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The problem of energy saving becomes one of the most important in power engineering. It is caused by exhaustion of
world reserves in hydrocarbon fuel, such as gas, oil and coal representing sources of traditional heat supply. Convention-
al sources have essential shortcomings: low power, ecological and economic efficiencies that can be eliminated by using
alternative methods of power supply, like the considered one: low-temperature natural heat of ground waters on the ba-
sis of heat pump installations application. The considered heat supply system provides an effective use of two stages
heat pump installation operating as heat source at ground waters during the lowest ambient temperature period. The
calculation method of heat pump installations on the basis of groundwater energy is proposed. The values of electric en-
ergy consumption by the compressors’ drive, and the heat supply system transformation coefficient u for a low-potential
source of heat from ground waters allowing to estimate high efficiency of two stages heat pump installations are calcu-
lated.
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[BocTyneHeBi TeNsIOHACOCHi yCTaHOBKU ANs eHepro3tepiraro4umnx
TEeXHOOrin

A. €. feHucoea, I'. B. /lyxcaHcobkKa, I. O. bodHap, A. C. [leHucoea
OpecbKMIA HALLOHAIbHUI NOAITEXHIYHMI yHiBepcuTeT, np. LLesyeHKa, 1, Oaeca, 65044, YkpaiHa

OOHUM 3 OCHOBHUX HAMPAMKI8 800CKOHA/EHHA CUCMEM MernaonocCMa4yaHHA € MeHOEeHYiA nepexody Ha HU3bKomem-
nepamypHi cucmemu onasneHHs Ha OCHO8i MeNAOHACOCHUX YCMAHOB0K. 3anpornoHO8AHO MEMOOUKY PO3PaxXyHKy men-
/IOHACOCHUX YyCMAHOBOK Ha 6a3i rpyHmosux 800. Po3pobaeHO anzopumm po3paxyHKYy MenaoHACOCHOI YCMAHOBKU,
peanizayia Axkoi nidmeepoxye epekmusHicme ii pobomu 6519 MenaonocmavyaHHA crioxcusayvie. BcmaHosneHo pauio-
HanbHy 2nubuHy i KinbKicme ceepdnosuH, AKi 3abe3nevyyrome HAdiliHy pobomy mMmenaoHACOCHUX cucmem mpu
MiHIManbHIlG nomyxHocmi enekmponpusody Hacocis, wo nodarms 2pyHmMosy 800y 00 Mensa0HACOCHOI yCMAHOBKU.
BcmaHosneHo, w0 pauioHasnbHe PO3MillleHHA MpPbOoX MeHWUX 3a 2aUubUHOK ceepds108UH 8 NMOPIBHAHHI 3 0OHIEI ceep O-
7108UHO0 00380/1A€ 3aow,adumu sumpama enekmpoeHepeii 8 1,7 pasig. LLinaxom 4ucio8020 MoOent08AHHA mernsno8ux
npoyecie 8 enemeHmax o0HocmyniHYamoi i 08ocmyneHe8oi menaoHAcoOCHUX YCMAHOB0K 8CMAHOB/EHOo, wo binbw
eghekmusHo € 0s8ocmyneHesa Merns0HACOCHA YCMAHOB8KA 044 cucmemu orfasneHHA «meraa nidnoza». Lle docs-
20EMbCA 30 PaxyHOK binbw HU3bKOI memmnepamypu menaoHocid, wo nodaemeoca nid eHympibyouHkosy cucmemy,
8HACNIOOK 4020 014 O0CA2HEHHA KOM@MOPMHUX memnepamypHUX pexcumie nompibHo meHuwe enekmpoeHepeaii Ha
npuegio Komnpecopa. BusHayeHo KoegpiyieHmu mpaHcopmayii menaomu, nomymHicms, CroXusaHa eaeKkmponpu-
8000M KOMIpecopa memnaoe8020 HACOCA. BUKOHOHO OUiHKY eheKmUBHOCMI BUKOPUCMAHHA 3aMPONOHOBAHUX Mens0-
HACOCHUX cucmem 018 300aHUX KAIMamUYHUX YMO8 i 8CMaHo8s1eHi yMosu epeKmusHO020 8UKOPUCMUAHHA Meri/IoH a-
COCHUX cucmeM Ha 6a3i rpyHmosux 800.

