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HEAT PUMP TECHNOLOGY - POTENTIAL IMPACT ON ENERGY EFFICIENCY
PROBLEM AND CLIMATE ACTION GOALS WITHIN UKRAINIAN ENERGY SECTOR

The increasing demand of energy sources for urban, household and industrial facilities requires
strategies development for seeking new energy sources. In recent years an important problem is to have
energy storage, energy production and energy consumption which fulfill the environment friendly
expectations. A lot of attention is devoted to renewable energy sources. One of the most attracting among
them is energy production form geothermal sources. At a few meters below the earth’s surface the
underground maintains a constant temperature in an approximation through the year allowing to
withdraw heat in winter for heating needs and to surrender heat during summer for air-conditioning
purposes. Heat pump is a rapidly developing technology for heating and domestic hot water production.
Using ground as a heat source, heat exchange is carried out with heat pumps compound to vertical
ground heat exchanger tubes that allows the heating and cooling of the buildings utilizing a single unit
installation. Heat pump unit provides a high degree of productivity with moderate electric power
consumption. In this paper a theoretical performance study of a vapor compression heat pump system
with various natural and synthetic refrigerants (HFCs) is presented. Operation mode of the heat pump
unit was chosen according to European Standard EN14511-2:2007 and EN255-2. An influence of
discharge temperature on system performance was evaluated at different boiling temperatures. The
comparison of mass flow rate and coefficient of performance for considered refrigerants at constant
cooling capacity and condensation temperature was performed.

Key words: new energy sources, heat pump; natural refrigerant; discharge temperature; coefficient of
performance; ground source heat pump.
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TENJIOHACOCHI TEXHOMNOrI TA iX MNOTEHUIMHMA BNMUB HA NPOBNEMU
EHEPTOE®EKTUMBHOCTI TA 3AXUCTY HABKOJIMWUHBOIO CEPEANOBUUIA B
EHEPFETUYHOMY CEKTOPI YKPAIHU

3pocmarouuti nonum Ha eHepeoOHOCIi OA MICbKUX, NOOYMOBUX | NPOMUCIO8UX 00'ckmie nompebdye
PpO3pobOKU cmpameziii Ol NOWLYKY HO8UX Odcepen eHepeii. B ocmanui poxu 6asciugoio npobremor €
HasABHICMb Memooie 30epicants, GUPOOHUYMEA MA CHONCUBAHHA eHepzii, AKI He Maromv 6nauey Ha
Odogkinin. bazamo ysacu npuditiemvcsi NOHOGAIOBAHUM Odceperam euepeii. OOne 3 HaubinbwL
npUBAOIUBUX NOHOBTIOBAHUX ONCepeNl eHeplii ye 2eomepmanbHa eHepeis. Y 0eKinbKoOX Mempax Hudicue
NOBepXHI 3eMai NIOMPUMYEMbCA NOCMINIHA MemMnepamypa HA NPOmsA3i 8Cb020 DPOKY, WO 0036075€
BUKOPUCIMOBYBAMU e MENJIO 3UMKY OJisk NOmped ONAieHHs ma i0800uUmu myou menio npomscom Aima
ona nompeb KoHOuyiroeanHs nogimps. Tennosuti Hacoc sa61s€ cOO0K MEXHONO2HO Oiisi ONANEHHs |
8UPObOHUYMBA 2apAuol 800U KA WeUOKo pozgusaecmvca. Ilpu euxopucmanui 3emai 6 sikocmi 0dcepend
menia, meniooOMiH 30MUCHIOEMbCA 3 MENIOBUMU HACOCAMU 3d OONOMO20I 3'€OHAHHA BEPMUKALLHUX
SPYHMOBUX MENA00OMIHHUX MPYO, U0 00360JIA€ 3a0e3neyy8amu ONnalents ma 0xXon00cents 6ydisenny, 3a
00nomoeo  00HOi, KomOinoeanoi cucmemu. Tennoguil Hacoc 3abe3neuye GUCOKUL — CMYNIHDL
NPOOYKMUBHOCMI 3 NOMIDHUM CHOXMCUBAHHAM eleKmpoeHepeii. Y pobomi nposedeno meopemuyHe
00CiONHCEHHS NPOOYKMUBHOCMI NAPOKOMAPECINIHO20 MeNnjio8o20 HACOCY 3 BUKOPUCMAHHAM DI3HUX
NPUPOOHUX I CUHMEMUYHUX Xoa00oazenmis. Pejcum pobomu 610Ky mennogozco Hacoca RPUUHAMO
gionogiono 3 €agponeticokum cmanoapmom ENI4511-2:2007 i EN255-2. Byro oyineno 6niug
memMnepamypu HASHIMAKHA HA NPOOYKMUGHICIb CUCMeMU Npu DI3HUX memnepamypax Kuniuus. byno
NpoBeOeHO NOPIGHSHHA MAco80i eumpamu [ Koeghiyicnmy nepemeopenHs OJisi  PO32IAHYMUX
X01000a2eHmi8 npu NOCMILHIU X01000NPOOYKMUSHOCIE | memnepamypi KOHOeHcayii.

