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DEVELOPMENT OF A CONJUGATE ANALYSIS
METHOD FOR THE EFFECTIVE USE OF HEAT PUMPS
IN THE CLIMATIC CONDITIONS OF KOSTANAY REGION

The article discusses the issues of effective use of heat pumps in the
northern region of Kazakhstan, Kostanay region. The purpose of this
article is to study the physical and technological characteristics of
various types of refrigerants for the effective use of heat pumps in the
climatic conditions of Northern Kazakhstan, using the « Water — Watery
coolant system, taking into account the external and internal parameters
of the system’s interaction. An analysis of the estimated climatic and soil
characteristics of the Kostanay region was carried out, and priority
methods for designing heat pump systems were determined. The results of
a computational experiment performed on the basis of a model and a
developed algorithm for the conjugate calculation of the Water-Water
heat pump system are presented, taking into account external and internal
factors affecting the system. As a result of the research, it turned out that
the efficiency of a heat pump when installed in the Kostanay region
depends on internal (thermodynamic parameters of the installation
system and refrigerant characteristics) and external (temperature
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characteristics of the external environment). and groundwater, operating
conditions of the installation, depth of water resources, etc.) factors.

The thermodynamic cycle of a heat pump has been determined
depending on the refrigerant pressure P and refrigerant enthalpy h, heat
conversion coefficients and their changes when the pump reaches its
nominal operating mode. It has been proven that the best thermodynamic
characteristics for the design and climatic conditions of the Kostanay
region with internal influencing factors is the use of R513A refrigerant.
The obtained research data can be used as the basis for calculating a joint
analysis of the heat balance of rooms with heating equipment and
technologies based on the use of heat pumps of the « Water-Watery system
for the Kostanay region.

Keywords: heat pump, climate, ecology, renewable energy sources,
heating of buildings. heat supply, enthalpy, thermodynamics.

Introduction

With a significant increase in thermal energy consumption in Kazakhstan,
there is high wear and tear on the equipment of existing thermal power plants,
boiler houses and heating networks, the modernization and repair of which, due
to changes in consumer tariffs, cannot fully ensure their uninterrupted operation.
operation [1]. Therefore, several options are proposed for overcoming the crisis
with uninterrupted heat supply in winter - this is attracting additional investments
with subsequent updating of heating equipment or a systematic partial transition
to renewable energy sources, in particular, to heat pumps [2].

To form an effective method for determining the parameters of a heat pump
based on the thermodynamic and soil-climatic characteristics of the Kostanay
region [3], many scientific works were studied. Thus, in a scientific article [4],
the authors propose an interesting method of accumulating heat at night with
subsequent release of heat by bypassing hot gas by changing the rotation speed
of the outdoor unit fan during daylight hours.

Also, in scientific work [5], an effective method was developed to bypass
hot gas in a heat pump installation of an air-to-air system by changing the rotation
speed of the outdoor unit fan. A similar method was proposed by the authors in
article [6]. The use of a large array of data to control and regulate the
thermodynamic cycles of a heat pump is proposed in the articles of the authors
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[7;8]. Changes in design parameters when directly using heat pumps in various
industries are presented in articles [9;10;11].

Materials and methods

To study the thermodynamic parameters of the refrigerant when designing
a prototype of a ground heat pump with a vertical ground heat exchanger, a
modeling method was used with a description of mathematical and computer
algorithms of action.

To test various modes of operation of the ground source heat pump
according to the «Water — Water» scheme, the licensed software «Engineering
Equation Solver (EES)» was used. Figure 1 shows an image of a heat pump of
the "Groundwater - Water" system in the room heating mode, which was isolated
from the general diagram. When carrying out calculations, the following input
data are indicated: water temperature in the tank +5°C, temperature of the heating
circuit in the fan coil +40 °C.

©,

Tank — reservoir; Fan coil (F) — heating / air conditioning system; HX1 —
evaporator; HX2 — capacitor; Pump — pumps; TEV1 — valve (shut-off valve);
Compressor — heat pump.

