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Abstract. This article is devoted to the methods for perfection of energy, economic factors, environ-
mental factors and work modes of the ground source heat pump systems with the account of climate
conditions. The purpose of the work is to predict and prevent freezing of the soil during long term of
exploitation of the low-power and high-power ground source heat pump systems for justifying rational
conditions of implementation GSHP in Ukraine and South-East Regions of Europe. This goal is
achieved by solving the following problems: determining the energy-economic and environmental fac-
tors based on considering the work modes of the ground source heat pumps; evaluation of the operat-
ing efficiency of ground source heat pump systems based on minimizing fuel consumption and green-
house gas emissions; perfection of solutions enable implementation of ground source heat pumps
friendly to the environment and justifying rational conditions of implementation the ground source
heat pumps for residential sector. The important results of the work are the obtained and analyzed data
on the influence of energy and economic factors both environmental criteria on the work modes and
scheme-constructive solutions of ground source heat pumps. Modeling of heat exchange processes in
the soil around the soil tube shows that in order to avoid freezing of the soil, the minimum permissible
specific number of vertical tubes should be at least 0.12-0.15 pieces/m? of heated area. The signifi-
cance of the results consists in the possibility of using the results of numerical simulation for prevent-
ing freezing of the soil around ground pipes of the ground source heat pump systems.
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imbunititirea performantei energetice, economice si indicatorilor de mediu a sistemelor de pompe de
cialdura geotermale cu prevenirea inghetului solului in jurul tevilor din sol
Denisova A., Ivanov P., Mazurenko A., Jaivoron O.
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Odesa, Ucraina

Rezumat. Acest articol este dedicat metodelor de perfectionare a energiei, factorilor economici, factorilor de
mediu si modurilor de lucru ale sistemelor de pompe de caldura la sol, tinind cont de conditiile climatice. Scopul
lucrarii este de a anticipa si de a preveni inghetarea solului pe termen lung de exploatare a sistemelor de pompe
de céldura terestre de putere micd si mare pentru a justifica conditiile rationale de implementare a GSHP in
Ucraina si Regiunile de Sud-Est ale Europei. Acest scop se realizeaza prin rezolvarea urmatoarelor probleme:
determinarea factorilor energetico-economici si de mediu pe baza modurilor de lucru ale pompelor de caldura
terestre; evaluarea eficientei de functionare a sistemelor de pompe de cdldurd pe baza de minimizarea
consumului de combustibil si a emisiilor de gaze cu efect de serd; perfectionarea solutiilor permite
implementarea pompelor de céldurd terestre prietenoase cu mediul si justificind conditii rationale de
implementare a pompelor de caldura terestre pentru sectorul rezidential. Rezultatele importante ale lucrarii sunt
datele obtinute si analizate cu privire la influenta factorilor energetici si economici atat a criteriilor de mediu
asupra modurilor de lucru, cit si a solutiilor scheme-constructive ale pompelor de caldura terestre. Modelarea
proceselor de schimb de caldurd in solul din jurul tubului de sol aratd ca, pentru a evita inghetarea solului,
numarul specific minim admisibil de tuburi verticale trebuie sa fie de cel putin 0,12-0,15 bucati/m2 de suprafata
incdlzitd. Semnificatia rezultatelor constd in posibilitatea utilizarii rezultatelor simuldrii numerice pentru
prevenirea inghetului solului in jurul tevilor de sol ale sistemelor de pompe de céldura la sol.

Cuvinte-cheie: eficienta; pompa de caldurad terestrd; prevenirea inghetului; tevi de pamant, fluctuatii de
temperatura.
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CoBepuIeHCTBOBaHNE YHEPrOIKOHOMHYECKHX H IKOJOTHYECKHNX MOKAa3aTeJiell reoTepMaJbHBIX
TEIUIOHACOCHBIX CHCTEM C NMpeIoTBpalleHneV MPOMeP3aHusi TPYHTA BOKPYT I'PYHTOBBIX TPYOOK
Jenucona A.E., Upanos I1.A., Ma3ypenko A.C., Kaiisopon O.C.

