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INFLUENCE OF PRESSURE IN THE TURBINE CONDENSER
ON HEAT SUPPLY EFFICIENCY OF NPP WITH HEAT PUMP

B. Kpasuenko, A. Ogepuenko. BuIMB THCKY B KOHAeHcaTopi TypOiHu Ha edexkTHBHicTH Temionoctayanus AEC 3 TemioBum
HacocoM. BHKOpHCTaHHS TEIIOBOTO HAcOCy JUIS TEIUIONOCTAYaHHs JO03BOJAE NMPAKTUYHO NMPUIMHUTH TEIUIOBE 3a0pyJHEHHS MOBKIILIA
B3MMKY IPH POOOTI TEIIOBHX Ta AaTOMHHX €IEKTpOCTaHMLii. SIKIo y SKOCTi HU3bKO NOTEHLIHOTO JKepena eHeprii Temiosoro Hacocy (TH)
BUKOPHUCTATH KOHJAEHCATOp MapoBoi TypOiHHM, KUIBKICTh BiIMyIIEHOI TEIoBOi eHeprii Oynae JOPIBHIOBATH CyMi TEIIOBOi IOTYXKHOCTI
xongeHcaropa AEC Ta HOTYKHOCTI KOMIIPECOpIB TEIIOBOTO HAcOCy. 3 TOYKH 30py €KOJOTiYHOI Oe3MeKH TEILIONOCTAYaHHS 3a PaXyHOK
KOMOiHYBaHHs €JIEKTPOCTAHIII} 3 TEIIOBUM HACOCOM € aKTyaJbHOI 33jadyero. AJie BiZIOMO, IO J0JaTKOBa eleKTpu4Ha notyxHicTs TEL
yepes BiICYTHICTB TertodikaiiHux BinoopiB Oyae MeHIIa 3a noTyxHicTh koMmnpecopiB TH. TakuM 4MHOM 3 TOYKH 30py TEPMOJHMHAMIYHOT
e eKTUBHOCTI BUKOPUCTaHHsI TEIUIOBOI'O HACOCY IpOrpae TpaauuiiHiil Temtodikauiiiniii ycranosui (TOY). MeToro poboTH € BU3HAYECHHS
BIUIMBY KiHIIEBOTO TUCKY B KOH/ICHCATOpI Ha TepMOAiMHaMi4Hy edekTrBHicTh atoMHoi TELL 3 TeroBum HacocoMm. Po3pobieno MateMaTHuHy
Mozienb TerioBoi cxemu TypboyctanoBku AEC K-1000-5,8/1500 mpu poborti mitom Ta B3uMKy 3 TOVY. [Ipu BiAMyCKy TEIIOTH B3UMKY Y
kinbkocTi 230 MBT enekTpuyHa MOTYXHICTh OJOKy 3HIDKYeThcs Ha 43,5 MBT. Po3pobieHo mMaTeMaTHuHy MOAENb TEIUIOBOTO HAcocy,
HM3BKO TIOTEHI[IHHUM JDKEPEIOM EHeprii JUIs SIKOTO BHKOPHCTOBYEThCS KOHJEHCATOp mMapoBoi TypOinu. st 3abesnedyeHHs BimmycKy
230 MBrT Temnoru notyxHicte kommpecopy TH mae 6ytu 48,4 MBT. Takum uunom, sikiro 3aminuta TOY wa TH Ti€el % moTykHOCTI,
eNIEKTPUYHA TIOTYXHICTh 3HM3UThCA Ha 4,8 MBT. IlpoBeseHO po3paxyHKH BiZJHOCHO BIUIMBY KiHIIEBOTO THCKYy B KOHJIEHCATOpi Ha
exceprernunnit KKJ| ATELL 3 TH, sixuit BUKOPHCTOBYE BCIO MOTY)XHICTh KOHAEHCATOPY TypOiHH. AHaJi3 OTPUMAHUX PE3yJbTaTiB MOKA3aB,
10 3 MiIBUIIEHHSAM KiHIIEBOTO THCKY B KOHJeHcaropi ekceprernunuii KKJI uepe3 migBuIleHHS BiAIyIIEHO! €JIEKTPUYHOI MOTYKHOCTI
30inbnIyeThCs. Lle mosicHIOEThCst 301IbIIeHHSM Koe(ilieHTa IepeTBOPEHHS eHEprii TEIIOBOro Hacocy.
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V. Kravchenko, A. Overchenko. Influence of pressure in the turbine condenser on heat supply efficiency of NPP with heat pump.
The use of a heat pump for heat supply makes it possible to practically stop thermal pollution of the environment during the operation of
thermal and nuclear power plants in winter. If a steam turbine condenser is used as a low-potential energy source for heat pump, the amount
of released thermal energy will be equal to the sum of the thermal power of the NPP condenser and the power of the heat pump compressors.
From the point of view of environmental safety, heat supply by combining power plant with a heat pump is an urgent task. But it is known
that the due to the lack of steam extraction for water heating, the additional electrical power of the cogeneration heat and power plant will be
less than the capacity of the heat pump compressors. Thus, in terms of thermodynamic efficiency, the use of a heat pump loses to a
traditional cogeneration plant. The purpose of the work is to determine the influence of the final pressure in the turbine condenser on the
thermodynamic efficiency of a nuclear power plant with a heat pump. A mathematical model of the thermal scheme of the K-1000-5.8/1500
NPP turbo-plant during summer and winter operation with heating plant has been developed. With the heating plant capacity of 230 MW, the
electric capacity of NPP unit decreases by 43.5 MW. A mathematical model of a heat pump has been developed, for which a steam turbine
condenser is used as a low-potential energy source. To ensure the release of 230 MW of heat, the power of the heat pump compressor must
be 48.4 MW. Thus, if the heating plant is replaced with a heat pump of the same capacity, the electric power will decrease by 4.8 MW.
Calculations were made regarding the influence of the final pressure in the condenser on the exergetic efficiency of the NPP with heat pump,
which uses the entire capacity of the turbine condenser. The analysis of the obtained results showed that the exergetic efficiency due to the
increase in electric power released in winter increases with the increase of the final pressure in the condenser. This is explained by an
increase in the heat pump coefficient of performance.