Kntouosi cnoea: mensoHACOCHa YCMAHOBKA, 2pyHMO8a 800d; ymunisayia; HU3bKonomeHyiliHa eHepaia; oOHocmyrne-
Hesuli mennosuli Hacoc; dsocmyneHesuli menaosulli HAcoc, KoegiyieHM mpaHcgopmauii mernaomu; onanoeanoHa
HABAHMAM(EHHA,; edheKmusHicmeb.
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1 Introduction trends as to the replacement of traditional and upgrading
of existing heat supply systems consists in the transition to
Unlike fossil fuels, the unconventional geothermal en- a low-temperature heating system based on the heat

ergy resource is not limited. Therefore, one of the main  pump plants (HPP) using groundwater thermal ener-
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gy [1, 2]. To implement the heat transformation processes
at HPP various working bodies are applied, but not always
their thermodynamic and thermal properties meet the
heating systems requirements, especially in climates
where the atmospheric temperature is low enough [3]. As
the thermal load increases the heat potential augments
and its maximum value implies also the maximum heat
carrier temperature in the heating system. Therefore, dur-
ing periods of highest temperature gap between the low
potential heat source and the heating systems’ heat carri-
er (especially in the sever climatic regions) to cover the full
heating load, the two-stage HPP are used. Analysis of re-
cent research and publications. In recent years, there aris-
es the need to improve the HPP efficiency [4].

2 General material

The article deals with a promising concept of the two-
stage heat pump system (Figure 1), useful for heating sys-
tems with low potential heat source [5, 6].

This scheme operating principle is following: water
from the heat generator 9 reaches the pump 8, delivering
it for heating to the capacitors 6 and 7, serially connected

to the water feeding system. The cooling zone condensers
separating superheated steam from the condensation
zone thus provide the countercurrent working fluid - and -
heated water circulation therefore enabling the tempera-
ture increase of the heated water that leaves the conden-
ser concurrently reducing the energy loss from irreversible
heat exchange. The primary stage capacitor 7 is heating
the water from the temperature t,; to a certain intermedi-
ate temperature t. then the water enters the second-
stage capacitor 6 and is heated therein to t,, temperature.
The low potential groundwater heat entering the evapora-
tor 3 is passed to boiling working agent, which vapor at a
pressure Py reaches the lower-stage compressor 1, where
it is compressed to a pressure P;, and divided into two
streams. One stream flows into the capacitor 7, wherein
during the heat transfer to the heated water it is con-
densed, and the other reaches the upper-stage capacitor 2
where it is compressed to a pressure P, and passing into
the capacitor 6 it heats the carrier fluid from the interme-
diate temperature to a temperature ts2. Then, the work-
ing medium condensation through an expansion valve 5
passes into the condenser 7, and the total flow of conden-
sate from the capacitor 7 is supplied via the throttle valve
4 to the evaporator [7].
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Figure 1 — Two-stage HPP principal diagram

For further comparison of two-stage HPP energy effi-
ciency a heating diagram based on single stage HPP oper-
ating with the groundwater energy source is represented
(Figure 2), where low-grade heat source (ground water),
transmits heat to freon in the evaporator 2, the freon is
boiling, and that steam absorbed with compressor 1, it is
compressed. Then the freon is supplied to the water-
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cooled condenser 3, the water representing a high-
potential heat source, which is fed into the heating system
6, equipped with a pump 5. Upon heat exchanging the fre-
on steam is condensed and in the state of liquid refrigerant
through the expansion valve 4, where its temperature and
pressure drop, flows back to the evaporator [1].
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Figure 2 — Single-stage HPP principal diagram

3 Method of analysis

The aim of research includes a comparative analysis of
the considered two-stages HPP energy efficiency schemes
using environmentally friendly refrigerant R152a for heat-
ing systems, with low-potential heat source represented
by ground water in the temperature range ty, = 4...12°C,
[8], for a full coverage of the heat load on the heating sys-
tem when the outdoor temperature t,=—-18°C.

In order to analyze the considered two-stages HPP en-
ergy efficiency schemes we shall use the method [1, 9],
implemented with the auxiliary of the Cool Pack program
p, h-diagram (Figure 3, 4) [10].

The freon evaporation temperature t;, allowing to es-
timate the enthalpy h; and pressure P, of freon at the
evaporator’s exit:

tfeztlpz - Ate;
where:
t1p2 — low-potential heat source temperature, °C;
At.— temperature drop at the evaporator’s exit, K.

The freon condensation temperature t;, allowing to es-
timate the enthalpy h; and pressure P. of freon at the
evaporator’s exit:

tee = thp2+ Atc'
where:
high-potential heat source temperature at the
condenser’s exit, °C;
At. — temperature drop at the condenser’s exit, K.

thpZ -

Compressor’s adiabatic efficiency [9]:

N.=0,98(273 + t,)/(273 + t;.),
where:
to— atmospheric air temperature, °C.