HammonansHsrit yausepcuret “Onecckas monurexanka’, Omecca, YkpanHa
Annomayusa. CraThsi TOCBSIIEHa METOAAaM COBEPIICHCTBOBAHUS JHEPIETHUECKHX, SKOHOMHIECKHX
nokaszaTesel, pakTopoB OKPYKAIOMIEH Cpeabl U PEXUMOB PAOOTHI IPYHTOBBIX TEINIOHACOCHBIX CHCTEM C yIETOM
KIMMaTH4ecKuX ycnoBuil. Llenpro paboTsl sIBISIETCS MPOTHO3UPOBAHUE U MIPEAOTBPAIICHNE ITPOMEP3aHUsI TPYHTA
B TEUEHHE JIIUTEIHFHOTO CPOKA SKCIUIYaTaI[H TPYHTOBBIX TEINIOHACOCHBIX CHCTEM MaJION M OOJIBIION MOIIHOCTH
JUIt 00OCHOBAaHUSI pallMOHAJIBHBIX YCIIOBHH BHeApeHHus. [locraBineHHasl Lesb JOCTUraeTcsl MyTeM peLIeHUs
CJICIYIONINX 3aja4: OINpEJEJICHUE DHEPro-5KOHOMHUYECKUX M DKOJOTHYECKHX (AaKTOPOB C YYETOM PEKHMOB
TPYHTOBBIX TEIUIOHACOCHBIX CHUCTEM; OIeHKa 3(QeKTHBHOCTH HMX pabOThl 3a CUET MHUHHMMH3ALUHU pacxoia
TOIUIMBA M BHIOPOCOB HMAPHUKOBBIX T'a30B; 3a CUET COBEPIICHCTBOBAHUS PELICHUH, MO3BOJIIOIIMX BHEIPUTH
9KOJIOTMYECKH YUCTBIE Te0TepMalIbHbIC TEIUIOBBIE HACOCH 1 00OCHOBATh PallMOHANIBHBIE YCIOBUS X BHEIPEHUS
JUISL SKWJIOTO CEKTOpa. OTO I03BOJIICT CHHM3UTH IOTPEOJICHHE YIJIEBOJOPOJHOTO TOIUIMBA B CTPYKTYpe
pPETHOHANBHOTO ~ TEIUIOBOro  OajaHca M O0ECMEYWTh  IIOMHMO  SKOHOMHYECKOTO  3HAYMTEIBHBIA
SHeprocOeperaromnii U IKOJIOTHIECKUil AP pekT. BaxkHBIMU pe3ynbTaTaMi paboTHI SIBISIOTCS TONyYEHHBIE H
NPOAHANM3UPOBaHHBIE JAHHBIE O BIUSHUM OSHEPIeTHYECKUX M OJKOHOMHUYECKHX (DakTOpoB, a Takxke
9KOJIOTMYECKUX KPUTEPHEB Ha PEKUMBI PA0OTHI M CXEMHO-KOHCTPYKTHBHBIC PEIICHNS TEIUIOHACOCHBIX CHCTEM C
UCIIONIb30BAaHUEM JHEPTUM TpyHTa. MozenupoBaHHE IIPOLIECCOB TEINIOOOMEHa B TPYHTE BOKPYT T'PYHTOBOH
TpYyOKHM MOKAa3bIBACT, YTO BO N30EkKAHUE IPOMEP3aHMS TPYHTa MUHUMAIBHO JOIyCTUMOE YAEITbHOE KOJIMIECTBO
BEPTUKAIBHBIX TPYOOK MOJDKHO ObITH He MeHee 0.12-0.15 mrTyk/mM? OoTamiMBaeMol ILIOIIA/H, YTO TO3BOJIAET
n30eXkKaTh CE30HHOTO CHM)KEHHS TeMIIepaTypbl I'PYHTa BOKPYI' T'PYHTOBBIX TEIUIOOOMEHHBIX TPyOOK. AHanu3
pacmpenesicHusl TeMIIepaTyp B TPYHTE BOKDYr TPYHTOBOW TpyOKM TIOKa3bIBaeT, 4TO mocie 48-4acoBoii
OCTAaHOBKH TCIIJIOBOI'O HacoCa CHCTEMa BBIXOAWT M3 HCIaTUBHOI'O COCTOSHUSA TEII0BOM peiakcanyu rpyHra 3a
CUeT eCTECTBCHHOIl CIIOCOOHOCTH IpyHTa HAKaIUIMBaTh JHEPrHi0. 3HAYMMOCTh PE3yJbTaTOB 3aKIIOYaeTCs B
BO3MOKHOCTH HCIIOJIB30BAHHSI PE3YJIbTAaTOB YMCICHHOTO MOJEIHPOBAHMS Ul MPEAOTBPAIICHHUS POMEP3aHHs
TPyHTa BOKPYI TPYHTOBBIX TpyO TEIJIOHACOCHBIX CHUCTEM. Pe3ynbTaThl MOIEIMPOBaHHS CIIOCOOCTBYIOT
BHEJIPEHHUIO MHHOBAIIMOHHBIX TEXHOJOTHH W MOTYT CHOCOOCTBOBATh 3KOJIOTHUECKH O€30MaCHOMY BHEIPEHHIO

CHCTEM T'€0TepMaIbHBIX TEIIOBBIX HACOCOB.
Knrwouegvie cnosa: 3pGHeKTUBHOCTD; TPYHTOBBIM TEIJIOBOH HACOC; MPEIOTBPAINCHUE 3aMEp3aHHs; TPYHTOBBIC
TpyOBI, KOJIeOaHUS TEMITEPATYPHI.

