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Abstract. The purpose of the work is the formation of target indicators of the technological efficiency of the use of
a heat pumping unit in the design and climatic conditions of Northern Kazakhstan on the example of the Kostanay
region. The result of the proposed solutions are piecemeal studies of exergy losses of the real thermodynamic cycle
of a heat pump installation in the climatic conditions of the Kostanay region. The calculations have shown that the
main source of exergy loss is the condensate cooler and the condenser. The exergy losses in the remaining elements of
the thermodynamic cycle were found to be insignificant. The main way to reduce exergy losses in the further study of

scientific and technical problems of using thermal pumps in the Kostanay region is the correct choice of architecture
of heat exchange equipment, which allows to reduce the relative level of their losses in the overall exergy balance to
a minimum.
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Introduction

In the modern world, including in the Republic of
Kazakhstan, the problem of energy saving is becoming
more and more urgent. The conditional problem is
that the republic has significant reserves of many
energy resources that are inexpensive and affordable.
As a consequence, this may reduce the activity in
the scientific and technological development of the
energy industry to increase its competitiveness [1].

However, a number of adopted programs,
regulatory documents, laws, guidelines still
contribute to the development of energy conservation
and renewable energy sources, such as: wind, solar,
biomass, geothermal and low-potential energy
sources, etc. [2].

A special position here is occupied by heat
pump installations that use low-potential heat from
the ground, air, water, municipal, agricultural and
industrial secondary energy sources, in various
power supply systems [3, 4].

The most well-known modifications of heat
pumps in the world use the air space as a source of
low-potential heat, as well as the heat of the soil [3, 4,
6, 8]. In the conditions of Northern Kazakhstan and,
in particular, the Kostanay region, their use can be
effective and technically and economically justified,
only taking into account the indicators of specific
design and climatic conditions (the estimated tempe-
rature difference of the source-consumer system, the
depth of freezing of the soil, as well as the structure
of the soil, etc.).

The purpose of scientific research is the formation
of target indicators of technological efficiency of the
use of a heat pumping unit in the design and climatic
conditions of Northern Kazakhstan on the example
of the Kostanay region.

Research methods
To determine the ways to improve the efficiency
of heat pump installations in the conditions of
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the Kostanay region of the northern region of the
Republic of Kazakhstan, it is necessary to identify in
which elements most of the exergy is lost.

Exergy, as a measure of measurement, is the
limiting amount of work in a thermodynamic system
that is necessary when using a given amount of heat
in a nonequilibrium system.

As the initial heat pump installation, we will
take a heat pump installed in an office center. The
functional diagram and general view of this heat
pump installation are shown in Figure 1.

The installation functions by implementing a
thermodynamic cycle of a steam compression heat
pump with single-stage compression in various
coordinates. A closed cycle of operation is realized by
bringing low-potential heat from the heat exchanger
2 to the working substance in the evaporator 1 with
cooling of its coolant from the temperature T to
Ts,. Further, through the drive device, mechanical
energy is supplied to the working substance in the
compressor during compression. There is a process
of transferring electrical energy to mechanical energy,
to the drive shaft of the compressor unit.

The implementation of the set goals and
objectives allows an exergetic method of evaluating
the operation of a heat pump [2].

Results and their discussion

In accordance with the calculated climatic
conditions of Kostanay region and adjacent areas, the
climate is characterized by pronounced aridity and a
high degree of continentality. The average tempera-
ture in January ranges from -12.9°C to -22.2°C,, the
absolute minimum temperature ranges from —40.5°C
to —43.2°C Starting from November 15 to March 27,
persistent frosts persist, in April the air temperatu-
re reaches positive values, and in May they already
exceed +10°C. The depth of soil freezing in Kostanay
and the surrounding areas reaches from 109 cm to
155 cm (Dievskaya). The average height of the snow

Figure 1 — Combined functional diagram (a) [3] and industrial (b) telepumping unit
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cover of the largest decadal for the winter ranges
from 29.8-74 cm. The beginning of the heating season
ranges from 01.10 to 24.04. [5].

According to the research results, the exergetic
estimation method for a low-potential coolant takes
the value T =276°K (+3°C), Ts=274°K (+1°C), and
for a heating system coolant 7'y, =335°K (+62°C).

At the outlet of the heat exchangers, finite
temperature  differences are taken: in the
evaporator AT, =Ts—T,=3°K; in the condenser
AT, =Tx—Tw =5K.