Freon enthalpy at the compressor’s exit
hat= hey + (h2a— h1)/na,

where
h,, — freon enthalpy upon adiabatic compression com-
pleting, kl/kg. Condenser specific heat load:

Gc=hy—hs
HPP specific heat load:
In1=dc-
Compression work at the compressor:
lew=hy—hy.
Specific energy consumed by the electric motor:

W= Icw/( Ne/m ne)r
where:

Ne/m — COMpressor’s electro mechanic efficiency;
ne — electric motor efficiency.

Heat transformation coefficient
|J- = th/ /cw‘

Freon mass consumption:

Gfmc= th/ qh1-
where:

Qi1 — HPP heat load, kW.
Electric power consumed by the compressor’s drive:
N = WGy

To analyze the two-stage HPP efficiency (Figure 1) we
use the methods [9]. Intermediate compressive pressure

P =(PP.)" .
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Figure 3 — Cycle of single stage HPP operating with ground water energy for heating system at t,=-18°C

At two-stages HPP calculation, the freon consumption
at the low G'fmc and high thmc pressure circuits are found
from the power balance condition:

Glfmc(h4_ h9) = thmc (h4_ h8) ’

where:

ha, hg, hy —enthalpy at the process working points 4, 8,
9, ki/kg (Fig. 4).

In such a way we obtain the ratio between freon con-
sumption levels at the high thmc pressure and low G'fmc
pressure circuits

Gtmc / Gme =(ha=hs) / (ha=hs) = (8 + 1)/1,
where:

& — the proportion of freon vapor produced by 1* stage
condenser and this one produced by 1* stage compressor.

Enthalpy of freon vapor entering the 2" stage high
pressure compressor:

hs=(h;+ 8h4) /(1 +6),

where:

h,— freon enthalpy at the 1% stage compressor exit,
ki/kg.

Freon consumption at the high pressure circuit:

Gt = Qui/(hs = hy),

where:

hs — freon enthalpy at the 2" stage compressor exit,
ki/kg.

Freon consumption at the low pressure circuit:

Glfmc = thmc /(1 + 5)

30

Mechanical energy consumed by the 1% and 2" stage
compressor drives:
Nis= thmc (hs—hs) + Glmc (ha— hy).
Electrical energy consumed by the compressor drive:
N = NmZ/ Ne/m-
Heat transformation coefficient:
H=Qu/N.

4 The results of numerical simulation single-stage
and two-stages hpp operating with ground water
energy

To calculate the power efficiency of the considered
HPP circuits for heat supply system, adopted are the fol-
lowing initial data of that system thermal scheduling of
95...50°C with cutoff at 80°C:

— ground water temperature at the evaporator’s en-
trance HPP ty, = 4...12°C;

— ground water temperature at the evaporator’s exit
HPP t,, = 1..9°C;

— temperature drop at the heat exchangers’ exit
A=5 K, At =5 K;

—  compressor’s
Ne/m= 0,95;

— HPP heat load Q;,, =502 kW (5-fllors building for 60
apartments).

—atmospheric air temperature to=—-18°C;

— heating intrabuilding devices — sectional radiators.

electromechanical  efficiency
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Figure 4 — Cycle of two-stage HPP operating with ground water energy to supply for heating system at t,=-18°C

In order to analyze the energy efficiency of the consid-  6). As the refrigerant selected is the environmentally
ered HPP circuits application for heat supply system using  friendly agent R152a, convenient for enhancing the HPP
ground water as low-potential heat source, ceteris paribus  efficiency due to its thermal properties [3].
the following values have been obtained (Table 1, Figure 5,

Table 1 — HPP power efficiency parameters

N, kW u
Tstlioc ) .
Single-stage HPP Two-stage HPP Single-stage HPP Two-stage HPP
10 221,2 174,7 2,387 2,871
14 208,7 168,9 2,530 2,971
18 195,7 155,4 2,698 3,228
22 183,2 149,4 2,883 3,359
26 170,7 137,1 3,093 3,659
N. kW u
L—1
230 — 3.0 -
210 1 — 2.8 bt 2
190 5 2.6
/ ,4
7 — 24 L
170 — ? //
2.2
150 . °
3 F: 8 10 1. °C 4 6 8 100 #i°C
Figure 5 — Dependence between the electric power con- Figure 6 — Dependence between the heat supply system
sumption N and the ground water temperature ty; at the transformation coefficient u and the ground water tem-
evaporator entrance for single-stage (1) perature ty; at the evaporator entrance for single-stage (1)
and two-stage (2) HPP and two-stage (2) HPP
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The analysis of heat supply systems’ parameters
(Table 1) using HPP when temperatures schedule 95...50 °C
with cutoff at 80°C operating the low-potential heat source
of ground water ty,= 4..12°C does evidence that the
smaller is the temperature drop between the low-potential
heat source and the municipal system heat carrier, the
higher is the HPP efficiency.