INTRODUCTION among EU countries. Its primary energy supply

Over half the country's electricity in the  was 93 Mtoe in 2018, corresponding to around
Ukraine is produced with nuclear power. The  90% of Poland’s consumption [1 — 2]. Today, the
Ukraine produces all fossil fuels (in 2018: 14.4  Ukraine heavily depends on fossil fuels, which
million tons of oil equivalent [Mtoe] of coal, accounted for some 70% of its primary energy
16.5 Mtoe of natural gas and 2.3 Mtoe of crude  supply in 2020. The Russian invasion has result-
oil), but in quantities insufficient to meet total  ed in the occupation (the Zaporizhzhya nuclear
energy demand. Ukraine’s energy mix is rela-  power plant and about 44% of total thermal
tively diversified, with no fuel representing more  power capacities) and destruction of critical en-
than 30% of the energy mix. In 2018, the share  ergy infrastructure triggering a sharp decline in
of coal (the country’s primary fuel) dropped to  total energy supply, while electricity demand had
30%, followed closely by natural gas (28%) and  fallen by 40% by October 2022.
nuclear (24%) [1]. In view of their high untapped potential in the

Ukraine depends on imports for around 83%  country, bioenergy, hydro, solar and wind gener-
of its oil consumption, 33% of its natural gasand  ation could constitute the building blocks of the
50% of its coal. In 2018 the Ukraine imported  Ukraine’s future energy system, contributing up
8.5 Mtoe of natural gas, 13.8 Mtoe of coal and  to nearly 80% of the total energy generation by
10.4 Mtoe of oil products. Belarus is Ukraine’s  2050.
main supplier of refined products. Still, nearly Provided key strategies and investments are
65% of the Ukraine’s total energy demand is  put in place, and complemented by nuclear, re-
covered by domestic production. This high self-  newables could propel Ukraine towards a car-
sufficiency is explained by nuclear energy pro-  bon-neutral future.
duction, as Ukraine is the world’s seventh- These are the main findings of the pathway
highest producer (83 TWh in 2019). Over half  scenarios developed by UNECE, based on it’s
the country’s electricity is produced with nuclear ~ the UNECE Carbon Neutrality Toolkit, pub-
power. The Ukraine is the top energy consumer
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lished ahead of the Ukraine Recovery Confer-
ence (London, 21-22 June) [2 - 3].

Ukraine Energy scenario is substandard
from the past few decades. The energy shortfall
is around 4500 MW since the last five years [1 —
3] which is considered to be the hindrance in
economic, scientific and technical growth.

District heating system capacities in the
Ukraine are excessive, and their technologies are
inefficient and outdated; capital stock is in a crit-
ical state, with most assets close to or beyond the
end of their design lifespans.

Energy losses are considerable (hence much
gas is wasted) and operating costs are high,
largely due to inadequate maintenance [3 — 4].

Ukraine has enormous untapped energy effi-
ciency potential: although the end-use data are
still limited, current indications are that energy
efficiency potential is greatest in industry (34%
of the total), the residential sector (33%) and en-
ergy transformation at coal-fired power plants
(22%) [3].

Consumption in the residential sector- is
compared with the EU benchmark of 90 kWh/m?
of floor area. Because of climatic differences, the
EU average cannot be used as a benchmark for
residential efficiency in the Ukraine. In fact,
consumption for heating, hot water and lighting
per m? is higher even in energy-efficient coun-
tries with milder climates such as Denmark (142
kWh/m?) and Germany (186 kWh/m?).

Total final energy consumption in the agri-
culture, industry, construction, services and resi-
dential sectors, as well as energy transformation
at fossil fuel decreased by 30.9 Mtoe (—36.4%)
from 2012 to 2017.

However, only one-third of this decline re-
sulted from the energy efficiency improvements,
with the remaining two-thirds stemming from a
drop-in activity in 2014-2015 and structural
changes within sectors (Figure 1) [4].

The greatest energy efficiency improve-
ments over 2012-17 were recorded in the resi-
dential sector (+22.7%) and agriculture
(+27.7%), while the energy efficiency index for
industry rose by 13.2%.

No energy efficiency improvement was rec-
orded for fossil fuels energy transformation; in
fact, it even decreased by 1%. Overall, energy
efficiency improved to 12.5% during 2012-2017.

Renewable energy accounted for 4.6% of
TPES in 2018: 3.4% biofuels and waste, 1% hy-
dro and 0.2% for other renewable power.
Ukraine experienced a renewable power de-
ployment boom in 2018-19. The share of renew-
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able power in the electricity generation mix in-
creased by 3.6 times — from 1% in 2015 to 3.6%
in 2019 [3].
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Economic strategy of a sustainable develop-
ment imposes certainly to promote efficiency
and a rational energy use in buildings as the ma-
jor energy consumer in Ukraine and countries of
the European Union (EU). Buildings represent
the biggest and most cost-effective potential for
energy savings. Also, studies have shown that
saving energy is the most cost-effective method
to reduce greenhouse gas (GHS) emissions. The
buildings sector is the largest user of energy and
CO; emitter in Ukraine and EU’s. At present
heat use is responsible for almost 80% of the
energy demand in houses and utility buildings
for space heating and hot water generation,
whereas the energy demand for cooling is grow-
ing year after year. There are more than 150 mil-
lion dwellings in Europe [5] and more than 11
million housing units in Ukraine [6]. Around
30% are built before 1940, around 45% between
1950 and 1980 and only 25% after 1980. Retro-
fitting is a means of rectifying existing building
deficiencies by improving the standard and the
thermal insulation of buildings and/or the re-
placement of old space conditioning systems by
energy-efficient and environmentally sound heat-
ing and cooling systems [7 — 8]. The European
Parliament adopted the Renewable Energy Di-
rective, establishing a common framework for
the promotion of energy from renewable sources
[9]. This directive opens up a major opportunity
for further use of heat pumps for heating and
cooling of new and existing buildings. Therefore,
the energy used to drive heat pumps should be
deducted from the total usable heat. Furthermore,
the EU member states must stimulate the trans-
formation of existing building undergoing reno-
vation into nearly zero-energy buildings. In order
to realize the ambitious goals for the reduction of
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fossil primary energy consumption and the relat-
ed CO. emissions besides improved energy effi-
ciency the use of renewable energy in the exist-
ing building stock have to be addressed in the
near future [9-10].

