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OPERATIVE CONDITIONS AND ATTAINABLE VOLUMES OF USING HEAT PUMPS AT HEAT
AND POWER PLANTS IN THE INTEGRATED POWER SYSTEM OF UKRAINE

We investigate two variants of the operative conditions of heat and power plants with techno-
logical schemes where heat pumps are used for utilizing the heat of exhaust gases of steam
generators: the variant with controlled electric power of heat and power plant and economi-
cal variant ensuring the maximum cost effectiveness. It is demonstrated that the variant with
controlled electric power is reasonable only if the electric power of heat and power plant is
used for eliminating system problems, in particular, for controlling power generation in
response to the electric load demands, with the corresponding payments for these services.
The economical variant is much more cost effective because it provides a substantial
increase in the output thermal power of the heat and power plant. An additional substantial
economic effect can be obtained in the case when the heat and power plant, working accord-
ing to the economical variant, is involved to a system of the automatic control of frequency
and power as a part of the integrated power system.
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The last decade is characterized by the fact that
the world community relies, to an increasing
degree, upon energy supplied from renewable ener-
gy sources. In this case, special consideration is
given, without sufficient arguments, to wind and
solar energy, although these renewable energy
sources at present cannot compete with the tradi-
tional technologies of the production of electric and
heat energy. For strange reasons, both manufactur-
ers and managers of all levels in Ukraine do not
consider the possibility to use heat-pump technolo-
gies, allowing the utilization of heat from various
low-grade heat sources. This fact disagrees with the
opinions of numerous scientists who have proved
that such technologies are highly competitive.
Special attention should be given to publications
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with the results of studies of low-grade heat utiliza-
tion systems based on heat pumps. These systems
use waste heat from various industrial heat sources
(exhaust gases of steam generators, process liquids
in cooling systems, etc.), specifically at power-gen-
erating plants and, first of all, at heat and power
plants (HPP). One of the promising variants of
using heat pumps in the technological schemes of
HPP [1, 2] is illustrated in Figure.

In this paper, we analyze the possible operative
conditions and efficiency of such systems. The use
of heat pumps for utilizing the waste heat of exhaust
gases of steam generators is reasonably practicable
because such utilization enables one to increase the
fuel utilization factor.

The thermal power Q, that is lost with exhaust

gases of steam generators shown in Figure is deter-
mined as follows:
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Schematic diagram illustrating the utilization of the heat of exhaust gases of steam generators of HPP with using
heat pumps:
Ch — chimney; Sg — steam generator; T — turbine; Cte — consumers of thermal power; HR — waste heat recovery
units; HP — heat pumps; G — electric generators; NHI, NH2 — heaters of delivery water

0,=n, P, (1)
where Psg is the capacity of the steam generator,
and n, is the part of its capacity that is lost with
exhaust gases.

From the exhaust gases, the waste heat recovery
unit extracts thermal power which is given by

0,=1n.0, (2)
where 7 is the utilized part of thermal power of the
exhaust gases.

The heat pump, using the part Ny, of output
power of the electric generator, transfers the
extracted thermal power Q, with the required
parameters to thermal power consumers. In this
case, the operation of the heat pump is character-
ized by the following relations [3, 4]:

Oup= ¢ Nyp, 3)
and
OQup = Li} 0., 4)

where Q,p is the output thermal power of the heat

pump, and ¢ is the coefficient of heat-pump per-
formance.
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The output thermal power of the heat pump is
transferred to the heating system via heaters NH1
and NH2, i.e., an additional thermal power Q;pis

generated. Since the coefficient of heat-pump per-
formance for modern heat pumps reaches 4.5 ... 6
or even more, the technological scheme illustrated
in Figure under certain conditions can be cost-jus-
tifiable.

There are two variants of the operative condi-
tions of HPP with the technological scheme illus-
trated in Figure where heat pumps are used.

Variant 1

(variant with controlled electric power)

According to this variant (it is considered in [2]),
thermal power O, at the output of the heater NH1

is transferred to the heating system and maintained
at such level as it would be if there is no heat pump
in the technological scheme of the HPP, that is:

ON=0, 5)
N,
0, == ©)
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where N is the rated electric capacity of the tur-
bine, and K is the specific production of electric
power in operation of the turbine as a thermal
power source [5].