Knrouosi cnoea. nogi Odicepena ewepeii, mennioguil HACOC, NPUPOOHUL XOJLOO0A2eHM, MeMnepamypa
HAaCHIMAHHS, KOeiyicHm nepemeopenHts, 2e0mepMalbHUuLl Meniosutli HAcoc.
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Poagin 1. XonoaunbHa TexHika

I. INTRODUCTION

In recent years heat pumps market is growing rapidly.
It is directly linked to increasing energy needs of
humanity and the simultaneous depletion of traditional
non-renewable energy resources in the world as a
whole and in individual regions. Heat pumps are
widely used in the chemical and food industries,
housing and communal services. Most of the power
equipment has high emission rates of energy flows to
the atmosphere (refrigeration plants condensation
heat, waste water enterprises, the flue gases from
internal combustion engines and boilers). The use of
heat pumps allows reducing greenhouse gas and
carcinogenic substances emissions and, thus reducing
human impact on the environment.

The heat pump performance is based with following
factors: the temperature of heat source, schematic
diagram of the heat pump, climate conditions of the
region, working fluids of heat pump (refrigerants and
intermediate coolants), heat pump elements (type of
compressors, heat exchangers, control systems).

There are various types of heat pumps, such as: vapor
compression, adsorption, absorption and ejector heat
pump systems which are able to use a variety of low-
grade heat sources. Due to a simple circuit design
vapor compression heat pumps are widely used,
especially for domestic applications. For the analysis
of refrigerant choice global trends in the field of
legislation on environmental protection, international
agreements governing the use of refrigerants were
taken into account [7]. In particular, according to the
decision of the European Parliament in 2011 the use
of air conditioning systems with fluorine-containing
CFCs (HFC) with a global warming potential (GWP)
above 150 was banned [1-6].

Table 1. Refrigerants properties

In 2008 more than 25% of European heat pump
market share was represented by ground-source heat
pumps (Forsén 2008). According to EUObserver
(2007) and EHPO (2008) more than 690,000 heat
pump units with 7,300 MWt of capacity were installed
in Europe in 2006. The total installed capacity have
being increasing in recent years and in 2013 reached
24 GW with estimate useful energy production of 13
TWh. Integration of renewable energy sources in
heating and cooling applications was approximately
8,26 TWh avoiding 2,12 Mt of CO,-equivalent
emissions. The global installed capacity has reached
about 15,400 MWt, and annual energy use is
estimated to be 87,500 TJ (Lund 2005). The
worldwide GSHP capacity has seen high growth
recently. According to Le Feuvre (2008) annual
growth rates have exceeded 10% over the last 10
years, mostly in North America and European
countries. Geothermal energy is available everywhere
and Ukraine has a good geothermal energy potential.
Nowadays ground-source heat pumps are a small but
growing fraction of the global installed base of
space-conditioning equipment [11-13].

This study aims at ground-source heat pump system
with 20 kW of heating capacity at constant
condensation temperature t,=40 °C (according to test
procedure and seasonal performance calculation for
residential heat pumps with combined space and
domestic hot water heating standards EN 14511-
2:2007, EN 255-2) and variable boiling pointty =-5 +
+ 6 °C [14-15]. Schematic diagram is the single stage
heat pump system with suction line heat exchanger
(SLHX).

Parameter Refrigerant
R410a R404a R134a R600a R290 R1270
Chemical formula R-22/125 R125/R143a/ CH,FCF; CsHyo CsHg (CH3)CH=CH
(50/50) R134a (44/52/4) 2
M, kg / kmol 72,59 97,60 102,03 58.12 44,10 42,09
t, °C -51,3 -46,7 -26,5 -12 -42,1 -47,7
ty, 'C 72,3 72.7 101,5 135 96,7 103,6
P, bar 49,3 37.35 40,6 36,5 42,5 46,7
R, kJ/ kg 270.1 201 231.3 366.2 425,6 475.2
ODP 0 0 0 0 0 0
GWP 1890 3750 1300 0,001 0,01 1,8

M — molecular weight, t; — boiling point at atmospheric pressure, t. — critical temperature, P, — critical
pressure, ODP — ozone depletion potential, GWP — global warming potential; R — latent heat of vaporization

(condensation)

As the working fluids for the heat pump the following
natural refrigerants was considered (R600a, R290,
R1270) such as modern alternative refrigerants
(R404a, R134a, R410a).

