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Performance Analysis of the Steam Turbine Cycle combined with the Heat Pump*

By Takashi SONODA**, Takeshi SAITO*** and Hiroshi TANIGUCHI****

The performance of the steam turbine cycle combined with the heat pump
is analyzed from the standpoint of both the 1lst law and 2nd law of thermo-
dynamics. This cycle is useful in order to reduce the thermal pollution locally
caused by the waste heat from the steam condenser and to raise the total energy

efficiency.

The following factors are considered here to analyze the performance of
this cycle ; the internal efficiency of the steam turbine , the pressure of
the steam condenser in the steam cycle, the kind of thermal media ( NHs ,R11 ),
the condensing temperature, the evaporating temperature , the outlet tem-
perature of the cooling water from the evaporator and the internal efficiency
of the compressor in the heat pump cycle.

1. Introduction

Recovering the waste heat from the steam
power plant by the heat pump and using the
héat for space heating or as other heat
sources, whose temperature is raised to about
100°C, makes it possible to reduce the ther-
mal pollution locally caused by the heat
released by the steam condenser to surround-
ings. On the other hand, from the standpoint
of energy utilization it is expected to raise
the overall thermal efficiency, because the
generated electrical power by the steam
turbine and the recovered heat are both
useful W2 B) Byt the net electrical power
generated becomes less by the value consumed
by the heat pump compressor.

This paper presents an analysis of the
performance of the steam turbine cycle
combined with the heat pump from the stand-
point of both the 1st law and 2nd law of
thermodynamics(““5{Inordertoproject this
cycle and make the realization of such a
plant possible, it is necessary to study the
thermodynamic performance and solve many
problems expected in the practical operation
as compared with those of the conventional
back pressure or bleeding steam turbine
plants. Further as the capacity of a combined
heat pump in this plant is supposed consider-
ably larger than the one operated already,
there are many problems to be solved in future
, such as the improvement of the performance
of the heat pump compressor‘lne’. Taking
matters descrived above into consideration,
the authors try to analyze the thermo-
dynamic performance of this cycle which
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should be at first investigated As the
factors to affect the performance the follow-
ing ones are considered ; the internal effi-
ciency of the steam turbine , the pressure
of the steam condenser in the steam cycle,
the kind of the thermal media ( NHs», R1l ),
the condensing temperature , the evaporating
temperature, the outlet temperature of the
cooling water from the evaporator and the
internal efficiency of the compressor in the
heat pump cycle.

The heat whose temperature is raised by
the heat pump is transferred to thermal medi-
um of the heat utilization side , such as
steam or hot water ,and used for any purposes.

In this paper it is proposed that one
part of this heat is used for heating the

" boiler feed water. This may be regarded as

the regenerative process from the standpoint
of the thermodynamic cycle and the effect
of this process on the performance is also
studied.

The conversion efficiencies into the
electrical power and the heat, and the sum
of them , so-called thermel utilization fac-
tor which are derived from the 1lst law of
thermodynamics , and the exergy efficiency
from exergy viewpoint are adopted as measures
of the performance.

Nomenclature

specific exergy kcal/kg

exergy kecal

weight flow rate kg/s

specific enthalpy kcal/kg

heat generated kcal/s

pressure kg/cm?

electrical power generated kcal/s

heat amount kcal/s

specific entropy kcal/kg’K

entropy -kcal/°K

temperature °C

temperature °K

temperature difference deg

W power, or electrical power kcal/s

n: conversion energy efficiency from the
1st law of thermodynamics

Gez: exergy efficiency fromthe 2nd law of

thermodynamics
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Subscripts
B : boiler, or fuel
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¢ : refrigeration cycle

H : heat generated

P : electrical power generated

R : thermal media, or heat pump cycle
s : steam, or isentropic

st : steam turbine

u surroundings

w : cooling water

cycle points in Fig.2 and 3 in case
that the temperature of the steam tur-
bine condenser equals that of the heat
pump evaporator

cycle points in Fig.2 in case that
the power generated by the heat engine
equals that required by the heat pump

For other scripts, refer to Fig.l.