When analyzing Variant 1, the operative condi-
tions of the HPP are determined by solving the sys-
tem of algebraic equations that describe certain ele-
ments of its technological scheme.

For the heater (NH1):

01t Oyp=0,=9n (7

where O is the output thermal power of the tur-
bine, Qpp is the output thermal power of the heat
pump, and Qy, is the thermal power transferred to
the heating system.

For the turbine (T):
nTng_QT_N: 0 (8
ng: nsgpsga )

where 1 is the turbine efficiency factor, Qg is the
output power of the steam generator, 1 Se is its effi-
ciency factor, and N is the part of output power of
the turbine which is transferred to the electric gen-
erator.

For the electric generator (G):

N —Ny—Nyyp =0, (10)

= Nghs an

where N, is the output power of the generator, 7, is
its efficiency factor, Ny, is the electric power trans-
ferred to the power network, and N, is the part of

output power of the generator which is used for
operating the heat pump.

For the system of equations (7), (8), and (10),
taking into account equations (1) ... (6) and (9), it is
possible to find analytical solutions. Since the
parameters O and N in (8) are related according to

formula (6), the output thermal power O of the
turbine is given by

Q}" = (.bg’ (12)

1+K

From equations (1) ... (4) and (9), it follows that

e
Ns,(9—1)

Substituting (13) in (7), we determine the output
thermal power Q Se of the steam generator as

o,

»
a

Oup = ng

(13)

Ose = (14)

where the coefficient ¢ depends only on the output
parameters:

— ??T + ’?\-‘ }?r ¢
Since the quantity Q is also known, the output

(15)

thermal power Q Se of the steam generator is deter-

mined. All the other parameters of the technologi-
cal scheme illustrated in Figure can be expressed in
terms of the thermal power O Se by analogy with (12)

and (13). Specifically, the part of output power of
the turbine which is transferred to the electric gen-
erator is equal to

Km

(_sg, (16)

the electric power consumed by the heat pump is

N (17)
HP _5g ((0 ] ) g Sg?
the output power of the electric generator is equal to
_ 6K,
“I+K ng’ (1o

the electric power transferred to the power network
can be calculated as

N6 Kty 1,
Ny = - -
v [ I+K  ng(p- I)JQS"" 1

System of equations (12) ... (19) enables one to
calculate the operative conditions of technological
scheme of the equivalent HPP illustrated in Figure.
Table 1 contains the results of calculations of the
operative conditions of HPP in the Integrated Power
System of Ukraine according to Variant 1 (the variant
with controlled electric power of the HPP). These
plants are divided into four groups by initial steam
pressure, as is made in [2], for the possibility to com-
pare the results obtained. In these calculations, for all
groups of heat and power plants, the initial values of
the design parameters are specified as follows:
n,=0.8,9p=4.5,1n,=0.78,and n ;= 0.98. The other

necessary initial parameters are presented in Table 1.
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Table 1 - Operative conditions and attainable volumes of using heat pumps at HPP in the Integrated
Power System of Ukraine (the variant with controlled electric power)

ITaran:leter Parameters Parameter values Total
identifier
- Initial steam pressure (MPa) 3.4 8.8 12.8 23.5 -
f Installed electric power (MW) 795 1,266 1,880 1,250 5,191
N, | Rated operating electric 6360 | 10128 | 1,504 | 1000 | 4,152.8
power (MW)
0, Installed thermal power 30045 | 27486 | 3,487.9 | 1,796.5 | 11,037.5
i (MW) * s * » . ’ . E] . » .
Rated operating thermal
0, power (MW) 2,403.6 | 2,198.9 | 2,790.3 1,437.2 8,830
Specific production of electric
power in operation of the
K turbine as a thermal power 0.27 0.47 0.55 0.71 -
source (MW (el.) to MW (th.)
ratio)
Efficiency factor of the steam 9 93 93 94
"Ise generator (%)
Part of the output thermal
power of the steam generator
» which is lost with exhaust 6 > . 4 )
gases (%)
a Coefficient in relation (14) 0.68125 | 0.58591 | 0.55846 | 0.49991 -
Output thermal power of the
Osq steam generators (MW) 3,528.2 | 3,753.0 | 4,9964 | 2,874.9 15,152.5
Output thermal power of the
Or wrbines (MW) 2,166.9 1,991.4 | 2,514.3 1,311.4 7,984/0
Thermal power of the heat
Oup pumps (MW) 236.7 207.3 276.0 125.8 845.8
N Output electric power of the | so5 || 9360 | 13820 | 9311 | 3835.1
turbines (MW) ’ ’ T ' U
Ne | OQuputpoweroftheelectric | ooy 09175 | 13552 | 9124 | 37582
generators (MW)
Electric power consumed by
Nup the heat pumps (MW) 52.6 46.1 61.3 28.0 188.0
Electric power transferred to
Ny the power network (MW) 520.8 871.1 1,293.9 884.4 3,570.2
Range of variation of the
ANgG power of electric generators 62.6 95.6 148.8 87.6 394.6
(MW)
Range of variation of the
ANy power transferred to the 115.2 141.7 210.1 115.6 582.6
electric power network (MW)
* Qi' = Nj