In accordance with the technical data of the
manufacturer, the following values of indicators
are accepted for the semi-hermetic reciprocating
compressor of the Bitzer 4G-30.2 (Y)-40P brand: the
coefficient of harmful space of the compressor ¢=0,03;
the volume theoretical capacity of the compressor
Vo=84,5 m’/h, the electromechanical efficiency of
the compressor 7.=0,95. The ozone-safe refrigerant
R422D is used as a working substance.

Studies of the thermodynamic cycle of a
steam compression heat pump with single-stage
compression of the ground-air system, in the
coordinates «temperature 7' — entropy S» with
heat carriers of low-potential heat source systems,
heating and hot water systems have shown that the
temperature of the saturated vapor of the working
fluid at the outlet of the evaporator is 7,=271°K,
the condensation temperature of the working body
is Tx=340°K. Parameters of the working fluid state
at characteristic points of the thermodynamic cycle
(Figure 2).

The parameters, in accordance with the specified
climatic conditions in the Kostanay region, are as
follows:

Point 1: T,=T,=271°K; P,=P,=0,2722 MPa;

1,=0,0739 m’/kg;, T,=271°K; P,=P,=0,2722 MPa;
h,=396,04 k]/kg; S1=1,723 kJ/-°’K, =1,000.

Point 2: T,=285°K; p,=p,=0,272 MPa; v,=0,0792
m’/kg; h,=408,74 KJ/kg; S>»=1,768 kJ/-°K.

DPoint 3* T3 =358°K; P3.=P,=1,977 MPa;
v3x=0,0111 m®/kg; hs=453,00 KJ/kg; S3=S5.=1,7689
KJ/°K.

Point 3: h;=463,45 kJ/kg.

Point 4*: At this point, the process of 3-4* cooling
is completed at this point, the process of 3-4* cooling
of compressed vapors of the working fluid to a sa-
turation state is completed at a temperature of
T+=T,x=340°K and a pressure of P,»=1,977 MPa, for
which S+ =1,6967 kJ/°K; v« =0,0094 m®/kg; h,-=427,81
KJ/kg.

Point 4: T,=T,=340°K; P,=P,=1977 MPa;
V,=0,985 m’kg; P,=1,977 MPa; v,=0,985 m’/kg;
h,s=299,12 k] /kg; S,=1,3183 kJ/-°K; £=0.00.

Thermal loads with a choice of volumetric output
with a choice of volumetric compressor capacity in
the design mode, V=0,0155 m®s are investigated.
With the mass flow rate of the working substance
Gus=0,195 kg/s, the thermal load of the evaporator
was @,,=36,36 kW.

The thermal load of the condensate cooler was
Q..=14,93 kW, and as a result, the electric power of
the electric drive N,;,=11,25 kW.

The estimation of the external and internal
calculated losses of exergy in the elements of the
heat pump installation is carried out, which makes it
possible to determine the magnitude of these losses in
each of its constituent elements, their specific weight
in the total amount of losses.

The values of the specific values of the exergies
of the working substance are determined by the well-
known Huy-Stodola theorem [6, 7]:

3

Temperature T, K

Entropy S, J-K™?

Figure 2 — Typical thermodynamic cycle of a steam compression heat pump with single-stage compression in the

coordinates «temperature T — entropy S of the steam compression cycle» [3]




e=h—he—T, (Si—S.), (1)

where T.,, h., and S., — are the temperature, enthalpy
and entropy of the working substance under
environmental conditions;

h;, S; — enthalpy and exergy of the working

substance R-422D at characteristic points of the

thermodynamic cycle.

Further, the specific electromechanical losses
of exergy di in each element of the heat pump unit
(drive unit, compressor, condenser, etc.)

Are determined, the exergetic efficiency is
determined [6, 7]:

The exergetic efficiency 7 is determined by [6,
7]:

n: = (6m - dl) ) een; (2)

rae e., — the specific amount of exergy (electricity).

The results of the studies are summarized in
Table 1.

In order to take further practical measures to
reduce energy costs in the components of the system,
the own and technical losses of exergy in each of the
components were also investigated. The costs that
are constantly associated with the physical content
of a certain thermodynamic work are assumed to
be exergy's own losses [8]. By performing studies
of these losses, as a result, it is possible to identify
the directions and boundaries of reducing the values
of exergetic losses in general throughout the heat
pumping unit.