Figure 1 — Component of the heat pump model of the «Water-Water» system

In general, the heat pump installation system is divided into circuits [12]:
circuit 1 — heat source supply system 1-HX1; Circuit 2 — heat absorption system
with evaporation circuit pump; Circuit 3 — compression of the coolant and gas
supply from the evaporator to the HX1-Cmpr compressor; 4th circuit —
compression of the coolant when gas is supplied to the Cmpr-HX2 condenser;
Circuit 5 — branch of the chain of the process of thermal expansion and supply of
coolant with excess pressure to the throttle valve; Circuit 6 — branch of the
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pressure relief circuit; 7th circuit — condensate supply system to the HX2-F
heating system; Circuit 8 — heating system.

For the design and climatic conditions of the Kostanay region, six
refrigerants were identified [13], the characteristics of which are presented in
Table 1.

Table 1 — Refrigerants and their physical and environmental characteristics

Refrigera | Molecul | Temperatu | Pressur | Boilin | ASHRA | ODP | GWP
nt ar re e g E R1 | 100
mass | (0°C) (MP poi Code 1 ye
a) nt = ar
(°c 1
)
R-22 52,03 78,2 5.72 -51,7 Al - 550,0
R-142 100,50 136,45 4.15 -26,5 Al - 1410,
0
R-500 93,48 80,0 4,88 -46,1 | Al - 1890,
0
R-502 97,6 62,0 4,07 -46,3 | Al 0,34 | 3750,
0
R-152 44,1 96,7 4,52 -42,2 A3 - 20,0
R-513A 109,0 104,4 4,06 -23,1 Al - 547

In the table, the parameters GWP is a coefficient that determines the degree
of impact of various greenhouse gases on global warming, the ASHRAE
parameter is a safety classification code and ODP R11 (Dichlorofluoromethane)
is ozone depletion potential.

The mathematical model used to determine the thermal performance of the
Water-Water heat pump is based on the following assumptions:

- A stationary process is assumed throughout the system;

- pressure losses in the suction and discharge areas are neglected;

- the mechanical efficiency of the compressor is assumed to be 95 %,
and the isothermal efficiency is 80-85 %.

- it is assumed that there is 1-2 °C subcooling in the condenser, and 1-
2°C overheating in the evaporator;

- for heat exchangers, the «Closest Approach Temperature» parameter
is set to 3;
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- mass flow is considered constant at each stage of the thermodynamic
work cycle.

The characteristics of the system with given parameters are calculated.
According to the presented conditions, a mathematical algorithm has been
developed for determining the parameters of a heat pump installation when
operating in the climatic conditions of the Kostanay region. In this case, the first
parameter, the thermal power in the «Cmpr-HX2-F» circuit of the model in
Figure 1, can be estimated using the following formula [14]:

Qnxz = My * (Ahs — Ahy) )

where: Ahs, Ahs — input and output enthalpy of the capacitor (heat exchanger
2 - HX 2, KkJ).

m, — mass flow rate of liquid, kg

The electrical energy consumption of the compressor, as well as the energy
transferred to the refrigerant by the compressor, is the second most important
indicator in the mathematical model, and is assessed using the following
relationships [14]:

my(hg—h3)

N
cmpr NeMmeh (2

Vl/cmpr =m, - (Ahy — Ah3) 3)

where: Ahs, Ahs — enthalpy of the refrigerant at the inlet and outlet of the
compressor (kJ),

Mt Mimeh — iS0thermal and mechanical efficiency of the compressor (%).

The transformation coefficient COPg and the coefficient of the installation
system COPSg are determined by the expressions [12;14]:

cop = -z )
cmpr
Qhx
coP, :NChT;,- (5)
Qhx
COPS, = ﬁ (6)
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where: N is the total amount of electrical energy consumed by the HPI
installation, kW (circulation pumps, compressor, etc.).