Therefore, from power viewpoint, more efficient is a
two stages HPP based heat supply system, that is illustrat-
ed with the heat transformation coefficient 4, which aver-
age increase is 19% when compared to a system based
onto a single-stage HPP at the expense of lower electric
power quantity consumed by compressors’ drive N. In oth-
er words, two-stages HPP allow producing more heat en-
ergy for the heat supply system under the same electric
power consumption level. Therefore, to satisfy completely
the heat loads of heat supply system, especially at the
environmental temperatures below t, = = —18 °C, essential
is to apply alternative heat supply systems using two-stage
HPP.

5 The results of numerical simulation of hpp at
ground water inflow from the borehole for various
heating intrabuilding devices — sectional radiators
and underfloor heating

Fig. 7 shows a diagram of inflow of groundwater the
vertical borehole. The borehole must be provided with
special suction pump destined to supply ground water to
the evaporator HPP. Groundwater get into the vertical
borehole through the water permeable in the radial direc-
tion along the entire height of the borehole. The height of
the aquifer is equal H,. After starting pumping the
groundwater level begins to drop and the free surface and
the free surface take the form of so-called depression fun-
nel [3].

Volumetric flow of groundwater, m®/s [9]:

Vw= 1136 k (HOZ_ hborz) / Ig (Rbor/rbor) ’

where:

k —filtration coefficient, m/s;

Hy — depth of the borehole relative to the natural
groundwater level, m;

I'vor — borehole radius, m;

Ruor — range of radius, where the influence of borehole is
considerable, m.

Heat load from the groundwater flow in the evaporator
of the heat pump

Qo= Gycpht,
where:
¢, — heat capacity of the ground water, kJ/(kg-K);
At — difference between the temperature of the ground
water at the inlet and outlet of the evaporator HPP, K
G,, — mass flow rate of groundwater, kg/s

GW = VW pW
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Figure 7 — Scheme of inflow of ground water
to the vertical borehole

Heat power of the evaporator of single-stage HPP [10]
Q0= Gfmc (hl - h4), kw .

Heat power of the evaporator of two-stages HPP [11]
Qo= Glime (h1 = hiso), KW.

Electrical energy consumed by the pump drive pumping
out the ground water from a borehole and providing a re-
quired pressure to supply water to the evaporator:

Nbor=V4AP/(1000 ny), kW,

where:

AP — pressure drop depending on depth of the bore-
hole H,, Pa;

N« — electric motor efficiency of pump.

The corresponding results of numerical simulation of
energy efficiency of TNI heating systems with two intra-
house heating devices (sectional radiators and floor heat-
ing) were obtained (Figure 8, 9).

i‘: u
47 - a
4 ____-—“ -
42 -- ammT
37 =
32
2 .
27
1
~ - : VIS'“UC
4 6 8 10 12

Figure 8 — Dependence between the transformation coeffi-
cient u and the ground water temperature ty, at the evap-
orator entrance:

1-single-stage HPP with section radiators;

2 — two-stage HPP with section radiators;

3 =single-stage HPP with underfloor heating;

4 - two-stage HPP with underfloor heating
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Figure 9 — Dependence between the electrical energy
consumed by the pump drive N and the ground water
temperature ty, at the evaporator entrance:

1 -single-stage HPP with section radiators;

2 - two-stage HPP with section radiators;

3 =single-stage HPP with underfloor heating;

4 - two-stage HPP with underfloor heating

In order to maintain the required heat output of the
evaporator HPP and saving electrical energy used by the
pump drive pumping out the ground water from the bore-
hole the rational approach to the placement of equipment
must be used.

The values of required depth of the borehole H, provid-
ing the required volume flow rate of water flowing into the
evaporator of HPP and total electric energy consumed by
the pump N, are shown in the Table 2.

The calculations are made for the clay when k=
=10 °*m/s; roor = 0,15 M; Rpor = 100 M; Ao, = 10 M.