To carry out this analysis, the following
restrictions and conditions were introduced:

-it is allowed to exclude extremes of tempera-
ture differences in the condenser (process 4* — 4 on
the graph) and evanotransporation of the working
fluid in the heat exchanger (process 1-7 on the
graph), while the values AT, =7,—Ty,=0,0 °K and
AT,,=Ts—T,=0,0 °K;

- it is allowed to exclude extremes of temperatu-
re differences in the heating zone of the heat transfer
fluid in the condensate cooler (process 4-5), that is
AT,.=0,0 °K;

-it is allowed to exclude hydraulic losses and
losses to the environment through thermal insulation
in all elements of the heat pump installation;
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- it is allowed that there is no volume of dead
space (linear gap), pressure losses and friction losses
in the compressor cylinders.

The amount of technical losses of exergy is
determined by the formula [6, 7]:

d =di—d, (©)

rae d;, d" n d] - total, own and technical losses in
the i-th element of the system.

The boundary limit value of the exergetic
efficiency is calculated [7]:

in __ d ow
lim € i

Nei = T, (4)
rae e" — the exergy value at the input to the i-element
of the system.

Studies and calculations were carried out in
the following nodes of the heat pump system:
compressor, condenser (compressed vapor cooling
zone, condensation zone), condensate cooler, throttle
device, evaporator.

The results of the conducted studies are presented
in Tables 2 and 3.

Conclusion

Piecemeal studies of the exergy losses of the real
thermodynamic cycle of aheat pump unit with a Bitzer
4G-30.2(Y)-40P compressor were carried out, where
reftorite R 422D was taken as the working substance.
The calculations have shown that the main source of
exergy loss is the condensate cooler (0.1046 ¢™) and
the condenser (0.046 ¢™). The exergy losses in the
other elements of the thermodynamic cycle of the
evaporator (0.037 ¢™); compressor (0.025 e™); throttle
(0.0 ¢™) are not so significant. The main way to reduce
exergy losses, due to the fact that their own exergy
losses cannot be eliminated by technical methods, is
the correct choice of the architecture of heat exchange
equipment, which allows to reduce the relative
level of their losses in the overall exergy balance to
a minimum. As a consequence, it is proposed that
in order to increase the efficiency of the heat pump
in the climatic conditions of the Kostanay region, it
is necessary to improve the condensate cooler and
modernize some units of the existing heat exchange
equipment.

Table 1 — Absolute and relative exergy losses in a heat pump installation

Exergy losses
Name of the element External Internal n¢
d, ki/kg | di/e., d,ki/kg di/e.,
Electric drive 2,884 0,052 - - 0,952
Compressor - - 7,933 0,138 0,854
Condensate cooler - - 5,143 0,089 0,571
Throttle device - - 6,002 0,106 0,853
Vaporizer - - 0,302 0,002 0,894
Total exergy losses in the installation, 57 d;, kl/kg and (37 d./ e.n) 25,191 (0,438)
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Table 2 - Internal irreversible exergy losses in the main elements of the installation

Element of the heat Total Own Technical i
pump system d, ki / kg d/er | dv ki/kg  d/er | dT,ki/kg = df/e" fle

Compressor 7,930 0,138 6,51 0,113 1,424 0,025 0,884
Capacitor 5,141 0,089 2,453 0,043 2,692 0,046 0,941
Condensate cooler 6,002 0,104 0,00 0,00 6,002 0,104 1,00
Throttle device 0,304 0,005 0,302 0,005 0,000 0,000 0,8514
Vaporizer 2,585 0,045 0,463 0,008 2,125 0,037 0,822
Total: 22,314 0,388 9,895 0,172 12,423 0,216

* — The value of exergy at the inlet to the compressor e., = 57,543 kl / kg

Table 3 — Values of own and technical losses in some elements of the heat pump installation