Heat collection by the heat exchanger (evaporator) of the «1-HX1» circuit
of the model in Figure 1 is determined by:

1-Hx1 = Myq - (h3 — hg) @)

where: hs, hg is the enthalpy of the refrigerant at the inlet and outlet of the
evaporator of the 1-HX1-Cmpr” circuit, kJ.

As a result, it is necessary to calculate the Energy Balance equation, while
the indicator of absorbed heat from the heat source of the “Water-Water” system
should be considered as the boundary condition:

Qw—w = Qb + AQa + Vchpr (8)

where: Q,,_,, — absorbed heat from a source (ground water, underground
river);

Q,, — heat that is transferred from the refrigerator to the building or structure
(heat from the condenser);

AQ, — heat loss from the installation to the atmosphere;

Wempr — heat pump compressor operation.

As a result of the developed mathematical algorithm for a given model of
the heat pump of the “Water-Water” system, further studies of the operating
modes of the system are determined taking into account external characteristics:
soil and climatic conditions of the Kostanay region, and internal characteristics:
physical and thermal properties of various refrigerants that are most effective for
climatic conditions. conditions of the city of Kostanay (northern region of
Kazakhstan).

Results and discussion

The conditions for choosing the power of the heat pump compressor are
given for the climatic conditions of the city of Kostanay, with the following
external characteristics of the heat pump system:

average outdoor temperature in winter t,, = —18...— 20°C, heat pump
start temperature at 8 °C;
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depth of groundwater is 2...5 meters with the temperature of groundwater
entering the evaporator tt,,; = 3...11°C, and at its outlet ¢,,, = 1...8°C;

average heated room area — 50 m? with sectional radiators.

Internal characteristics of the system:

temperature graph of the heating system 95+55°C, with a cut-off
temperature 40+80°C

electromechanical efficiency of the compressor mmen= 0.9...0.95,
isothermal efficiency on average ni=0.5...0.65;

the estimated heat load of the HPP is Qun = 1.4 KW.

Figure 2 shows a schematic illustration of the calculation results for the R-
513A refrigerant, using the formulas of the method (1)-(5).

As a result of using the mathematical model algorithm, the coefficient of
performance (COP) values of the heat pump were obtained. The system COP
was also calculated, taking into account the energy costs of the circulation pumps
and compressor, which turned out to be 30% lower than COPcmr. For a visual
representation of heat pump cycles, a p-h diagram was constructed, depending
on the refrigerant proposed for use, as well as to determine the properties of the
substance at a given point in the cycle. Moreover, it is necessary to take into
account all the parameters and values of the critical upper point of the diagram,
the range of refrigerant in the liquid phase of the system, in the vapor-liquid phase
and also in the superheated vapor phase.

\,;_ 45 (W filnsor 17-6) Mo = 45 W] flassic 32-6/

Figure 2 — Model of a heat pump system taking into account all internal
thermodynamic parameters using the example of using R513A refrigerant

To analyze the phase composition and concentration of dissolved refrigerant
compounds, only three refrigerants were selected: R-142, R-152 and R-513A.

231



TopaiirbipoB yHuBepcuTeTiHiH xabapibichl. ISSN 2710-3420. Onepzemuranvix cepusicot, Ne2. 2024

These ozone-safe refrigerants have the most suitable characteristics for their use
in the climatic conditions of the Kostanay region. Figure 3 shows the results of
calculations and plotting of P-h diagrams. Analysis of the diagrams shows that
the process of refrigerant evaporation due to the supply of heat from the cooled
medium of the “Water-Water” system is most acceptable in terms of specific
enthalpy for R513A, and is 3.1-6.2 (kJ/kg) at a constant pressure of 18.4 mPa.
During the process of isobaric condensation (section 3-5) and heat transfer to the
heating system, the R513A refrigerant also has the most optimal characteristics.
The flow of a mixture of liquid and vapor into the evaporator (point 6) is better
in terms of indicators for R152, but the enthalpy level is more effective for
R513A, and is constant 3.1 kJ/kg.