2. The Steam Turbine Cycle cam—
bined with the Heat Pump

Figure 1 illustrates the steam turbine
plant arrangement combined with the heat pump
, where the heat pump recovers the waste heat
transferred to the cooling water in the steam
turbine condenser. Inthe case of combining
the heat pump with the steam turbine plant
operated already, this arrangement may be
adopted as shown in Fig.l. But if the tem-
perature of the cooling water entering the
steam condenser is tobe made to fall below
the surrounding temperature by the heat pump
evaporator ( EVP ) installed before the
steam condenser, the condensing steam pres-
sure becomes lower, resulting in an increase
in the generated power by the steam tur-
bine. Further, if the steam condenser is re-
placed Dby a heat pump evaporator, the ex-
pansion end pressure of the steam turbine can
be selected below the saturation pressure
corresponding to the surrounding tempera-
ture. The effect of these arrangements on
the performance is discussed later in this pa-
per . In the illustrated arrangement , the
thermal medium leaving the heat pump comp-
ressor(RC) can heat the boiler feed water,
and the two heat exchangers, RCN,, for the
above mentioned purpose and RCN; for the heat
generation, are connected in series here. -

Figure 2 shows a Carnot cycle T-S dia-

gram of the heat engine combined with the heat:

pu.mptz} . Here, the area AGHDA represents the
waste heat amount from the heat engine and
equals the area L'MN'I'L' = the area LMNIL
which corresponds to the recovered heat
amount by the heat pump. When the tempra-
ture of the low heat reservoir of the heat
engine equals that of the evaporator of the
heat pump , the driving power for the com-
pressor is represented by the area KL'I'J'K
equal to the area EADFE. In the back-pressure
steam turbine plant where the generated elec-
trical power and heat are the same as those
of the combined plant dealt with here, the
thermodynamic performance is the same since
the generated electrical power and heat are
represented by the areas BEFCB and EGHFE re-
spectively. But some difference between the
temperature of the low heat reservoir and
that of the evaporator is practically re-
quired in the steam turbine cycle combined
with the heat pump. Inthe case of the dif-
ference shown in Fig.2 the driving power for
the heat pump compressor becomes more by the
power corresponding to the area J'I'L'LIJJ’.

— : Steam or Water’ )
= : Thermal medium of the heat utilization side
--==-: Thermal medium ot the heat pump

—-—: Cooling water of the steam condenser

SB: steam boiler EVP: evaporator of the

ST: steam turbine heat pump
G: electrical gen- EV: expansion valve
erator RCN;: condenser of the

SC: steam condenser
BP: feed water pump water heater of
of the boiler the boiler
RC: compressor of RCN; condenser of the
the heat pump heat pump
HL: heat load

heat pump, feed

Fig.l The Steam Turbine Plant Arrange-
ment combined with the heat pump

To

G

Fig.2 Carnot Cycle T-S Diagram of the
Heat Engine combined with the Heat
Pump

Therefore, the conversion efficiency
into the heat ismore than that of the back-
pressure steam turbine plant. Thermal uti-
lization factores of both plants are the same
and equal to 100%, but the exergy efficiency
( effectiveness ) of the combined plant is
less because of the exergy loss suffered in
the heat exchange process under the finite
temperature difference at the evaporator.

If only the heat generating cycle 9 is
supposed in which the power generated by the
heat engine is totally consumed as the driv-
ing power of the heat pump compressor, the
area BADCB equals the area KLI"J"K in Fig.2
and the heat generated by thiscycle is re-
presented by the area KMN"J"K. That is more
than the fuel energy by the energy corre-
sponding to the area INN"I"I.

T-S and p-h diagrams in the actual case
are shown in Fig.3, inwhich the steam tur-
bine is operated as the Rankine cycle and the
heat pump as the dry vapor compression cycle.

In T-S diagram the hatched area indi-
cates the exchanged heat for heating the
boiler feed water in use of the generated
heat by the heat pump side. Therefore the
temperature of the generated heat in this
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Fig.3 T-5 and p-h Diagrams of the ac-
tual Steam Turbine Cycle combin-
ed with the Heat Pump

case is denoted by ¢y and that heat amount
becomes less by the heat required for heat-
ing the boiler feed water.