Element of the heat Oown Technical

pump system dr/3d; dev/3di dev/di d’/3d; dr/3dr" dr/dr
Compressor 0,254 0,292 0,820 0,055 0,063 0,180
Capacitor 0,096 0,110 0,477 0,105 0,118 0,523
Condensate cooler 0 0 0 0,234 0,264 1,0
Throttle device 0,012 0,013 1,00 0 0 0
Vaporizer 0,017 0,020 0,178 0,083 0,093 0,822
Total: 0,393 0,443 0,493 0,556
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AHOamna. ymeicmeliH, makcamel — KocmaHal 06:1biCbiHbIH MbicanbiHOa Conmycmik Ka3akcmaHHbIH, ecenmik-Kau-
MammeolK #aroalinapbiHOA X biay COPFbl KOHObIPFLICLIH NaltioanaHy0blH MexHOA02UAAbIK MUiMOinieiHiH HbICaHAs1bI Kep-
cemkiwimepiH Kaasinmacmeolpy. ¥cbiHbIAFAH wewimoepdiH Hamuxceci KocmaHali 06:bIcbIHbIH KAUMammbiK xcardalina-
PbIHOA HblY COPFbl KOHObIPFLICIHLIH, HAKMbI MepPMOOUHAMUKA/bIK YUKAIHIH WbIFbIHOAPLIH 31eMeHmmIK 3epmmey.
Ecenmeynep KepcemkeHOel, IKcepausHbl HOFanmyoblH Heai32i Ke3i KOHOeHcam canKbIHOaMKbIWbI MeH KOHOeHCamop
601b6iMn Mabblaadsl. TepMoOUHAMUKAbLIK UUKAOiH 6acKa sanemeHmmepiHoezai 3KcepausHbIH HOoFaaybl MAHbi30bl emec.
KocmaHali 06716I1CbIHOGFbI M biy COPFbIAAPLIH NalidanaHyObiH FblabIMU-MEXHUKAAbIK MiHOemmepiH 00aH api 3epmme-
y0e aKcepaus WblFbIHbIH a3aimyOblH Hezi3ei macini #anml IKcepeemuKansliK 6aaaHcmMa, 01ap0biH WbiFbIHOAPbIHbIH
canbicmosipmassl 0eHzeliH MUuHUMyMmFa OeliiH memeHOemyze MyMKIHOIK bepemiH X biay aamacy #abobiFbiHbIH apXu-
mexkmypaceiH dypsic maHAay 60s16in mabbliaadsl.

Kinm ce30ep: ycbiay COPFbICbI, Hblay AAMACMbIPFbIW, 260MeEPMAsnOblK IHEP2USA, IKCepaus, SHepausa yHeMOey, ¥aHap-
MblAaMbIH 3Hepausa Ke30epi, IKOM02us.

TeopemuyecKkue uccnedosaHus onpedeneHuﬂ nokasameneli 3(#(#8KMU8HOCMU mensiIoHACOCHbIX YCMAHOBOK
8 Kaumamu4ecKux ycsn08usax ceeepHo20 pe2uoHa KazaxcmaHa KocmaHaiickoii o6aacmu
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AHHOMayus. Liens pabomel — hopmuposaHue yesesbix nokazamesneli mexHono2u4yeckol 3¢hgheKmusHOCMU UCMoMb30-
80HUA mMena080l HACOCHOU YyCMAHOBKU 8 pAcYemMHO-KAUMamu4ecKux ycaosuax CegepHoz2o KazaxcmaHa Ha npumepe
Kocmanatickol o6aacmu. Pezynemamom rpednazaempix peweHull A8a80McA Nos3snemeHmHsle Ucc1ed008aHUsA rnomepes
3KCepauu peassHo20 MepMOOUHAMUYECKO20 YUK/AA MernsaoHACOCHOU yCMAHO8KU 8 KaumMamu4ecKkux ycaosusx Kocma-
Halickol obnacmu. lposedeHHble pacdembl MOKA3AsU, YMO OCHOBHLIM UCMOYHUKOM MOmMepu 3Kcepauu A8aatomca
oxs1adumersb KOHOeHcama u KoHoeHcamop. llomepu 3Kcepauu 8 0CMAsbHbIX 31eMeHmMax mepmMoOUHAMUYECKO20 YUK-
/10 8bIAB/MEHbI HE cyuecmeeHHbIMU. OCHOBHbIM CTOCOB6OM CHUMXCEeHUA rnomeps 3Kcepauu 8 dasbHeliwem ucciedosaHuUU
Hay4YHO-mMexXHUYeCcKuUx 3a0a4 UCrnonb308aHUA mMernsaossix Hacocos 8 KocmaHalickol obaacmu Aensemca npagusnabHell
8bibop apxumeKkmypbl mernan00bmeHHo20 060pyd08aHUSA, M0380AAOUUL CBECMU OMHOCUMEbHbIU yPOBEHb UX Tomeps
8 obuwjem aKcepeemuyeckom b6anaHce K MUHUMYMY.

Knrouesoie cnosa: mensnoeoli Hacoc, mE‘I'l/IOO6M€HHLIK, ceomepmarsibHaA saHepauAd, sKcepausA, 3Hep20c6epeJ+ceHue, 803-
06HO08159eMbIli UCMOYHUK 3Hepauu, 3K0s102UA.
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