At present, the problem of energy saving can
be solved both by assimilation of the innovation
technologies of generating, distribution, and con-
sumption of energy [11]. The most efficient
technology of the energy saving is the imple-
mentation of the heat pumps, due to their possi-
bility to use a renewable energy sources (RES)
for heating [12 — 14].

Following the above described problem: de-
spite the need for application and numerous re-
searches in the field of thermal energy, the wide
implementation of the ground-source HP for re-
gional conditions of Ukraine and South-East Re-
gions of Europe, is hindered by the insufficient
efficiency of existing solutions enable to prevent
freezing of the ground during long term of ex-
ploitation ground source heat pump (GSHP) sys-
tems which operate at the temperature of the out-
side air of to =— 16...8 °C, typical for the South-
Eastern Europe [10].

However, the works presented in literature,
which describe the peculiarities of the use of the
heating tools for the low-temperature water heat-
ing, ventilation and heat water supply, are insuf-
ficient [15—16]. The foreign researches [17—
20], lack the methods, which would describe the
alternative HPI and conditions of their practical
application in the heat supplying systems with
different heating units for the environmental
conditions of the South-Eastern Europe. In [20,
21], the effect on the replacement rate by the
scheme-construction solutions and operational
modes of the alternative heat-supply system is
not considered. Therefore, the issue of conditions
of the efficient use of the heat pump technologies
needs a systematic approach.

Our work differs from those foreign papers
presented earlier in that this article analyzes the
energy efficiency of the ground-source heat
pump heating systems for energy saving tech-
nologies using models, results of numerical sim-
ulation of processes in GSHP and experimental
studies for the South-Eastern Europe, which al-
lows us to predict and prevent freezing of the
soil around ground pipes and don’t disturb vege-
tation.

This makes it possible to perform a rational
choice of the conditions for the efficient opera-
tion of the heating system in winter period at the
outside temperature of to = —18...8°C typical for
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the South-Eastern Europe. This reduces the con-
sumption of the hydrocarbon fuel in the structure
of the heat balance of the regions and ensures the
substantial energy saving and ecological effects
in addition to those economical.

The attention payed by the foreign works
[22—25] is insufficient, concerning the justifica-
tion of the choice of the scheme-construction
solutions in the alternative system of the heat
supply, taking into account the effect of the basic
elements of the system and the modes of its op-
eration on the GSHP replacing possibilities on
the subsoil waters.

Heat pumps are efficient at transferring heat
from a colder heat carrier to a hotter one through
evaporation and condensation, using the heat of
almost all environments: water, air, soil. Heat
pump units have proven their efficiency due to
the fact that they transfer 3...5 times more ener-
gy to the consumer than they spend on its trans-
mission. In addition, heat pumps use environ-
mentally friendly technologies with virtually no
emissions of harmful substances into the envi-
ronment [10].

The purpose of the work is to predict and
prevent freezing of the soil during a long term of
exploitation of the low-power and high-power
ground source heat pump systems and justifying
rational conditions of implementation of GSHP
for Ukraine and South-East Regions of Europe.

2. METHODS FOR DEFINITION THE OP-
PORTUNITY OF IMPLEMENTATION
GROUND SOURCE HEAT PUMPS

Low-power (up to 100 kW) and high-power
(up to 30 MW or more) heat pumps at the base
of ground sources, subsoil waters etc. for heating
using different heating modes of operation have
become widespread in high-tech countries. The
GSHP are compact, reliable, and environmental-
ly friendly, operate at low outside temperatures
in winter, and are also capable of air condition-
ing rooms in the warm season [10-11]. Low-
power heat pumps can be combined in cascades
to obtain higher capacities. The market of low-
power heat pumps is rapidly developing around
the world [10]. Their operating parameters are
given in the Table 1 and in Figure 2.

Usage features of high-power heat pumps are
studied insufficiently.