neK
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The results of analysis of the variant with con-
trolled electric power demonstrate the following.
According to this variant, the total thermal power
> (O + Opp) that is transferred from the HPP to

the heating system coincides with the total rated
operating thermal power ¥, O, as must by relation

(7). The total electric power transferred to the
power network is reduced by 14 % as compared with
the nominal operative conditions of HPP (without
heat pumps). So, when the variant with controlled
electric power is used, the installed electric power of
the HPP is considerably underutilized. The thermal
power of the plant turbines is also underutilized by
9.6 %, but this underutilization is compensated by
additional thermal power generated by the heat
pumps.

Generally, according to this variant, the total
output power transferred outside by the plant illus-
trated in Figure is reduced by 4.5 % as compared
with the total output power of the HPP without heat
pumps, i.e., the reduction is quite substantial.
Therefore, we may conclude that, possibly, the use
of this variant is reasonable only if the electric
power of the HPP is involved to eliminating prob-
lems arising in power systems, in particular, for
controlling power generation in response to electric
load demands. But this use requires an additional
economic analysis. Positive solution on the use of
this variant will depend on the pay for system (sec-
ondary) services supplied to consumers.

It should be emphasized that the powers of heat
pumps presented in Table 1 are maximum possible
for this variant with the specified initial parameters.
These powers are represented as system parameters
and, according to equations (13) and (17), depend
on both the operative conditions and design param-
eters such as n,, 7, Ngg> @ and 71, The values of

these system parameters can be reduced only by
removing a certain part of the heat pumps from
service up to their complete exclusion. In this case,
the HPP will work under the rated operative condi-
tions. Note that, according to Table 1, the obtained
range of variation of the electric power transferred
to the power network is less by a factor of more then
five as the corresponding range presented in [2].

Variant 2

(economical variant)

According to this variant (realized in [1]), the
control system of the turbine power provides the
generation of rated operating thermal power O in

the presence of heat pumps in the scheme of HPP
shown in Figure:

0r=0 (20)

where Q is calculated according to (6).

The relations connecting the operative condi-
tions of the HPP according to Variant 2 are the fol-
lowing:

On— Qo= Opp=0, (21)
nTQSg_ Qo_ N0=0’ (22)
Ng— Ny—Nyp=0, (23)

System (21) — (23) has an analytical solution:

0, =&, 24
iy

Oup = b0y 5 (25

— ¢'?r’?\- s (26)

(@ - ‘J)'?Sg

Q\ = Qn + Qm' > (27)
N =210

HP p HP » (28)

N.\’ = '?(i No - (29)

The notation in equations (21) ... (29) is the
same as those in dependences (1) ... (19). Relations
(24) ... (29) were used for calculating the parame-
ters characterizing the operative conditions of
groups of HPP, determined in analyzing Variant 1,
with the same initial data as in Table 1. The results
of calculations for Variant 2 are presented in
Table 2.

In contrast to Variant 1, the operative condi-
tions of HPP with heat pumps according to Variant
2 are cost-justifiable. The thermal power of each
group of HPP and their assemblage as a whole
increases. This growth, expressed in relative values,
is inversely proportional to the efficiency factor of
the steam generators because, with increase in
these factors, the relative power of exhaust gases
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Table 2 - Operative conditions and attainable volumes of heat pumps at HPP in the Integrated Power

System of Ukraine (the economical variant)