Keywords: nuclear power plant, heat pump, heating plant, exergy efficiency

1. Introduction

Recently, thermal power plants and nuclear power plants have reached the limit of their thermo-
dynamic perfection based on the accepted initial parameters, and in order to further increase their
technical and economic indicators, it is necessary to look for new unconventional ways. One of the
possible options for solving this problem is the use of heat pump technologies to recover the energy
potential of discharge low-temperature flows [1, 2]. With a NPP efficiency of 32%, only a third of the
useful heat is converted into electricity, which is sent to the consumer. The other two-thirds of the heat
is irretrievably lost in the cooling system of the steam turbine condenser and is discharged with heated
technical water into the environment. Such a significant loss is associated with the potential of this
water (does not exceed 30 °C), which is too low for useful utilization. Thermal pollution is one of the
significant disadvantages of thermal power plants and nuclear power plants. However, with the help of
a heat pump (HP), this low potential heat can be transformed, increasing its temperature to 80...90 °C
and making it sufficient for use. Thus, the study of combining nuclear power plants with heat pumps is
an urgent task from the point of view of ecology and economy.
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2. Analysis of the latest research

Heat pumps are developing and improving. The number of heat pumps operating in Japan, Eu-
rope and the USA is estimated at tens of millions. Work is also being carried out in the direction of the
combination of thermal power plants and nuclear power plants with heat pumps [3].

Depending on the type of heat pump, the work is performed either by a compressor (in compres-
sion HPs) or by thermochemical transformation (in absorption HPs).

The main value for evaluating the efficiency of these devices is the coefficient of performance
(COP), which exceeds one. This means that the consumer receives several times more thermal energy
than the electrical energy used to operate the heat pump compressor [1]:

COP = M (1)

compressor

where Q... — thermal power released,
N — electric power of the heat pump compressor.

compressor

The heat loss in the condensers of combined heat and power plant reaches values of 20...60% de-
pending on the mode and work schedule. This means that in the summer, when there is no heating
mode, the heat loss in the condenser will be equal to 60%. In the presence of heating, the capacity of
the condenser decreases, and at the maximum heat capacity of the heating installation, the loss of heat
in the condenser will be minimal (20%).

A very large amount of thermal energy can be obtained in heat pumps with a COP of at least 3.5.
However, at the same time, it is necessary to spend some part of the generated electrical energy in the
heat pump. The resulting heat can be sent to the regeneration system of the steam power plant of the
power plant, thereby increasing the electrical efficiency. Or direct it to the heating of internal and ex-
ternal consumers, thus reducing the specific fuel consumption for heating and, as a result, the emission
of greenhouse and toxic combustion products at thermal power plants.