Considering this fact, it is necessary to evalu-
ate the prospects for using high-power heat
pumps for rising efficiency of its implementation
for heat supply systems.
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Table 1. The operating parameters of
low-power heat pumps iPump T 3-13 with digi-
tal system Navigator 2.0 [10]

Table 2. The operating parameters of
High-power GSHP TERRA SW 280 Max H
with digital system Navigator 2.0 [11]

Type | Work Heat | COP | Electric Type | Work Heat | COP | Electric
of HP | point | capacity, power, of HP | point | capacity, power,
kW kW kW kW
Ground- | B0/ 6,60 5,01 1,32 Ground- | B0/ 275,59 | 4,61 59,78
water W35 water W35
iPump BO/ 13,28 3,70 3,59 iPump B5/ 310,04 | 5,09 60,93
T2-8 W35 T2-8 W35
Water - | W10/ 8,70 6,01 1,29 Water - | W10/ | 362,13 | 5,79 62,54
water W35 water W35
w10/ 13,25 5,26 2,2 w10/ | 323,82 | 5,28 61,33
W35 W35
tg’l_jggrainnge l@gegexn?@eal The heat capacity of the cascade system is up
70 i O i to 1500 kW. Where B (brain) — heat is extracted
from brine, W (water) — from water. The num-
62 .
60 bers show the corresponding temperature. In our
o"" - example, the values of COP are correct when at
B the beginning the temperature of the coolant is
§ 40 equal to 0°C and the coolant income to the sys-
g tem with the temperature of 35°C.
.30
g Min brine  Min geothermal
N 20 0 temperature temp.eramre
™30 5 0 5710 15 20 25 30 &

Source temperature, °C

Fig. 2. Temperature range for heating the GSHP
iPump T2-8.

Their advantages compared to low-power
heat pumps are as follows:

— lower specific capital investments per 1 kW
of thermal power;

— cheaper both in terms of the main equip-
ment (heat pumps) and in terms of additional
equipment and complexity / cost of installation;

—smaller footprint compared to a large num-
ber of low-power heat pumps;

— higher technical and economic indicators of
some elements: efficiency of the compressor and
the heat pump as a whole.

The production capacity of high-power heat
pumps used in Ukraine is concentrated in Aus-
tria.

In Ukraine, the largest vapor compression
heat pumps soil-water or water-water Terra Max
280 — 275 kW and 362 kW, respectively [11].
Their operating parameters are given in the Ta-
ble 2 and in Figure 3.

0,

Supply temperature, "C
+a
o

20

10

10 -5 0 5710 15 20 25 30
Source temperature, °c

Fig. 3. Temperature range for heating
The GSHP Terra SW 280 Max H.

The effectiveness of the use of heat pumps
largely depends on the ratio of prices for electric-
ity and heat energy [8]. Comparison of the cost
of the energy component of heat produced using
a compression heat pump unit  with
COP=3.0...4.5 and when burning gas in a tradi-
tional boiler house, shows that if the price of gas
is over 200 Euro/1000 m?, and electricity is over
0.024 Euro/kWh, there is no alternative for using
the heat pumps (Figure 4).

Heat pumps enabling the use of ambient heat
at a useful temperature level need electricity or
other auxiliary energy to function. Therefore, the
energy used to drive heat pumps should be de-
ducted from the total usable heat. Geothermal
and hydrothermal heat energy captured by heat
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pumps shall be taken into account for the pur-
poses provided that the final energy output sig-
nificantly exceeds the primary energy input.

7
0.008 45 40 35 30
7

0.016
0,024

0,032

0.040 for heating

0.048

0.056
120

Il L

Price of electricity. Euro/ kWh

160 200 240 280

Price of natural gas, Euro/1000 m
Fig. 4. Impact of energy prices on feasibility of
using the heat pumps instead of gas boilers.

The amount of ambient energy captured by
the heat pumps to be considered renewable ener-
gy Eren, shall be calculated in accordance with
the following formula [24]:

Eren = Ey (l

where: E is the estimated total usable thermal

energy delivered by heat pumps; SCOP — the
estimated average seasonal performance factor
for these heat pumps.

Only heat pumps for which SCOP >1.15/5
shall be taken into account, where for EU coun-
tries 1=0.4 is the average ratio between total
gross production of electricity and the primary
energy consumption for electricity production.
Meaning that a minimum value of seasonal per-
formance factor should be SCOP > 2.875. Heat
pump enables the use of ecological heat (solar
energy accumulated in the soil, water and air) for
an economic and ecological heating and cooling.
For practical use of these energy sources we
have to respect the following criteria: sufficient
availability, higher accumulation capacity, high-
er temperature, sufficient regeneration, economi-
cal capture, reduced waiting time. In the devel-
opment of modern constructions with improved
thermal insulation and reduced heat demand use
heat pumps are a good alternative.

where: E; is the estimated total usable thermal
energy delivered by heat pumps; SCOP — the

1

SCOP @)
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estimated average seasonal performance factor
for these heat pumps.

The performances of the heat pump and the
system building heating installation is deter-
mined based on economical and energy indica-
tors of these systems. The opportunity to imple-
ment a heat pump in a heating system results on
both energy criteria and the economic [25].

