for example, in medicine

2. The application of the exergy analysis is very
efficient due to the fact that the exergy approach allows
thermodynamically objectively estimate all types of
energy sources, regardless of the specific type of
processes occurring in individual elements of the system.

3. Exergy method due to it universality can be also
a base for a high quality innovations and
implementations in practice fields of new design and
technological solutions as well as provide of complex
competency development connected with the application
to the educational process in different Universities world
wide.

4. Thermodynamic analysis of sugar production
systems was carried out based on the application of the
First Law of Thermodynamics (energy characteristics) as
well as on the joint application of the First and Second
Law of Thermodynamics (exergy characteristics). Based
on this analysis, three groups of energy-saving options
were formed: using waste energy resources; changing
energy parameters; based on structural changes in the
system. It is shown that the identified energy-saving
potentials can serve as a basis for the subsequent
optimization of sugar production systems. However, the
final decision on the application of these energy-saving
options requires a thermo-economic approach, since the
implementation of most of them requires significant
capital investment.

5. The main exergetic characteristics of a typical
sugar production scheme with a capacity of 3000 tons of
sugar per day have been calculated, analysis of which
showed that the main source of exergy losses (more than
70 %) in sugar production systems are the boiling
processes, which also have a low degree of
thermodynamic perfection (0.54). Losses of exergy in
these processes as well as in others are caused by big
heat fluxes and irreversibility of heat exchange processes
at significant temperature drops, and as dissipative losses
of centrifugation processes, mechanical separation,
diffusion and transport of streams.
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