Note that the circulating water is completely or partially cooled in the evaporator of the heat
pump. Therefore, due to the reduction of its temperature in the turbine condenser, the vacuum im-
proves and the possibility of generating additional electrical energy appears, which can be used to
drive the heat pump compressor.

In order to increase the efficiency of thermal power plants and nuclear power plants at nominal
and variable modes, various options for the use of heat pump equipment are proposed [4]. The most
common option is the use of a compression type heat pump (CHP), which is characterized by high
transformation coefficients. Another option is absorption heat pumps (AHP). They are characterized
by the lowest energy consumption for their own needs, but they cost more. To date, a large theoretical
and practical base has been accumulated on the use of heat pumps. Large-scale research was conduct-
ed in Ukraine and abroad, and schemes using heat pumps were developed in large quantities [1, 3].

According to theoretical studies [3], the thermal power received by the final consumer exceeds
the thermal power of the source by 1.3 times. The use of a heat pump for heating consumers at a dis-
tance from the power plant using the heat of a low potential source covers all losses of the power
plant, including losses in the condenser. If the heat pump is installed on the condenser of the steam
turbine, in order to return the heat back into the cycle through the regeneration system, it is possible to
significantly increase the efficiency of TPPs and NPPs. Unfortunately, this statement given in [3] is
not confirmed by calculations.

Next, it is shown that the use of a heat pump at a nuclear power plant to dispose of condenser
cooling system losses is economically feasible for two reasons:

1. In the condenser of the NPP turbine, the heat of vaporization that is lost makes up the largest
part relative to the enthalpy difference of the TPP, so the use of a heat pump at the NPP will lead to a
greater increase in its efficiency than at the TPP;

2. The final stages of the NPP steam turbine operate at high steam humidity, which causes addi-
tional losses in the turbine and increased erosive wear of the blades. Due to the heat pump, it is possi-
ble to return part of the heat of the condenser with increased potential to the last stages of the turbine,
while increasing the dryness of the steam.

In [5], the basic thermal scheme of a nuclear power plant using a compression heat pump to re-
turn the heat of the condenser to the regeneration system and the last stages of the steam turbine is
considered. At the same time, the heat pump condenser is connected to the regenerative heating system
and replaces the first low-pressure heater.
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With such a connection scheme, the design of the NPP steam turbine installation requires mini-
mal changes. In this scheme, the heat pump evaporator is installed in the inlet or outlet channel of the
cooling water, which greatly simplifies its installation.

Connecting the evaporator of the heat pump to the cooling water at the inlet to the condenser will
allow to increase the generated power of the turbine due to two factors:

—the steam consumption in the last stages of the turbine will increase due to the fact that the
heating of the condensate in the low-pressure heater 1 is carried out by a heat pump, and not by the
extracted steam;

— there will be an opportunity to increase the activated heat transfer in the last stages of the tur-
bine due to the reduction of the saturation pressure in the condenser as a result of heat removal by the
evaporator of the heat pump from the cooling water and a decrease in its temperature.

However, the results of mathematical modeling [5] show that the power required for the opera-
tion of the heat pump compressor is higher than the electrical power additionally produced by the
power unit, when the evaporator is placed both at the inlet and at the outlet of the cooling water of the
main turbine condenser.

This conclusion is very important and practically cancels the expediency of using a heat pump in
a complex with thermal power plants and nuclear power plants. That is, the improvement of the char-
acteristics of the nuclear power plant due to the deterioration of the characteristics of the heat pump
leads to the deterioration of the general characteristics of the power plant-heat pump complex.

However, from an environmental point of view, we can consider the possibility of using a com-
pression heat pump in the main condenser circuit of the turbine to reduce the thermal discharges of the
NPP to the environment.

Another option for the utilization of low-potential heat with the help of heat pumps is the heating
of administrative, domestic and industrial buildings of the NPP and the nearest city. Currently, the heat
for these purposes is taken from the selection of the working steam of the turbine, which reduces the
production of electricity at the NPP. The use of heat produced by heat pumps with a coefficient of per-
formance COP=4 for heating purposes allows:

— reduce heat emissions to the environment;

— eliminate (or reduce) steam withdrawals for heating needs.