Usually the heat pump (HP) realizes a fuel
economy AC (operating expenses) comparatively
of the classical system with thermal station (TS),
which is dependent on the heat pump type. On
the other hand, the heat pumps involve an addi-
tional investment lue from the classical system
Its, which produces the same amount of heat.
Thus, it can determine the recovery time t;, in
years, to increase investment, Al = lyp — Ivs, tak-
ing into account the operation economic indica-
tor realized through low fuel consumption AC =
Crs— Chp:

Al

R0 < TRy (2)
where: gy is normal recovery time.

It is estimated that for t,, the number of
8—10 years is acceptable, but this limit varies
depending on the country's energy policy and
environmental requirements.

Next economic indicator is a total updated
cost:

2 C
tuc = I + ] (3)
’ Z @+ 4)’

where: 1, is the initial investment cost, in the

operation beginning date of the system; C — an-
nual operating cost of the system; g, — the aver-
age rate of the inflation; z — number of years for
which the update (20 years) is made.

The equality (4) could be rather easily
demonstrated:

T

2

j=1

1
@+ 4)

@ p) -1
pA+f)

(4)

and the update rate is defined:
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p o @A) 1 ©)
BQA+f)

Taking into account (4) and (5) equation (3)
gets the following form:

t.=1,+r,-C. (6)

The operation of a heat pump is characterized

by such an energetical indicator as the coeffi-

cient of performance (COP=¢,,) or thermal

efficiency (&), defined as the ratio between

useful effect produced (useful thermal energy
E, ) and energy consumed to obtain it (drive

energy Ep): Energetical indicators.

COP=¢,, =i

=

Cc
@+5) 0

If both usable energy and consumed energy
are summed during a season (year) is obtained
by equation (7) annual seasonal coefficient of
performance (SCOP), which is often expressed
as SPF.

In the heating operate mode the COP is de-
fined by equation:

(8)

where: Q. is the thermal power of heat pump,

cop= e
P

e

W ; P, is the drive power of heat pump, W .

The sizing factor (Fs ) of the heat pump is de-
fined as a ratio of the heat pump capacity Q. to
the maximum heating demand Q,,

QHP

Fs=ap = ,

max

9)

where: Q. is the thermal power (capacity) of
heat pump, W ; P, —the drive power of heat
pump, W .

The sizing factor can be optimized in terms of
energy and economic, depending on the source
temperature and the used adjustment schedule.
From the energy balance of the heat pump:

E, =E.+E, (10)
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where: E is the useful thermal energy; Eg is the

drive energy.
Taking into account the energy losses TIT,

that are accompanying both the accumulation
and release heat from the real processes, the real

efficiency &, , and its expression is:
eup = [t/ —t)]-- D _IT;), (11)

where, t. , t, are the temperatures of condensa-

tion and vaporization of refrigerants, K.
Figure 5 represents the real efficiency varia-
tion of the heat pumps according to the source

temperature t; and temperature t, at the con-

sumer. The real efficiency of the heat pump with
the compressor with electric drive is [18]:

L+t
tu +tc _(ts _to)
N Mem (1_ nl)

COP = nrninmnem +.

" 12

where: t,, tg are the absolute temperature of
hot and cold source, respectively; t., t, are the

temperature differences between the condensa-
tion temperature and hot source temperature,
respectively, between the cold source tempera-
ture and vaporization temperature; n, — efficien-

cy of the real cycle toward a reference Carnot
cycle; n,n, — internal and mechanical efficien-

cy of the compressor; 7, — mechanical efficien-
cy of the electromotor; Q. — thermal power of

the heat pump.
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Fig. 5. Real efficiency variation of heat pump.
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Specific consumption of electricity is the en-
ergy indicator for heat pumps W, , KW/GJ:

1000
3'6‘C"HP,r

HP

(13)

The electricity consumption for heat pumps
depending on the heat source temperature t; and

consumer temperature t, is shown in Figure 6.

800 /
/|,=/10°('/

600 |- ~ /7/ /ﬁ/
400 / % éé%
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200 :"’/’//éééf
== == | ...

4 50 70 80 90
Fig. 6. Electr|C|ty consumption for the heat
production.

o

The energy indicators of heat pumps are de-
termined as average values, taking into account
the annual heat consumption variation.

The variation of the average annual electric
energy consumption, depending on F¢ and dif-
ferent graphics adjustments is represented in
Figure 7.

400
Wye, kW/Gcal 5
_f/’—"—:’; 95/75°C
300 =
200 ﬂ_’;,/‘
100 Fs
0 0.25 0.50 0.75 1

Fig. 7. Variation of the average annual electricity
consumption.

The annual fuel economy variation AB, ob-
tained by using heat pump, expressed as percent-
age of total annual fuel consumption in a referen-
tial classic system is presented in Figure 8.
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Fig. 8. Variation of annual fuel economy.

In order to properly compare the performanc-
es of various heat pumps types, have to uniform
the action energy.