6 Conclusions

Results of numerical simulation for HPP heating sys-
tems in the temperature chart 95...50°C with a tempera-
ture of cutting 80°C by using low-grade heat source
(ground water) with temperatures ty; = 4...12°C shows
that the less is temperatures drop between the low-
potential heat source and the coolant being supplied to
the heating circuit, the higher is HPP efficiency.

Table 2 — Performance indicators depending on the temperature of the ground water

Number of boreholes HPP Values Ground water temperature at the evaporator’s entrance of HPP t;,, °C
4 6 8 10 12
1 Qo kW 277,7 283,9 290,0 296,1 302,2
2 Qy, kW 330,0 334,3 338,7 341,7 347,2
3 Q,, kW 369,4 374,9 380,4 385,8 391,1
4 Qo, kW 391,7 396,1 399,0 404,5 407,7
1 Hg, m 214 216 219 221 223
One borehole 2 Hg, m 233 235 236 237 239
3 Hg, m 247 249 250 252 254
4 Ho, M 254 256 256 258 259
1 Npor, KW 55,5 57,3 59,2 61,1 63,0
2 Npor, KW 71,9 73,3 74,7 75,7 77,5
3 Nypor, kKW 85,1 87,0 88,9 90,8 92,7
4 Noor, KW 92,9 94,5 95,5 97,5 98,7
1 Qp, kW 277,7 283,9 290,0 296,1 302,2
2 Qy, kW 330,0 334,3 338,7 341,7 347,2
3 Qo kW 369,4 374,9 380,4 385,8 391,1
4 Qy, kW 391,7 396,1 399,0 404,5 407,7
1 Hy, m 151 153 155 156 158
Two boreholes 2 Ho, M 165 166 167 168 169
3 Hy, m 174 176 177 178 180
4 Ho, M 180 181 181 183 183
1 Npor, kKW 39,2 40,5 41,9 43,2 44,5
2 Nypor, kKW 50,8 51,8 52,8 53,5 54,8
3 Npor, kKW 60,2 61,5 62,9 64,2 65,6
4 Noor, KW 65,7 66,8 67,6 68,9 69,8
1 Qo kW 277,7 283,9 290,0 296,1 302,2
2 Qy, kW 330,0 334,3 338,7 341,7 347,2
3 Qo, kW 369,4 374,9 380,4 385,8 391,1
4 Qy, kW 391,7 396,1 399,0 404,5 407,7
1 Hgp, m 124 125 126 128 129
2 Hy, m 135 136 136 137 138
Three boreholes 3 Ho, M 142 144 145 146 147
4 Ho, M 147 148 148 149 150
1 Npor, kKW 32,0 33,1 34,2 35,3 36,4
2 Nypor, kKW 41,5 42,3 43,1 43,7 44,8
3 Npor, kKW 49,1 50,2 51,3 52,4 53,5
4 Nypor, kKW 53,6 54,6 55,2 56,3 57,0

Notes: 1 — single-stage HPP with section radiators; 2 — two-stage HPP with section radiators; 3 — single-stage HPP with underfloor heating;

4 — two-stage HPP with underfloor heating.
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By calculation, it was determined that more efficient
is the heating system based onto low-potential groundwa-
ter heat source using the two-stage HPP, rather than a
system based onto single-stage HPP that is demonstrated
with average productivity increase of 19 %, as evidenced
by the heat transformation coefficient p. The two stages
HPP can almost 1,3 times reduce the average energy con-
sumption, that represent their indisputable advantage
when compared to single stage installations. Thus, the
conventional heat supply can be replaced by alternative
methods based on the two stage HPP use. This is of high
actuality for the climatic conditions, when necessary is to
completely cover the heating load, particularly at ambient
temperature below tq = —18°C. The use of two stages heat
pump allows to increase the amount of heat for heating
system and consumed electrical energy.

Results of numerical simulation shows that improving
efficiency of HPP is possible by using underfloor heating
instead traditional sectional radiators. This result is
achieved through lower temperature coolant supplied to
the intrahouse system, thereby reducing the power con-
sumption by the compressor drive for compression of re-
frigerant to the condensing pressure. This is because the
underfloor heating system cowers the whole surface of the
floor, and thus, the heat transfer occurs from the larger
surface at relatively less than low temperature.

In addition, to maintain the required evaporator ca-
pacity must be rational distribution and the amount of
intake boreholes. For example, using less than three deep
wells compared with one deep borehole can be reduced
energy consumption by 1.7 times, resulting in faster pay-
back HPP.
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