Figure 4 shows some calculated coefficient of performance (COP) and
compressor compression ratio data for the specified refrigerants. According to
the calculation results, refrigerants R142, R500 and R513A demonstrate high
COP values. However, R152 is a flammable gas, and its use in heat pumps is
recommended in small quantities, that is, for low-power HPs.

c)
a) R142 refrigerant, b) RS13A refrigerant ¢) R152 refrigerant
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Figure 3 — Results of the P-h diagram for the heat pump of the “Water-Water”
system

According to Figure 4, R502 refrigerant has a low COP of 2.48 and the
highest COP has R500 of 3.46. Under different conditions, an analysis of the
global warming potential (GWP) was carried out, where the highest refrigerant
was R500 with a value of 3750.

Characteristics of COP of various refrigerants at temperatures in
the heat pump circuit (-10....+38 C)

R-22 R-142 R-500 R-502 R-152 R-513A
Refrigerant

Characteristics of the degree of compression pressure of various
refrigerants at temperatures in the heat pump circuit (-10....+38 C)

pressure ratio

0

R-22 R-142 R-500 R-502 R-152 R-513A
Refrigerant

a) b)
Figure 4 — Conversion coefficient for various refrigerants in the temperature
range from +5°C in the tank to +40°C in the heating circuit

At the same time, the refrigerant R513A has a lower GWP of 690, and this
refrigerant belongs to the 4th generation and meets the requirements Paris
Protocol. The theoretical compression ratio (pressure ratio) of the compressor for
all considered refrigerants, according to calculated data, does not exceed 5:1,
which is acceptable for the system.
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The diagrams show that as the refrigerant temperature in the storage tank
increases at a fixed heating circuit temperature of +40 °C, the coefficient of
performance (COP) increases and the compressor load decreases. On the other
hand, when the temperature of the working fluid in the fan coil increases at a
fixed tank temperature of +5°C, the COP coefficient decreases and the
compressor compression ratio increases.

Conclusion

The article presents the results of a computational experiment performed on
the basis of a model and a developed algorithm for the conjugate calculation of
the «Water-Water» heat pump system in relation to the soil and climatic
conditions of the Kostanay region and the energy characteristics of the heat pump
refrigerants. As a result of the study, the following conclusions were made: The
efficiency of the heat pump depends on internal (thermodynamic parameters of
the installation system and characteristics of the refrigerant) and external
(temperature characteristics of the external environment and groundwater,
operating conditions of the installation, depth of water resources, etc.) factors; as
a result of the study, the thermodynamic cycle of the heat pump was determined
depending on the refrigerant pressure P and refrigerant enthalpy h, heat
conversion coefficients and their changes when the pump reaches its nominal
operating mode; it has been proven that the best thermodynamic characteristics
for the structural and climatic conditions of the Kostanay region with internal
influencing factors is the use of R513A refrigerant; changes in the temperature
of the low-grade heat source (ground and underground water) during the heating
season have a significant impact on the characteristics of the heat pump, while
its heating capacity changes approximately twice in inverse proportion to the heat
demand.
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KOCTAHAM OBJIBICBIHBIH KJIMMATTBIK JKAFJIAMBIHIA
JKBITY COPFBLJIAPBIH TUIMII MAMJAJIAHY YIIIH
KOHBIOTATTBIK TAJJIAY 9IICIH ) KACAY