In this sense, is reported the useful heat deliv-
ered annually Qu, year at annual equivalent fuel
consumption By, year Necessary for driving power
production, achieving the degree of fuel use
Wyear, IN KW/Kg [25]:

B

u, year
B

¢ year — > (14)

f,year

The fuel economy depends by heat pump
type, according to Figure 9.

Reduction of Greenhouse gases (GHG) emis-
sions, key to limiting global warming is associat-
ed with the replacement of classical solutions for
heating using heat pumps, especially GSHP. But
items related to electricity production must also
be taken into account, mainly used to drive them.

Nowadays it is not recommended to replace a
heating gas boiler with electrically operated heat
pump if electricity is produced using coal or
based on old technologies, because resulting car-
bon dioxide emissions may increase with 1-2
tons/year.

1 Fuel economy AC, %

140 2 Primary energy Ep, %

120
100
80
60

1
B | i
Gas HP w1th HPwith HP with Absoption E]ectlon

boiller  electric electric  thermal HP
COMPLEsSOr COMPrESSOr  mator
and boiler compressor

Fig. 9. Primary energy and fuel economy
for different types of heat pump.

Recently, the ground-source heat pump sys-
tem has attracted more and more attention due to
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its superiority of high energy-efficiency and en-
vironmental friendliness [26].

Renewable forms of energy produce low or
no GHG emissions.

The temperature of the ground is fairly con-
stant below the frost line. The ground is warmer
in the middle of winter and cooler in the middle
of summer than the outdoor air. Thus, the ground
is an efficient heat source.

The GSHP system, which utilizes ground-
water as a heat source or sink, has some marked
advantages including a low initial cost and min-
imal requirement for ground surface area [27].

The calculated values for the COP of GSHP
systems, operating as a water-to-water heat
pump are summarized in Figure 10.
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Fig.10. COP of GSHP.

3. ANALYSIS OF THE TEMPERATURE
GRADIENT AROUND THE GROUND
PIPES OF GSHP

For determination of thermophysical proper-
ties of working fluid of GSHP, the CoolPack
1.46 software package was used [29]. The Cool-
Pack is a collection of easy-to-use programs for
modeling and design of various HP systems. To
carry out calculations, it is necessary to specify
only units of measurement and key points, and
there is no need to describe the operating dia-
gram of the device.

Using the CoolPack 1.46 for numerical mod-
eling, the heat pump cycle (Figure 11) was cal-
culated for the new parameters with a tempera-
ture in the hot spot of 60 °C; working substance
of cycle is ammonia. Italics show the process in
which the temperature of the working carrier at
the outlet of the GP was 10 °C. For this cycle:

COP = COP'n 1y, |
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where COP' = (hg —hc)/(hg —hy)— coefficient
of performance without taking into account of
compressor and isentropic influence;

hg —he — difference of enthalpies in points B, C;
hg —h, — difference of enthalpies in points B, A;
n; = 0.7 —isentropic efficiency;

n. = 0.92 — isentropic efficiency of the com-

pressor.
Coefficient of performance is equal:

COP' = (1720-480)/(1720-1480)
COP = 5209092 = 43.

5.2;

This value of the COP is significantly higher
than the typical values given in [30, 31], which
indicates the high efficiency of this cycle.

Analysis of experimental data made it
possible to establish the dependence of
thermophysical properties of the soil from
temperature (Figure 12).

It is determined that the proposed GSHP are
perspective for Ukraine which has the deficit of
own energy resources, as enables to increase the
replacement factor of organic fuel and reduce the
amount of thermal effluent to the environment.

A large number of GSHP works in the resi-
dential, commercial and public buildings
throughout the world due to advantages of high
energy and environmental performances. These
buildings represent the biggest potential for en-
ergy saving technologies. As a next stage of our
investigations the changes of temperature gradi-
ent in the soil around GP as a source of energy
for the GSHP are analyzed.

The temperature gradient depends on the
depth and the temperature gradient of the soil
changes most dynamically at a depth of 4...8 m.
At a depth of 8...12 m, the soil temperature de-
creases from 9 °C to 8°C.

The isotherms in the soil run parallel to the
ground's surface. According to the results of our
research, during some periods of time after start
of operation of the HP, the temperature gradient
changes significantly at a distance of 0.1 m near
the ground's surface (Figure 13).

The temperature around the buried ground
tube does not rise more than for 9.0 °C. although
before the ground pipes (GP) are buried, the
temperature at the corresponding depth reached
by 12°C.
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Fig. 13. Distribution of ground temperatures
at the beginning of GSHP operation.

3000

At a distance of 1 m under soil, temperatures
almost don’t change comparably to isolines at
Figure 14. Therefore, for the normal operation of
the GP for GSHP, it is necessary according to
results of calculation to reduce the temperature at
the inlet to the compressor to 7 °C. Overheating
of the working fluid by 2 °C must be ensured in
order to prevent drops of fluid from entering the
compressor.