3. Efficiencies of the Combined
Cycle

In order to analyze the effect of the
factors on the performance of the cycle shown
in Fig.3 the supplied fuel energy, the gener-
ated electrical power and heat, and 1st law
and 2nd law efficiencies as mentioned above
are obtained here.

The steam turbine cycle;
supplied fuel energy to the boiler,

Qs8=Gs(hs—h1) —QBw)/Nsp+-++++s++++++ eeer (1)
where @Bw: the heat amount for heating

the boiler feed water;
power generated by the steam turbine,

Wst=Gs(he—hs) =Gs7(ha—hss) +oeeveeen (2)
waste heat from the steam condenser,

QS(,':QSB_WST=GS(’15—‘I11) ............... (3)
heat amount transferred to the cooling
water,’

QSC=Gw(h7_he)=Gw(t1—tn) ............... (h)
accordingly, flowrate of the cooling
water,

Guo=@Qsc/(b7—1g) ++rerereseraraenimnnnniiiins (5)

The heat pump cycle;
heat absorbed by the evaporator,

QEVP=Gﬂ(ha_he) =Gw(t7—ta)
=QSC(t1"‘ta)/(f7—tg) ........................ (6)

where,
(tr—ts)/(t:—te) =1— (ts—te) /(t: —ta)
=1-— Jtss’ Atze
and then
QEVP:(I“AtBB/Atm)QSC ........................ (6)

flow rate of the thermal media,

Gr=QErvp/(ha—he)

=(1—dtse/ At16)Qsc/ (Ra—Hhe) «+everereeenes (1)
driving power for the heat pump com-
pressor,

Wre=Gr(hy—ha)
=(1—AtM/AtN)QSC(hb—ha)/"(ha—hc)""" (8)
where, se=(ha—he)/(hs—ha) is
ususally defined as the coefficient of
performance of the refrigeration cy-

cle.
Then Eq. (8) yields
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W80=(1—At“/dt76)QSC/EC coesesrsese tesceee (9)

electrical power generated by the steam
turbine combined with the heat pump,

P=Wsr—Wgrc
=Gs(he—hs) — (1— dtse/ t16)Qsc/ec +++(10)
heat generated, .
H=Qgvr+Wrc—Que=Gr(hi—hi)—QBw

= (1—dtes/ At16)QscEr/cc—Qpu +++++++++(11)
where, grp=¢cc+1
exergy of the heat generated,

En=Greg=Gg{(hy—hi)—T«(Sy—S4)} ---(12)
exergy of the supplied fuel energy,
Esp=Qsp +++*-* eesscscessesrsrericsretcncas sesenee(13)
Efficiencies of the combined cycle;
conversion efficiencies into the elec-
trical power and the heat,

Np=P/Qsp, N"a=H/Qsp, Nr=7p+Ng ----(1})

exergy efficiency (effectiveness),

Lez=(P+ER)/Esp +++eeeerveessnereerennnnan(15)

4. Discussion of Calculation
Results

Under assumed conditions shown in Ta-
ble 1, calculation is carried out in order
to investigate the effect of factors on the
performance efficiencies derived in the pre-
ceding section.

Table 1 Assumed Conditions

Boiler Efficiency

Inlet Steam Condition to the Steam Turbine
pi=150 ata, £4=550°C
7sr=1.0
Internal Efficiency of the Steam Turbine
7%¢=0.85, 1.0~0.5
Steam Condenser
p5=0.043 ata (£5=30°C), 0.023 ata, 0.009 ata
Surrounding Temperature ty=15°C
Cooling Water
ts=15°C, t7=25°C, 5°C, ts=15°C, 20°C (Jts6=0,5°C)
Evaporating Temperature of the Heat Pump
te=10°C, —30°C~30°C (4t1.=20°C, 0~60°C)
Internal Efficiency of the Heat Pump Com-
pressor 7rc=0.8, 1.0~0.6
Condensing Temperature of the Heat Pump
te=50°C, 20~100°C
Feed Water Heater of the Boiler (RCN:)
Athxgsocn AtugS"C
( Refer to Fig.6 )

Figures 4 and 5 show the temperature
distribution in the steam condenser and the
heat pump evaporator.