Natural working substance such as isobutene (R600a)
and propane (R290) are widely available and
possesses good thermodynamic properties, “zero"

greenhouse effect, don't affect the ozone layer, and are
cheap. However use of these refrigerants entails with
higher safety requirements according to high
flammability and explosiveness. Mixed refrigerants
(R404a, R134a, R410a) don't fall under the
restrictions of the Kyoto and Montreal protocols, are
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promising in the long term forecasting of use [16].
The properties of refrigerants are submitted in table 1.

Il. HEAT PUMP MATHEMATICAL MODEL

AND DESIGN

enthalpy is shown on fig. 1. Many techniques have
been recently proposed in order to improve the cycle
performance, more details are given by Wang, 2000,
Chap.9 (Wang, 2000). In the current work, a heat
exchanger has been added between the suction line
and liquid line[17].

A schematic diagram of the ground source heat pump
system is given on fig. 2. The thermodynamic cycle
on diagrams temperature-entropy and pressure-
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Figure 1. Thermodynamic cycle on diagrams temperature-entropy and pressure-enthalpy
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Figure 2. Schematic diagram of the heat pump system components.

The mathematical model for the cooling cycle is
provided by Ayyildiz [17]. The equations (1-15) from
condenser

this model for the compressor,
throttling valve are first obtained.

The work input rate to the compressor is:

W;fLet =m: (hz - h1)
where

(hzs—h1)

Nisn

hz = h1 +
Power consumed by compressor is:

i _ Wﬁet
Vl/comp B NMmMe

40

The heat rejection rate in condenser is calculated by:

Qr =1, - (hg — hy) (4)
and
Q. =1y, Cpw (Tw,o - Tw,i) 5)
Qr = Qc (6)
(1) Qc = KA F ATy ¢ (7)
where ATy, . logarithmic mean temperature
@ difference
Te—Tw,0)—(Ta=Tw,i
ATy, = ( ('T2_1(~‘:0) ) (8)
ni'
(Ta-Ty;)
The heat transfer rate in the evaporator is:
@) de =1, - (hy = he) ©)
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Qe =My Cpp (Tb,i - Tb,o) (10)
Qe = KeAeEzATlm,e (11)
AT}, = (Tp,i=T7)~(Tb,0~Te) (12)
’ (Tb,i-T7)
nr———=
(Tb,0-Ts)

The liquid refrigerant is expanded by throttling
process and the expansion valve and enthalpy is:

he = hg (13)
Heat balance of suction line heat exchanger:
hy — hs = hg — h; (14)

From the first law of thermodynamics, the heat energy
balance of a heat pump system is:

Vi/comp + Qe = Qc (15)
The conventional parameter that has been used to
describe the heat pump performance is COP
(Coefficient of Performance), which is the ratio of the
quality of the useful heat output to the quantity of
work driving the compressor:

cop =2

Wcomp (16)
For analysis purposes, the following assumptions
were made:

o P2-P3=25 KPa respectively, see Fig.1.

o The pressure drop through the pipe is negligible.

o The isentropic efficiency of the compressor is
75%.

e The mechanical efficiency of the compressor is
75%.

e Sub-cooling in the condenser is 5K useless
superheat in suction line is 5K.

o Thermal efficiency of the suction line heat
exchanger, is 70%

o Heat loss factor of the compressor, i.e. ratio
between heat loss of the compressor to the
surroundings and the energy consumption of the
compressor, is 15%.

o Superheat in compressor’s motor 3K (for hermetic
scroll compressor)

e Operation modes according to EN 14511-2:2007
are BO/W35 and BO/W55.

e Cooling capacity assumed to be constant 20 kW,
thus a change in temperature will affect the flow
rate of refrigerant through the cycle.

e Temperature difference in condenser/evaporator is
5K.