As it can be seen from Figures 14 and 15 after
the start of operation of the GSHP with vertical
pipes, distribution of temperature in the soil
around GP changes sharply. And the highest ef-
fect is observed at distance 1.5 m.
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Fig. 11. GSHP cycle with ground pipes using CoolPack.
A — start of compression; B — output of compressor; C — condensation point of the working fluid
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Fig. 12. Thermophysical properties of the soil.
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Therefore, in case of several closely located
GP, the distance between them should be 2 m.
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Fig. 14. Distribution of ground temperatures
during the operation of GSHP.
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Fig 15. Field of temperature at
the end of heating season

4. RESULTS OF NUMERICAL SIMULA-
TION OF THE THERMAL PARAMETERS
IN GROUND HEAT EXCHANGER AND
DISCUSSION

Using object-oriented programming facilities
numerical modelling of amount of heat Q can be
provided by one ground pipe (GP). For 8 points
of section C'-A (Figure 11) the input data for
further calculations were determined, and these
indicators were averaged for each section. Re-
sults of numeric simulation obtained using re-
fined calculation based at new data that are
shown in Figure 16. Analysis of specified results
of numerical simulation shows that the total
amount of utilised heat by one ground pipe is
equal to: Q = 67.4 W. Preliminary calculations
by simplified methodology give an overestimat-
ed value Q =90 W.

15 | Heat productivety, W
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Fig. 16. Dependence of heat on lengths of the GP:
A - at the beginning of operation;
B — during the operation

For the GSHP using low-potential heat of
soil, the distance between GP must be no less
than 2 m in order to prevent their mutual nega-
tive influence on the soil. This solution prevents
freezing of the ground during long term of ex-
ploitation GSHP.

At the end of the heating season, when the
number of GP n < 6, the temperature of the soil
around GP drops to 0°C, which is a threat of
freezing to the surrounding soil (Figure 16).

As a result of numerical modelling during a
long-term operation of GSHP it is necessary to
predict the features of thermal processes in the
soil around the ground pipes (GP).

The changes in the temperature field in the
soil around GP leads to the thermal relaxation
of soil.

But after shutdown of GSHP the field of tem-
perature in the soil around GP can be restored.

The changes of temperature field in the soil
during operation and after the GSHP shutdown
are shown in Figures 17-18.

The analysis of graphs shows that during the
extraction of heat using GP there is an intense
temperature drop in the soil layers around GP,
i.e. at a distance of 0.1 m. At a distance of more
than 0.5 m, the influence of heat exchange pro-
cesses on the temperature field in the soil be-
comes much less noticeable. When the GSHP is
shut down, i.e. in case of the absence of heat ex-
change in the soil during 48 hours, the tempera-
ture in the soil layers surrounding the GP in-
creases. During the first 12 hours, the heat ex-
change process occurs most intensively (bottom
curve), but over time the curves they approach
each other, and then asymptotically approach to
the natural temperature of the soil at the given
depth.
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Fig. 17. Non-stationary temperature field in
the soil around ground pipe.
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Fig. 18. Temperatures in the soil
around GP for every 12 hours
during 48-hour shutdown of GSHP.

The analysis of temperature curves in the soil
around the ground pipe shows that after 48-hours
of shutdown the system leaves the state of ther-
mal relaxation of soil due to the natural ability of
the soil to accumulate energy.

5. CONCLUSIONS
The widespread implementation of the GSHP
with the ground heat exchangers is hampered by
rational design of the evaporation part and prepa-
ration of wells for them. For example, near
Odessa region, evaporation zone of the coolant
in ground popes should be at the depth of 5 m.
That is, the height of the buried part of the GP
must be about 7...10 m, depending on the ther-
mal load, the coolant and operating pressure.
This plays a significant role in the cost of GSHP
heating system.

In addition, during a long-term operation of
the GSHP, there can be a noticeable decrease in
the temperature field around the ground pipe is
observed until a column of frozen soil appears,
and the radius of this column and the rate of its
increase directly depend on the amount of heat
removed by the HP, i.e. on the amount of heat
given off by the soil. This is dangerous not only
because of the disruption of vegetation, but also
because of a possible decrease in the strength of
the foundations of the nearby buildings.

However, such negative impacts can be miti-
gated by installing heat accumulators and using
comprehensive alternative heat supply systems.

Another impact factor is that the heat transfer
capacity of the soil at the point of the planned
installation of GSHP can be determined only by
experimental research and numerical simulation.
Because the soil moisture, temperature, composi-
tion and thermal conductivity can change signifi-
cantly during the heating season. Therefore, the
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ground pipes, even closely located ones, can
have completely different performance indica-
tors. Our research is carried out to optimize the
design of ground pipes of the GSHP.

Modelling of heat exchange processes in the
soil around the GP shows that in order to avoid
soil freezing, the minimum permissible number
of evaporators is equal 6. Installation of 8...15
heat exchangers of the GSHP allows us to avoid
seasonal temperature fluctuations near the
ground pipe.

However, even without improving ground
heat exchangers, it is clear that they have an ad-
vantage compared to solar collectors because:

— ground heat exchangers don’t require sig-
nificant areas for installation;

— performance ground heat exchangers is
practically independent of weather conditions
and is characterized by high stability;

— ground heat exchangers are more reliable.
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