Ol —

&l " 17 N
ty 8

PR ——"—

®

Atog
Ates

Steam Evaporator
condencer of *he heat pump

Heating surface

Fig.l4 Temperature Distribution in the
Steam Condenser and the Heat Pump
Evaporator

The evaporator in Fig.lt is installed
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- 6 1 S
tu —~. 7 L B
Qe ===~<---¢ Steam
condenser

Evaporator of

Heating surjace
the heat pump

Fig.5 Temperature Distribution in the
Steam Condenser and the Heat Pump
Evaporator

z: point of the boiler
feed water side at
pinch point

Heating surface

Fig.6 Temperature Distribution in the
Condenser RCNy of the Heat Pump

as in Fig.l and the waste heat transferred
to the cooling water is absorbed. In case of
Fig.5, the evaporator is installed before the
steam condenser and the cooling water at the
surrounding temperature is cooled, lowering
the steam condenser pressure ( temperature) .

Figure 6 shows the temperature distri-
bution of the heat exchanger ( RCN:) when
one part of the heat generated by the heat
pump condenser is used for heating the boiler
feed water. Here, the values of properties
of the working media in this cycle, steam,
NHs; and R11, such as enthalpy and entropy are
obtained from the references (10)~ (12) as
functions of temperature and pressure. Nu-
merical calculations are carried out by using
the electronic digital computer.

4.1 Coefficients of Performance ( COP)
of NH and R11, and Their Outlet Tem-
peratures from the Compressor

Figure 7 shows the COP &rs of the heat

pump cycle and the outlet temperature #hs
from the compressor, in which the wvariable
presented on the horizontal axis is the con-
densing temperature ¢ and the parameter f{.
is the evaporating temperature.

te=I0C  te=307T . 71300
S G =N -

=
i

10 50 t, ¢ 100

Fig.T Effect of the Condensing Temper-
ature t¢ on the COP é&grs of NHz,
R1l and the Outlet Temperature
tss of the Heat Pump Compressor

The COP of R11l is larger than that of
NHs and the difference increases as the con-

densing temperature f¢ becomes. higher. On
the other hand, the outlet temperature from
the compressor of NHy is higher and more de-
pendent on the evaporating temperature.

Under the same evaporating and condens-
ing temperature, the more driving power for
the compressor in case of NH3 is required,
but the temperature of the heat generated can
be far higher than R11.

4.2 Effect of the Condensing Tempera-
ture of the Heat Pump

Figures 8 to 10 show the effect of the
condensing temperature 4on the efficiencies
Np, MBI from the 1st law and the exergy
efficiency (. ( effectiveness ) from the
2nd law. In Figures the broken lines in-
dicate the case that one part of the gener-
ated heat by the heat pump is used for heat-
ing the boiler feed water. The calculation
result as shown in Fig.8 is obtained under
the conditions that the thermal medium NH»
is used and the parameter Afs¢ which implies
the ratio of the heat absorbed by the evap-
orator to the waste heat equals O.

NHy  Atg=0"C (2r=7*14=10)
| Without the boiler feed water heating |
1ok s ===:With the boiler feed water heating

'

Fig.8 Effect of the Condensing Temper-
ature #¢ on the Efficiencies %p,
7H and ., and the Inlet Temper-
ature fy of the Thermal Mediumto
the Condenser RCN:(NHs, Jtge=0°C)

NH; Atg=5T
- ——— : Without the boiler feed water heating

04 With the boiler feed water heating
06} g
s
-1200
g_)
-1 100
0 L TR T S 0

2 50 b, ¢ 100

Fig.9 Effect of the Condensing Temper-
ature #4 on the Efficiencies Tp,
Ny and ., and the Inlet Temper-
ature ty of the Thermal Mediumto
the Condenser RCN,;(NH;, Jtse=5°C)

The higher condensing temperature fd is
adopted resulting in the higher temperature
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of the generated heat by the heat pump cycle,
the more driving power for the compressor is

- R 8tg=0°C (1y=2+%=10) |
- = Without the boiler feed
i water heating
04— == With the boiler jeed Tn Z#—1—
09y water heating /
T b
o8}
4200
| 8
0.7k =
100
0