I11. RESULTS AND DISCUSSION

The compressor's discharge temperature has
significant influence on heat pump performance for
heating an intermediate medium (air, water or
coolant). The temperature of the refrigerant vapor at
the outlet of the compressor determines the highest
possible temperature limit of heating the intermediate
medium during refrigerants condensation process in
condenser or removing refrigerants heat overheating
(desuperheater). It is possible to withdraw
approximately 10-15% of the condensation heat in a
heat pump desuperheater. The heat flow in
desuperheater allows to heat intermediate coolant or
water up to 60-70°C.
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Figure 3. Dependence of the compressor's discharge
temperature t,=f(t;)

Figure 3 shows the dependence of the
compressor's discharge temperature for different
refrigerants of the boiling temperature. Consider the
option of maintaining a minimum boiling point ty = -5
° C and condensation temperature t, = 40 °C. The
graph shows that the maximum compressor's
discharge temperature is equal to 102 °C which
corresponds to the R410a, the minimum compressor's
discharge temperature corresponds to R600a 74.5 °C.
From the standpoint of the compressor's discharge
temperature and the optimal compressor performance
the use of R600a is more preferably than R410A.
However, high compressor's discharge temperature
allows heating the coolant in heat exchangers of heat
pump to a higher temperature. The compressor's
discharge temperatures of R290 and R134a are almost
equal at the same operating conditions (t. and to). The
refrigerant R1270 (propylene) allows to implement a
single-stage compression, the compressor's discharge
temperature is optimal for all types of compressors
(piston, scroll, screw etc.) and is quite high compared
to other heat pump working fluids.
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Figure 4. Coefficient of performance from
refrigerants boiling point dependence COP=f(t,)

Coefficient of performance from refrigerants
boiling point dependence is shown on figure 4.
Results show that the maximum thermodynamic
efficiency of the heat pump corresponds to R600a and
R134a as a working fluid, the minimum - R410a. In
the case of R600a and R134a heat pump COP is 7.6%

Mass flow , kg/s

R410a

R404a mR134a mR290

higher in comparison with refrigerant R410a. These
results are also connected with molecular weight of
different refrigerants (see table 1). Large values of
evaporation enthalpy are found for substances with
light molecule weight [9] and the energy losses across
a compressor’s valves are high when the molecule
weight is high [10]. The thermal transformation
coefficient for R290 and R1270 are practically the
same range. Analysis of the of R134a and R600a
performance shows that in terms of ease of use and
maintenance R600a is more preferred. Refrigerant
R600a is a natural working substance, in the case of
depressurization of the system can be easily refueled
in contrast to the blend refrigerant R134a.

Comparison of heat pump refrigerants by mass
flow in the system with the same cooling capacity is
shown on fig.4. Based on the mass flow chart for the
systems refilled with natural refrigerants (R290,
R600a and R1270) have highest performance
characteristics. This is due to the fact that these
refrigerants have higher values of the latent heat of
vaporization unlike R410a, R404a and R134a. These
results are consistent with investigation other
researchers [5, 8, 3, 16].

R600a mR1270

Figure 5. Mass flow rate chart for considered refrigerants

VI. CONCLUSIONS

"Energy Strategy of Ukraine for the period until 2030"
provides radical changes in the structure of heat
sources. The main factor that causes these changes is a
sharp increase in world prices for natural gas, oil and
petroleum products. Therefore, it is forecasted the
gradual replacement of gas boilers and CHP plants
majority that currently provide the vast proportion of
the thermal energy production with new technologies,
including the use of environmental heat, and
especially heat pumps. The conducted research of the
heat pump characteristics allowed us to analyze
efficiency of the ground-source heat pump on

42

environmentally friendly refrigerants. The heat pump
characteristics on natural refrigerants indicate high
performance with low environmental impact (ODP=0,
GWP < 2). The discharge temperature analysis shows
advantages of R410 and R1270 for high temperature
applications (domestic hot water production).
Refrigerant choice for analysis was based on its
availability on the market and long term use
prospective, so natural refrigerants R290, R600a,
R1270 are more preferable. Selection of the working
fluid of the heat pump for a particular purpose (space
heating, domestic hot water production, etc.) can
achieve a significant increase in the performance of
the equipment and energy systems as a whole.
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NOMENCLATURE
Wet Work input rate to the compressor (kW) Cpp Specific heat of brine (kJ/kg °C)
m; Mass flow rate of the refrigerant (kg/s) Cow Specific heat of water (kJ/kg °C)
My Mass flow rate of the water (kg/s) Two Outlet temperature of water from condenser (°C)
my Mass flow rate of the intermediate coolant (kg/s) Twi Inlet temperature of water to the condenser (°C)
Hisn Isentropic efficiency Tho Outlet temperature of brine from evaporator (°C)
e Electric engine efficiency Thi Inlet temperature of brine to the evaporator (°C)
N Mechanical efficiency of compressor h Enthalpy (kJ/kg)
Wet Power consumed by compressor (KW) hys Isentropic enthalpy of the refrigerant (kJ/kg)
K. Total heat transfer coefficient of condenser (kW/m?°C) A Ty, Logarithmic temperature difference
Ac Total heat transfer area of condenser (m?) Qr Rejected heat in condenser (kW)
F. Correction coefficient of condenser (F.=1) Qc Heat of condensation (kW)
Ke Total heat transfer coefficient of evaporator (kW/m?°C) Q, Heat transfer rate in evaporator (kW)
A. Total heat transfer area of evaporator (m?) COP Coefficient of performance
Fe Correction coefficient of evaporator (F,=1)
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TEMNNOHACOCHbIE TEXHONOI'M U X NOTEHLMAIIBHOE BINUAHUE HA
NMPOBNEMbI QHEPTO3®PPEKTUBHOCTU U 3ALLUNTLI OKPYXAIOLLEW CPE[lbI B
OHEPTETUYECKOM CEKTOPE YKPAUHDI