Despite all the positive aspects of heat pumps, they are less common in the heat-cold supply sys-
tems of industrial facilities. The main reasons are the limitation of the temperature of the high-
temperature heat carrier up to 55 °C and problems in creating heat pumps with a large unit capacity.
Such limitations are laid down in the principle of operation of the heat pump and the Carnot cycle. It is
impractical to heat the coolant to a temperature above 65...70°C, as the heat pump begins to consume
too much energy.

These problems have been partially solved. High-temperature industrial heat pumps have already
been developed and even put into operation. For example, a project was proposed to utilize the waste
heat of the Leningrad NPP-2 steam turbine [6] with the help of a THCO2-2300 heat pump for heating
mains water from 28 to 80 °C with a conversion factor of 5. Modern high-temperature heat pumps of
the IWHSS series are capable of heating the coolant up to +95 °C, making it suitable for use in local
heating and hot water systems.

To achieve an increase in temperature, the OCHSNER company developed a two-phase circular
process [7]. High-temperature heat pumps are produced with a power from 190 to 750 kW in a single
product, while the temperature of the heating water at the outlet of the condenser reaches +100 °C at a
heat source temperature of +10 °C.

In [8], systems with large-sized LiBr-water absorption heat pumps for preheating circulating wa-
ter in the district heating network from 45 to 80 °C are studied. A theoretical analysis of the system is
presented, showing the advantages compared to the conventional absorption heat pump and the origi-
nal heat supply system.

As it was indicated earlier, according to the results of calculations, it was found that when using
heat pumps in a complex with a nuclear power plant (or TPP), the total thermodynamic efficiency of
the complex decreases.

The purpose of this article is to determine the numerical value of this decrease and to determine the
effect of increasing the final pressure in the turbine on the efficiency of the NPP + heat pump complex.

To achieve the set goal, it is necessary:

—to develop a mathematical model of a turbocharged nuclear power plant when operating in
condensation and heating modes;

— develop a mathematical model of a heat pump;
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— conduct a study of the effect of pressure in the condenser on the overall efficiency of the NPP
with a heat pump.

3. Calculation of the thermal scheme of the K-1000-5.8/25-2 turbine installation in conden-
sation mode

To solve the given problem, a mathematical model of the thermal circuit of the K-1000-5.8/25-2
turbine installed on the power units of the Zaporizhzhya NPP was developed [9].

The purpose of calculating the thermal circuit is to determine the parameters and consumption of
the working fluid at all calculation points of the circuit, indicators of thermodynamic efficiency. Some
initial data are given in the Table 1.

The calculation is carried out according to the method [10]. A peculiarity of the calculation is the
assumed temperature of the cooling water at the inlet to the turbine condenser. The pressure in the
condenser is determined by the formula given in [9]. The initial data for the calculation and design of
the K-33160 capacitor are given in [10]. The calculation sequence is as follows:

A. Calculation of the steam expansion process in a high-pressure cylinder (HPC) (n*° =0.83);

B. The pressure behind the low-type cylinder (LTC)(in the condenser) in this problem is deter-
mined by the temperature of the circulating water at the inlet to the condenser tg;.

The steam load of the condenser is determined by the ratio of steam flow into the condenser
(D, ka/s)to the heat exchange surface:

d=Dy/F,=318/33160=0.00959 kg/(sxm?).
Empirical coefficient x, which depends on the coefficient =0.85 and tg:

x=0.12a(1+0.15t,;)=0.12x0.85(1+0.15x18)=0.3774.
Empirical coefficient b, which depends on d:
b=0.52-7.2xd=0.52-7.2x0.0095899=0.45095.

The number of tubes of one run of the condenser is equal to the total number of tubes of the con-
denser divided by the number of runs z=2.

The speed of circulating water in the condenser tubes in one stroke:
54x318x.001
27940

m Dk Vcwl

ot 0-785dtibentube1 0.785x% 00262 X

=4.63 m/s.

The multiplier ®,, which takes into account the effect of the number of water strokes z in the

condenser:
R T R TC (E

10 35 10 35
Multiplier @4, which takes into account the steam load in the condenser:
d™=(0.9-0.012-t 1) xd=(0.9-0.012x14)x0.00958=0.00656,

since di>d ™, then d=1
The average heat transfer coefficient in the condenser:

X 2
1ixw,, ) [, bva
K=4.07a owl |~ x(35-¢ D, D, =
[ dt(ilsf J ( 1000 ( CWl)J Z>d
0.2856
= 4.07%0.85x| 11x463 1 049095xV085  ap 10y 101512
0.026 1000

=4.138 kWt/(m’K).
Condensation temperature:

4.13834
r o Plme,d 2400 7P\ 54x4.19x0.00958
tc :tcwl + X Pk :18+ X4 xD. = 3046 OC.
me K 54x4.19 4.13834
" exp -1 exp -1
me._d 54x 4.19x 0.00958
p-k
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Corresponding condensing pressure P,=4.36 kPa.