Maxkanaoa Kasaxcmannoly —cormycmix — onipinde, Kocmanaii
00BICHIHOA ~ JHCLLLY  COP2bLIAPLIH  MUIMOI  NAUOANAHy —Mocenenepi
Kapacmulpoliean. byn maxananiy Mmaxkcamuol Conmycmik
Kaszaxcmanuwiy knumammaolk sca20aiublHOa HColLy cOp2bliapblh Muimoi
natoanrany ywin «Cy — Cy» caikblHOamyblul Jicyliecin naudaiana
OMbIPbIN,  CHIPMKbL  JHCOHE  [WKI  CANKbIHOAMKbIUL — a2eHmmepoiH
DUUKATIBIK JHCOHE MEXHOIOSUSLIbIK, CUNAMMAMANAPLIH 3epmme)y 601bin
maobwliadsl. JiCyleHiy e3apa spekemmecyiniy napamempiepi. Kocmanaii
00bICLIHBIY ecenmiK KAUMAMmulK, HCOHe MONbIPAK epeKuienikmepine
manoay JHcypeizindi, Jiculy copabl dcylienepin dcobanayovly Oacvlm
o0icmepi anvikmanovl. Kylieee ocep ememin CulpmMKbl JHCOHE [UWKI
gaxmopnapovl eckepe omuipwin, «Cy-Cy» Jicbliy copablcbl JiCyUeciHil
KOHBI02AMMbIK ~ ecenmeyiniy Mooeni MeH O3IpleHeeH  AN20PUMMI
HezI3iH0e  OpbIHOAN2AH — ecenmey  IKCHNePUMEHMIHIY — Homudicenepi
bepineen. 3epmmey nomuoicecinoe Kocmanaii 001vicvinoa opHamoiiean
JICBLLY  COP2bICLIHBIY — MuimMoiniei  [wki  (KOHObIPY — JiCylieciHiH
MEPMOOUHAMUKANBIK — NaApamempaepi — HcoHe  CANKbIHOAMKbILUMbBIH
cunammamanapbut) JiCoHe CbIPMKbL (coipmKbl OpMaHvIH
meMnepamypanvly Cunammamaiapsl) moyenoi ekenoici aHblKmaiobl.
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JHCOHE Jfcep ACTbl CYAApbl, KOHOBIPSbIHBIH HCYMbIC JHCA20aiiiapul, Cy
pecypcmapuliHbly mepenoiel dicone m.6.) pakmopap.

JKviny copeavicviHbly MepMOOUHAMUKANBIK YUK XAA0d2eHmmiH
KbicbiMbl P oicone xnadacenmmiy swmanvhuscel h, cviny mypaeHoipy
K03 uyuenmmepi dHcoHe 01APOLIH COPbIHbIY HOMUHALObL HCYMBIC
pedicumine dcemrenoezi o32epyine OauIanvlcmvl anblKmanowvl. lwki ocep
emywi ¢akmopnapvl 6ap Kocmanaii o001viceiHbly KOHCMPYKMUBMIK
JHCOHE KNUMAMMBIK HCASOAUNAPLL YWIH €H HCAKCL MEPMOOUHAMUKATBIK,
cunammamanap R513A xnadacenmin navodanrany Oonvin madwvliamulHbl
Oonendenoi. Anvinzan sepmmey oepexmepi Kocmanati obnicot ywin « Cy-
Cy» arcyliecinin HCbly copebliapbli NAUOANAHY2A He2i30e2eH HCbLIbIMY
2#cabObi2bl MeH MexXHONI02UANAPbL 0ap Yu-JHcaliapobiy JHColy OALAHCHIH
Oipikmipineen manoayosl ecenmey ywiH Hezis peminoe NatloaIaHbLIYbI
MYMKIH.

Kinmmi  cesz0ep:  owcwlny — copevicel,  Kaumam, — 3KOA02US,
HCAHAPMBIIAMbIH ~ dHepeUus  Ke30epi,  aumapammapobl — HCbLIbIMY.
JHCOLILYMEH KAMMAMACHL3 emy, SHMANbAUsL, MepMOOUHAMUKA.
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PA3BPABOTKA METOJA CONPA’KEHHOI'O AHAJIM3A J1JISA