Ifaran.ieter Parameter Parameter value Total
identifier
Initial steam pressure
- (MPa) 3.4 8.8 12.8 23.5 -
Installed electric power
N; (MW) 795 1,266 1,880 1,250 5,191
y, | Ratedoperating electric 636.0 1,012.8 1,504 1,000 | 4,152.8
power (MW)
Installed thermal power
O; 3,004.5 2,748.6 3,487.9 1,796.5 11,037.5
(MW)
Rated operating thermal | 4036 | 21089 | 2,7903 | 14372 | 8830
Qﬂ power (MW) ’ . 3 . ] . 3 * L
Specific production of
electric power in operation
K of the turbine as a thermal 0.27 0.47 0.55 0.71 -
power source (MW (el.) to
MW(th.) ratio)
Efficiency factor of the
IIse steam generator (%) 02 93 93 4 )
Part of the output thermal
power of the steam
v generator which is lost 6 > > 4 )
with exhaust gases (%)
b Coefficient in relation (25) | 0.068571 | 0.055299 | 0.055299 | 0.043769 -
Output thermal power of
Osg the steam generators (MW) 3,896.9 4,117.6 5,505.5 3,124.6 16,644.6
Thermal power of the heat
Oup pumps (MW) 267.2 227.7 304.4 136.8 936.1
Thermal power transferred
On to the heating system 2,670.8 2,426.6 3,094.7 1,574 9,766.1
(MW)
Ng | Outputpowerofthe 623.3 9925 | 14739 | 9800 | 4,069.7
G electric generators (MW) ’ ’ T ’ U
Electric power consumed
Nyp by the heat pumps (MW) 594 50.6 67.7 30.4 208.1
Electric power transferred
Ny to the power network 563.9 941.9 1,406.2 949.6 3,861.6
(MW)
Range of variation of the
ANgG power of electric 0 0 0 0 0
generators (MW)
Range of variation of the
ANy power transferred to the 594 50.6 67.7 30.4 208.1

power network (MW)
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decreases. The increment of thermal power reaches
11% for the group of steam generators with an effi-
ciency factor 1, = 92% and 9.5% for the steam

generators with an efficiency factor n Sg 94%. The

average increase in the thermal power of all assem-
blage of heat and power plants is estimated as
10.8%. It is reasonable to determine the total power
that is transferred from all HPP to the power net-
work and heating system. This power constitutes
12,899.7 MW under the rated operative conditions
(without heat pumps) and 13,627.7 MW under the
conditions with heat pumps (Variant 2). So, the
total power increases by 5.6 %, i.e., the increase is
substantial.

It is also important that the operative conditions
of HPP according to Variant 2 can be used efficient-
ly for the automatic control of frequency and power
(ACFP) in power systems. If there is a deficiency of
power, then the ACFP system switches off the heat
pumps installed at HPP. In this case, the electric
power transferred to the power network increases by
208.1 MW, resulting in partial or complete com-
pensation of the formed power deficit. During the
period when the ACFP system operates (15 min-
utes), the heating system receives 936.1 MW of
thermal power less, but this decrease is compensat-
ed due to the accumulating capacity of heating sys-
tems and buildings of the consumers. The results of
special energy-and-economic studies demonstrate
that the ACFP systems based on consumers-regula-
tors in the form of controlled heat-pump stations
included to district heating systems provide cost
effectiveness of about 1 billion of US dollars per
year.

The results obtained enable us to make the fol-
lowing generalizations.

1. The operative conditions of HPP with heat
pumps in their technological schemes according to
Figure can be implemented by using two variants:
the variant with controlled electric power and eco-
nomical one.

2. The variant with controlled electric power
provides the possibility to vary the electric power of
HPP transferred to the power network in the range
of 0 ... 14% of the rated output electric power (see

Table 1). Here, the value 14% corresponds to the
maximum possible powers of heat pumps. However,
this variation is possible due to reducing the output
electric power of turbines by 9% and their thermal
power by 9.6%. Therefore, the cost effectiveness of
this variant can be ensured only under fairly rigid
conditions, namely, in the case of high payments,
established by the power system, for system services
in satisfying the electric load demands.

3. The economical variant of the operative con-
ditions of HPP with heat pumps is characterized by
a high cost effectiveness. The total thermal and
electric power transferred to the heating system and
power network according to this variant increases
by 5.6% as compared with the rated operative con-
ditions, which guarantees its high cost effectiveness.

This effect can be even greater due to the use of
heat pumps, working at HPP, as consumers-regula-
tors in the ACFP system as a part of the Integrated
Power System of Ukraine.
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