C. Calculation of the steam expansion process in low pressure cylinder (n° =0.82).

D. Construction of the steam expansion process in the drive turbine of the feed pump.

E. Determination of parameters of heating steam in sampling and regenerative heaters, drains of

heating steam, feed water and main condensate.
F. Determination of the flow rate of the working fluid at the nodal points of the scheme.

Steam consumption from a steam generator:
QSG

purging

D _ B 3021.2x1000
*¢ " h,+0.005h . —1.015h,, 2777 +0.005x1286-1.015x973.14

where Qsg — the steam generator capacity is equal to the power of the reactor plus the power of the
main circulation pumps:

=1694.6 kg/s

Qs =3000+4x5.3=3021.2 MW.

The results of the calculation of the parameters of the heating steam, the main condensate (MC)
and the feed water (FW) are summarized in the Table 1.

Table 1
Summary table of bled steam, drain, main condensate (MC) and feed water (FW) parameters
(R1, R2 —reheater 1 and 2 stage, HPH — high pressure heater, LPH — low pressure heater,
D — deaerator, TFWP — turbine of feed water pump)
Heating steam and drain
Extraction points 0 | I I Il
R2 R1 HPH7 HPH6 HPH5
Pexi, MPa 5.82 2.87 2.87 1.82 1.20
Preat MPa 5.42 2.84 2.76 1.73 1.13
Nheat, KJ/KQ 2777.93 2673.79 2673.79 2606.07 2546.54
theat,"C 261.61 231.41 231.41 207.72 187.96
tar, °C 261.61 231.41 202.04 195.04 188.04
har,kJ/Kg 1142.82 994.27 861.60 830.10 798.84
Extraction points i ! v v Vi VI
D TFWP LPH4 LPH3 LPH2 LPH1
Pexi, MPa 1.20 1.03 0.58 0.31 0.08 0.021
Preat, MPa 1.13 1.03 0.54 0.29 0.07 0.020
Nhear, KJ/KQ 2546.54 2938.97 2827.55 2731.62 2547.65 2392.67
tin, °C 187.96 250.00 157.65 137.05 93.49 61.12
tyr, °C 185.19 24.19 154.85 132.03 90.97 58.81
hgr, KJ/kg 786.16 101.45 653.22 555.04 381.04 246.31
Steam, feed water, main condensate
Extraction points 0 : ! I |
R2 R1 HPH7 HPH6 HPH5
Pin, MPa 1.19 1.15 7.57 7.82 8.07
Py, MPa 1.15 1.11 7.32 7.57 7.82
tyin, °C 187.53 210.00 203.72 183.93 167.55
tiout, °C 210.00 250.00 227.41 203.72 183.9
hin, kJ/kg 2803.14 2844.07 869.20 780.73 708.47
hou, KJ/Kg 2844.07 2938.97 973.140 869,20 780.73
Extraction points i IV v Vi Vil
D TFWP LPH4 LPH3 LPH2
Pin, MPa 0.54 1.28 1.43 1.58 1.73
Py, MPa 0.54 1.13 1.28 1.43 1.58
tein, °C 154.65 134.05 90.49 59.12 32.46
teouts °C 167.55 154.65 134.05 90.49 59.12
hin, kJ/kg 652.34 563.69 379.01 247.46 118.10
hou, KJ/Kg 708.47 652.34 563.69 379.01 247.46
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According to the result of the solution of the system of equations of the material and energy bal-
ance of the heat exchange equipment of the turbo installation, the consumption of the working fluid in
the selections of the turbine is determined (Table 2).