Fig.1l0 Effect of the Condensing Tem-
perature fdon the Efficiencies
Yp, My and {,, , and the Inlet
Temperature fy of the Thermal
Medium to the Condenser RCN2
(R11, 4dtse = 0°C )

required and the conversion efficiency %p
into the electrical power decreases. This
tendency becomes remarkable in the region of
the higher condensing temperatures ¢4 . The
exergy efficiency has a similar tendency but
the decreasing rate is less than 7p. When the
boiler feed water is heated by one part of
the generated heat, it is shown that 7p is
larger than that without heating by 2.5 % at
t« = 50°C. The effect of this regenerative
process is larger in case of Jtse =5°C as
shown in Fig.9. Figure 10 shows the efficien~
cies, %P , W and [,, when the thermal me-
dium R11 is used. The tendency is almost the
same as that of NHy, but the decreasing rate
of 7p and (. and the effect of the regen-
eration by the boiler feed water heating are
less than those of NH3.

4.3 Effects of the Evaporating Tempera-
ture and the Internal Efficiency of
of the Campressor in the Heat Pump
Cycle

In Figures 11 to 12 the effects of the

evaporating temperature, that is the tem-
perature of the thermal medium in the heat
pump absorbing the waste heat from the steam
turbine plant are shown. Both the evaporat-
ing temperature ¢, and the difference Jtie
between the steam condensing temperature and
the heat pump evaporating one are adopted
as the variable of the horizontal axis in
those Figures. When the waste heat trans-
ferred to the cooling water is absorbed by
the evaporator as shown in Fig.l4, the tem-
perature difference 4fie of some magnitude
is actually needed, related to the temper-
ature of the coolingwater. In this calcula-
tion, however, the value of Jtie is adopted
up to 0°C since the steam turbine condenser
can be replaced by the evaporator. With the
lower evaporating temperature {fe , namely,
the larger Jtic the efficiencies Np and ..
decreases the more remarkably.This tendency
is the same for both thermal media, NHs; and

R1l. Since the compressor outlet temperature *

971

of the heat pump becomes higher with a lower
evaporating temperature’ ¢ as in Fig.T7, it

NHy  1a=507 Atg=0C +.=30°C
oF [ = Without the boiler feec water neating
N\~ With the boiter feec water heating

~

ZFhEoe

t,

200

Fig.1ll Effect of the Evaporating Tem-
perature f¢ on the Efficien-
cies Np ,Ngand {,4 » and the
Inlet Temperature gy of the
Thermal Medium to the Condens-
er RCN: ( NH; )

R t4=807 atg=07 1,=30T
- =—:Without the boiler feed water heating
===:With the boiler teed water heating

8.
T

(M
il
7
. ex
r (=)
s

[=]
[€+)

4ty C

Fig.12 Effect of the Evaporating Tem-
perature te on the Efficien-
cies Jp ,Mg and {46 » and the
Inlet Temperature ¢y of the
Thermal Medium to the Condens-
er RCN; ( R1l )

may be estimated that a better effect of heat-
ing the boiler feed water on the efficiencies
appears. However, the effect on 7p of NHj;
becomes smaller with a lower ¢, and the value
of :,, becomes smaller than that without the
heating as shown in Fig.11.

Figure 13 indicates the effect of the
compressor internal efficiency Wrc on the
efficiencies Np and {,s . The reducing rates
of Jpand t:.- become larger with a smaller
Nrc . The effect of the kind of the thermal
media on the efficiency C., does not appear
and the values of 7rc for NH, and R1ll are
almost similar for smaller Wgrc.
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T N yithout the boiller feed
04" RIT" water heating ——

AN

QP-ge:

0.2

0.1

0
20

Fig.1l3 Effect of the Internal Ef-

© ficiency 7Rrc of the Heat

Pump Compressor on the Ef-
ficiencies NP and (..