IOPEKTUBHOI'O UCITOJIb30BAHUSA TEIIJIOBBIX HACOCOB B

KIUMATHYECKUX YCJOBUAX KOCTAHAMCKOM OBJIACTH

B cmamwe  paccmampusaromcs  eonpocvl  3¢phexmuenozo
UCHONb308AHUL MENTOBbIX HACOCO8 6 YCIOBUSX CE6EPHO20 PeSUOHA
Kasaxcmana Kocmanatickoii obnacmu. Ilenvio Oannou cmambvu
3aKOUAEMCsL UCCLe008AHUe PUIUKO-MEXHOIOSUYECKUX XAPAKMEPUCTHUK
PABIUYHbIX  6UO08 XAA0A2eHMO8 Olsl IPPEKMUEH020 UCNOIb308AHUS
MEN08bIX HACOCo8 6 Kiumamuueckux ycnosusx Cesepnozo Kasaxcmana,
no cucmeme menionocumens «Booa — Boday ¢ yuemom GHEWHUX U
GHYMPEHHUX NAPAMEmMPOs 63auMooeiicmeus cucmemul. [Ipogeden ananus
PACUEMHO-KIUMAMUYECKUX U NOYB8EHHbIX 0cobennocmeti Kocmanartickoii
obnacmu, onpedeienvl NPUOPUMeEnHble Memoobl OJisi NPOEKMUPOBAHUS
MENIOHACOCHBIX cucmenm. IIpeocmasnenvi pesyibmanmul
BBIUUCTUMENLHO20 IKCNEPUMEHIMA, BbINOJIHEHHbIE HA OCHO8E MOOeNU U
Paspadbomanto20 aneopumma CONPINCEHHO20 pacuema menioHacOCHOU
cucmemvt «Booa-Booay ¢ yuemom 6HEWHUX U GHYMPEHHUX (PaKmopos
GIUAHUS HA cucmemy. B pesyibmame ucciedo8anuil 8bisiCHULOCh, MO
appexmusnocms mennogo2o nHacoca npu ycmanoske ¢ Kocmanaiickom
pe2uoHe, 3a8UcCUm Om GHYMPEHHUX (MepMOOUHAMULECKUX NAPAMEmPOs
cucmembvl YCMAHOBKU U XAPAKMEPUCMUKU X1A0A2eHMA) U GHEULHUX

(memnepamypHuvlx ocobennocmell HewiHell cpedbl U NOO3eMHbIX 800,
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VCIO0GUsL  DKCHIYamayuy  YCMAaHOGKY, —2NYOUHbl 3a1e2aHuss 80O0HbIX
pecypcos u op.) akmopos.

Onpedenenvl mepMOOUHAMUYECKUTL YUKT MENI08020 HACOCA 8
3a8ucumocmu om oasieHus xaadazenma P u snmanenuu xaadazenma h,
KO2¢hpuyuenmol mpancgopmayuu meniomsl u uX UsMEeHeHue 8 nPoyecce
8bIX00A HACOCA HA HOMUHAIbHBIU pexcum pabomvl. [Jokazawo, umo
HAUIYMUWUMU — MEPMOOUHAMUYECKUMU — Xapakmepucmuxkamu  Ous
pacuemno-kKiumamuyeckux ycaosuti  Kocmanaiickoti  obracmu  npu
GHYMPEHHUX — GIUAIOWUX — (DAKMOPAX, — SGISEmCcsi  UCHONb308AHUE
xnadazenma R513A. Ionyuennvie Oannvle ucciedo8anuii Mo2ym Ovims
HONLOJICEHbL 68 OCHOBY MEMOOUKU PACYEmAd CONPSNCEHHO20 AHANU3A
Menio6020 6ananHca NoMeujeHuti ¢ OMmonumenbHbiM 060PYO008aHUEM U
MEXHON02UAMU, OCHOBAHHBIMU HA NPUMEHEHUU MENI0BbIX HACOCO8
cucmemvl «Booa-Booday ons Kocmanaiickou obracmu.

Knrouesvie  cnosa: mennosoli  macoc, Kwumam, — 9KOIO2us,
60300HOGIsIEMble  UCMOYHUKU — OHEp2uu,  OMONWIeHue  30anull,
MeniocHabicenue, IHManbnus, MepMoOUHAMUKA.
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