Pacmywuii cnpoc na suepeonocumenu 0t 20p0OCKUX, OblMOGbIX U NPOMBIULIEHHbIX 00beKmMos mpebyem
HOGbIX cmpame2uii 0151 ROUCKA UCMOYHUKOG dHepaul. B nociednue 200wl easichoti npobiemotl sensemcs
Hanuyue Memoo08 Xpanenusl, Npou3go0Cmead u nOmpebieHus. IHePSUU, KOMopble He UMeon GIULHUS HA
oOKpyJrcaiowylo cpedy. Mnozo enumanus yoeisemcs 60300H0GIsieMbIM ucmounukam snepeuu. OOHO u3
Hauboiee NPUBIEKAMENbHbIX 60300HOGISEMbIX UCIMOYHUKOS DHEPSUU IO 2e0MePMANbHAsL dHepaus. B
HECKOMbKUX MEempax Hudice NOBEPXHOCMU 3eMIU  NOO0EPAHCUBACINC NOCMOSHHASL MeMnepamypa
meyenue 6ce20 200d, YMO NO3BOSEM UCHONL308ANDb MO MENI0 3UMOU 0Nl HYHCO OMONIEHUS U
0meooumb menyio 6 meueHue Jjgema Ol HYHCO KOHOUYUOHUPOBAHUs. 6030yxa. Tennoeoil Hacoc
npedcmagisiem coOoli CmMpemMumenbHo pazeUusarowyiocss MexHoa02uio O0is OMONIAEHUs U NPOU3B00CMEd
eopsavel  600bi. Ilpu ucnoivsosanuu 3emau 6 Kavecmee UCMOYHUKA —Menad, menio0OMeH
0CYWeCmBsemcs ¢ Menjio8blM HACOCOM C NHOMOWbIO 6EPMUKATILHBIX 2DYHINOGLIX MENL000MEHHbIX mpYo,
no360Js1s1 0becneuueams OMoONIeHUe U OXIAANCOeHue 30aHuil, ¢ NOMOWbBIO OOHOU, KOMOUHUPOBAHHOTU
cucmemvl. Tennosoti Hacoc obecnewusaem GblCOKVIO CMeEneHb NPOU3BOOUMENIbHOCU C YMepeHHbLM
nompeoieHuem d1eKmpOIHePIUL.

B pabome nposedeno meopemuueckoe ucciedoganue npoOU3BOOUMEIbHOCMU NAPOKOMAPECCUOHHO20
MENN0B020 HACOCA C UCHONb30GAHUEM PA3IUYHBIX NPUPOOHBIX U CUHMEMUYecKux xiadazenmos. Pecum
pabompl 610KA MENI08020 HACOCA NPUHUMALU 6 coomeemcmeuu ¢ Egponetickum cmanoapmom
EN14511-2:2007 u EN255-2.  bBwuio oOyeHeHO  GlusHUE  MEMNEePaAmypbl  HACHEMAHUS  HA
nPoOU3800UMENLHOCb CUCTEMbL NPU PA3TUYHBIX MeMnepamypax Kuneuus. bviio nposedeno cpasuenue
MAcco8ozo pacxoda u Kodpguyuenma npeobpazoeanus O pacCMAmMpudaemMvlX X1a0a2eHmos npu
HOCMOAHHOU X0I000NPOU3600UMETbHOCIU U MeMNepamype KOHOeHCayuu.

Kniouesvie cnoea: mennogoll HAcOC, NPUPOOHBILl  XAAOA2eHM; memMnepamypa HacHemauus,
KO puyuenm npeobpazoeanus; 2eomepmaIbHull Meni080l HACOC.
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