Table 2
Consumption of the working fluid at the points of the scheme of the turbine plant
K-1000-60/1500-2
DFW DRl DRZ DD DMSR DMS GMC
1710,0 55.50 66.95 22.53 1298.4 138.26 1206.3
D, D, D D, Ds Ds D,
83.64 77.01 66.19 49.19 88.46 69.0 53.34

FW - feed water; R1, R2 — reheaters 1 and 2; MSR — moisture separator reheater;
MS — moisture separator; MC — main condensate

G. Calculation of turbine capacity. Determining performance indicators of the turbo installation.

The consumption values of the main flows:

— steam consumption before a stop and a check valve: D=1603.3 kg/s;

— steam leakage through the sealing of turbine rods and valves: Dy,,=1.8 kg/s;

— steam consumption at the exit from the high-pressure cylinder: Dysg=1242.62 kg/s;

—steam flow through the sealing of the high-pressure cylinder and the low-pressure cylinder:
Dseai=2.4 Kg/s;

Steam consumption for the drive turbine of the feed pump:

V'(P,) DPp. 0.0011:7.86
he, =™ 2938.97 — 2282.03
ht™e 0.82
D. =D, x————==1710x =28.3 kg/s.
T h, 0.98 J
The internal power of the turbine is determined in Table 3.
Table 3
Calculation of the internal work of the turbine
Compartment Compartment consumption, Enthalpy difference, Domp.i*ANcomp.i»
number Deomp.i» K9/s Ahgomp.; kI/Kg kwW
1 1649.92 96.71 159563.76
2 1510.78 68.02 102763.25
3 1433.76 59.78 85710.17
4 1176.07 111.42 131037.72
5 1126.89 95.93 108102.56
6 1036.03 183.97 190598.44
7 967.02 154.98 149868.76
8 913.67 132.92 121445.02
Sum, W 1049089.68

Electric power of the turbogenerator:
Nepr =W XM pen X Ngen =1049x0.988x0.99 =1026 MW,

where Nmen=0.988 — mechanical efficiency of the turbine;

Ngen=0.99 — generator efficiency.

4. Calculation of the K-1000-60/1500-2 turbo installation scheme in heating mode.

The purpose of this part is to determine the electric capacity of the turbo installation when operat-
ing in the heating mode. The heating installation is presented in Fig. 1.

Mains water consumption G,,=2455t/h=687.5 kg/c. With the accepted values of the hot (forward) t,
and cold (return) t. water temperatures, the thermal power supplied to the consumer from the NPP is equal:

Qui=Guc,(th—tc)=687.5x4.19x(150-70)=230.4 MW,
where ¢, — thermal conductivity of water.
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Extraction V
Extraction IV Extraction VI

B-3 \t B-2 \I; \L B-1
Hot water W 7|T|'

Gold water

In train of the main condensate after LPH2

Fig. 1. Thermal scheme of the heating installation (HI)

From the equations of the material and energy balance of the boilers, we determine the steam
consumption for them:

Gg.3=36.277 kg/c; Gg,=47.23 kg/c; Gg1=13.636 kg/c.
Condensate consumption of heating steam from the heating installation:
GH|=GB_3+GB_2+GB_1=36.277+47.23+13.636 =97.143 kg/S

As a result of the recalculation of the balances of LPH2 and LPH1, we will obtain steam con-
sumption for them: Ds=62.45 kg/s; D,=50.54 kg/s. The internal capacity of the turbine will be
1004.6 MW.

Electric power of the turbogenerator:

Ne br=WnmechNgen=1004.6x0.99x0.988=982.6 MW.

5. Use of a heat pump for heat supply from the NPP

When using a heat pump (HP), the heating installation with steam extraction does not work and
the production of electricity increases, but the compressors of the heat pump consume electricity and
therefore the supply to the consumer decreases. The purpose of this section is to calculate the power of
HP compressors to determine the power released to the consumer during NPP operation with HP. In
[1], the dependence of COP on the temperature of network water is given. The results of processing
these data for a network water temperature of 65 °C are shown in the Table 4.

We will analyze the economic result of using a heat pump integrated in the condenser of the tur-
bo installation. When releasing thermal energy in the amount of Qu=230.4 MW, the underproduc-
tion of electricity is: 1026.14-982.53=43.57 MW. During the operation of a heat pump installation of
the same thermal power, the compressor power will be:

Neompr=Qustul/ COP=230.4/4.76=48.4 MW.

Thus, during the operation of the NPP with heat pumps, the electricity output will decrease by
48.4-43.57=4.83 MW. Due to the small difference, this calls into question the conclusion [5] about the
thermodynamic inexpediency of using a heat pump under the accepted conditions.