4.4 Effects of the Condensing Pres—
sure ( Temperature ) and the
Internal Efficiency of the
Steam Turbine

The lower pressure of the steam turbine

condenser results in an increasing power gen-
erated by the steam turbine and if the con-
ditions of the heat pump side are kept in-
variable, it may be estimated that the more
electrical power is generated the larger
effect of the regenerative process becomes
with the boiler feed water heating. But this
is dependent on the arrangenent in the cycle
of the evaporator to absorb the waste heat
from the steam turbine plant. Therefore, the
pressure (temperature) of the steam turbine
condenser cannot be selected quite independ-
ently. Here, three arrangements are consid-
ered. The first (denoted by I) is shown as
Figs.l and 4, the second (II) in Fig.5 and
the third (III) is the case that the evapo-
rator is used as the steam turbine condenser.
Figure 14 shows the variations of Hpand
Cu wvhen the temperatures of the condensing

NH
| —:Withou the boiler feed water hesting
---:With the boiler feec water heating

[

0
20 50

Fig.1ll Effect of the Pressure (Tem-
perature) of the Steam Tur-
bine Condenser on the Effi-
ciencies Mp and (s

steam equal 30°C, 20°Cand 5°C for I,II and
III respectively. Then the temperature dif-
ferences At;e are adopted to be 20°C, 20°C
and 10°C. Accordingly, the evaporating

temperatures #¢ equal 10°C, 0°C and -5°C
respectively.

The effect of heating the boiler feed
water appears strongly in case of III and
the difference becomes about 4% at #4 =50
°C. But the values of %p and {,, in case of
I are larger than those of other arrange-
ments , IT and III . This implies that the
effect of the evaporating temperature in the
heat pump cycle appears stronger than that
of the pressure (temperature) of the steam
turbine condenser with the condensing tem-
perature #¢ kept constant.

Figure 15 shows the effect of the in-
ternal efficiency 75 of the steam turbine

NHy 4ty =0%
te =10°C
0.4 ¢ V4

Tp. 5z

'I‘: ’/
0.1 x{"
=0T
0 ' ! ] 1 L
05 25¢ 10

Fig.15 Effect of the Internal Ef-
ficiency 7% of the Steam
Turbine on the Efficiencies
Np and Qes

on the efficiencies 7Np and ., . Under the
conditions of the heat pump side kept in-
variable, the lower internal efficiency 7s
which results in a decrease of the generated
power by the steam turbine, the lower %p and
the more increase of the heat generated. As
in this Figure the rate of the efficiency
Ns¢ lowered to 10 % makes the value of 7p
smaller by about 6% at #¢ =70°C. This depends
on the condensing temperature ¢4 of the heat
pump and the decreasing rate of %p is larger
with the higher #q .

5. Conclusions

The following results are obtained by
analyzing the effect of the factors on the
thermodynamic efficiencies in the steam tur-
bine cycle combined with the heat pump, which
is intended to reduce the thermal pollution
caused locally and toraise the energy uti-
lization efficiency.

( 1) With a higher temperature of the
heat generated by this combined cycle, which
is the condensing temperature of the heat
pump, the conversion efficiency %p into the
electrical power becomes smaller and instead
the conversion efficiency 7H into the heat
becomes larger. On the other hand,the exergy
efficiency ( effectiveness) (. , based on
the 2nd law of thermodynamics, also becomes
smaller. NHs and R11l as the thermal media of
the heat pump cycle are considered here and
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the decreasing rate of 7P in case of NH; is
larger than that of R11 and those of Cu- of
both media are almost the same.

( 2 ) With alower evaporating temper-
ature of the heat pump the efficiencies 7p
and (. decrease and its tendency is larger
than with a higher condensing temperature as
mentioned above.

Analysis of the effect of the compres-
sor internal efficiency Mgrcof the heat pump
on the efficiencies ®pand {, shows that
they decrease considerably with a smaller
NrC -

( 3 )Asthe internal efficiency s of
the steam turbine is smaller, both 7p and
{e decrease linearly and the decreasing
rate is larger with a higher condensing tem-
perature #¢ of the heat pump. At #¢ = T0°C
in case of NH; p becomes smaller by about
6% with a smaller internal efficiency 7%st
by 10 %. Furthermore, the influence of the
pressure in the steam turbine condenser on
the efficiencies 7)p and {,eis small in this
combined cycle.

4 ) When one part of the heat gener-
ated by the heat pump condenser is used for
heating the boiler feed water, the efficiency
Np and the exergy efficiency e become
larger and %p attains larger by 2.5% at &4
= 50°C in case of NHy. This effect of the
regenerative process is larger in case of
NHs than R1l.
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