Table 4

The effect of steam condensation temperature as a low-temperature heat source for vaporizing freon in the heat
pump cycle on its efficiency

teongs °C 29 30 31 32 33 34
COP 4.5896 4.793 4.9915 5.1936 5.4248 5.6648

Let’s consider how the final pressure of the turbine installation will affect the performance of the
NPP+heat pump complex. As the steam condensation temperature in the condenser increases, the effi-
ciency of the heat pump increases, i.e. the COP increases.

In the Table 5 shows the results of calculating the electric power of the NPP in condensation
mode when using a heat pump depending on the final pressure of the turbine.

Table 5
The influence of the final pressure of the turbine on the released electric power at a thermal power of 230 MW

teond, °C Nel of NPP, MW COP Ncompr, MW Nel — Ncompr, MW
32.28 1017 4,993 46.14 970.85
34 1008.7 5.226 44.09 964.61
36.8 995.5 5.576 41.32 954.18
39.66 982 5.935 38.82 943.18
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From the given data, it can be concluded that with an increase in the condensation temperature,
the power of the power unit decreases faster than the COP of the heat pump increases. The total elec-
trical power output is also reduced. That is, the conclusion given in [5] is confirmed.

We will calculate the option if the consumer is not supplied with fixed thermal power, but with
all the thermal power that is discharged into the environment. That is, the entire heat capacity of the
condenser is used. In this case, the useful thermal power released to the user is:

Qusfulecondenser+Ncompr- (2)

The calculation results are given in the Table. 6. From the analysis of the given data, it can be
seen that as the condensation temperature increases, the thermal power of the condenser Qcong inCreas-
es and the electric power of the turbine N, decreases. At the same time, the COP increases and, ac-
cordingly, the required power of the compressor decreases:

Q
N _ _<condenser . 3
compr COP 1 ( )
Table 6
Results of calculating the influence of the final pressure
in the turbine condenser on the efficiency of NPP with HP
teonds °C %ng' Ne, MBr | COP '\I‘\ZOEPT” Ne';/'[\'};’Tmp“ %ﬁg; Eo, MBT | Mo, %
32.28 2004.2 1017 4.993 494.7 522.3 2470 387.7 30.19
34 2012.5 1008.7 5.226 469.5 539.2 2454 385.2 30.6
36.8 2025.7 995.5 5.576 436.6 558.9 2434.7 382 31.2
39.66 2039.2 082 5.935 407.7 574.3 2419 379.7 31.6

The electric power supplied to the consumer increases. The overall efficiency of the APEC is es-
timated by the exergetic efficiency [11], which also increases with the increase in the final temperature
(Table 6).

It should also be noted that one of the disadvantages of thermal power plants and nuclear power
plants is heat pollution, which is of significant importance due to the relatively low efficiency. Cur-
rently, heat pollution charges are not collected, but given the great attention paid to the environment in
recent times, it must be emphasized that it is precisely through the use of heat pumps that this heat pol-
lution can be completely avoided. At the same time, a powerful source of cheap thermal energy ap-
pears.

Conclusion

1. A mathematical model of the thermal circuit of the K-1000-5.8/25-2 NPP turbine plant was
developed, which takes into account the dependence of the steam condensation temperature in the
condenser on the temperature of the circulating water.

2. As a result of the calculation, it was found that the power of the NPP power unit at a circulat-
ing water temperature of 18 °C in the condensation mode is equal to 1026 MW. When operating in
winter and the power of the heating plant is 230.4 MW, the electric power of the power unit decreases
to 982.6 MW (by 43.4 MW).

3. It was determined that when switching to heat supply from a heat pump and using a condenser
as a low-potential energy source for a heat pump, the compressor power under these conditions (ther-
mal power 230.4 MW, t.,,=30.5 °C, network water temperature 65 °C) is equal to 48.4 MW. That is,
when comparing the operation of a nuclear power plant with a heating plant, which is provided by
steam extracted from a turbine, the use of a heat pump leads to a decrease in electric power by
4.83 MW. The small value of this difference is explained by the relatively low value of the network
water temperature (65 °C).

4. The influence of the final pressure on the efficiency of the TPP with a heat pump is analyzed.
For the first time, it was found that with an increase in the final pressure, the increase in the efficiency
of the heat pump precedes the decrease in the efficiency of the turbo installation, and the overall effi-
ciency of the complex increases.
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5. Considering that one of the disadvantages of TPPs and NPPs is heat pollution of the environ-
ment, it should be emphasized that the use of heat pumps, for which the turbine condenser will be a
low-temperature source, allows you to completely avoid this pollution during winter operation.
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