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Bled regeneration is the fundamental method of optimisa-
tion of a steam power plant performance. Underlying this
method is the power engineering analysis outlined in [1]. To
improve the effeectiveness of regeneration it is required that
the thermodynamic losses in the regeneration systems in
a power plant or a combined heat and power plant be mini-
mised. This paper focuses on thermodynamic losses in the
regeneration systems of a extraction condensing power unit
in a combined heat and power plant.

In the preliminary stage of the research program thermal
measurements were taken of the BC-90 unit under a wide
range of operating loads, both in the heating and condens-
ing mode of operation. Measurement data were then utilised
to formulate the algorithm for the energy balance of a unit
and to do the required calculations. The exergy analysis
methods were applied to find the thermodynamic losses in
the heat exchangers of the regeneration system. A qualita-
tive and quantitative analysis of the thermodynamic losses
were performed. Detailed results are given elsewhere [2].
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Any real heating process involves unrecoverable exergy
losses. Each exergy loss leads to an increase of energy sup-

plied to the process or to a reduction of thermal effects. An
exergy loss flux δq associated with irreversibility of pro-
cesses inside the control volume is derived from the Gouy–
Stodola law

q ot i
i

T Sδ = ⋅ Δ∑ � (1)

where:

i
i

SΔ∑ � – sum of entropy flux increments of i-bodies
involved in the process,

Tot – ambient absolute temperature.

Heat transfer is one of the most frequently encountered
phenomena responsible to a large extent for irreversibility of
thermal processes. In accordance with the exergy analysis
principles outlined in [3, 4, 5], an exergy loss flux in an ana-
lysed heat exchanger k (in a unit of time) due to an irreversible
heat transfer between steam and water (media whose mean
temperatures can be in steady state), is given by the formula

.
k

pw
q ot

w p

QQ
T

T T

⎛ ⎞
δ = ⎜ − ⎟⎜ ⎟⎝ ⎠

�

�

(2)

where:
1 2

2w
T T

T
+

= – average absolute temperature of
water,
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−
=

−
a b

p
a b

i i
T

s s
– average absolute temperature of

steam,

i – specific enthalpy,

s – specific entropy,

= ⋅�

�w w wQ q m – thermal power of heated feed wa-
ter,

�wm – feed water mass flux,

×= ⋅�

�p p p
Q q m – thermal power of steam supplying

the heat exchanger,

×�

p
m – mass flux of steam,

2 1= −wq i i – unit heat of feed water,

p a bq i i= − – unit heat of steam,

w
w

w

Q
S

T
Δ =

�

� – increment of feed water entropy
flux,

p
p

p

Q
S

T
Δ =

�

�  – increment of entropy flux of steam
supplying the heat exchanger.

Designations, nomenclature and the methodology of de-
termining thermodynamic losses in typical heat exchangers
in regeneration systems are given in Figure 1. When a re-
generation system comprises k heat exchangers, the exergy
loss flux for the whole system is derived from the formula

kq q
k

δ = δ∑ (2a)

When thermal power of incoming steam to the turbine NT
is constant, thermodynamic loss in the regeneration system
brings about power fluctuations on the generator terminals.
In accordance with relationships given in [5], this power
change is expressed as

( )el q T i gN NΔ = − δ − ⋅δη ⋅η (3)

Assuming that the internal efficiency of turbine ηi re-
mains unchanged, this relationship might be expressed in
a simpler form

el q gNΔ = −δ ⋅η (3a)

where ηg – generator efficiency.
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The power difference due to thermodynamic losses pro-
duces a change in the heat consumption by the unit Δqb,
which is given by (4) after putting right the errors men-
tioned in [6]. Accordingly, we get

p d p d el
b b

el el el el el

m W m W N
q q

N N N N N

⋅ ⋅ Δ
Δ = − = −

+ Δ + Δ

� �

(4)

where:

pm� – fuel consumption in a boiler,
Wd – calorific value of the fuel,

p d
b

el

m W
q

N

⋅
=

�

– unit heat consumption in the power unit.

The value of thermodynamic losses depends on the actu-
al configuration of the power installation and the parame-
ters of the working medium. Results gathered so far suggest
that minimisation of these losses is of more importance than
searching for the optimal feed water temperature difference
in the heaters [7, 8]. This statement is justified particularly
in the case of power units complete with secondary superheat-
ing steam and extended high-pressure regeneration systems.
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The combined heat and power plant “ECK Kraków S.A.”
has four power units and  generates electricity and heat. The
main purchaser of electric energy are energy distributing

companies P.S.E and Z.E Kraków S.A. The main purchaser
of heat is the company MPEC S.A. Kraków. The tested ob-
ject was the extraction condensing type unit BC-90 no 2;
one of the two extraction condensing type units in the plant.

The unit BC-90 is equipped with the following installations:
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Locations of all installations and their interconnections
are shown in the flow chart in Figure 2.

BC-90 no 2 is a thermal power unit can be used for co-
generation of electricity and heat. Two operating modes are
available:
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The main task of the thermal power plant is to meet the
customers' demand for heat required for space heating in
Kraków during the heating season.  When the heating mode
is selected, the water heaters XA and XB, supplied by steam
from district heating bleeds V and VI, are put in operation.
In those conditions a condenser is supplied with minimal
amounts of steam necessary to maintain the required ther-
mal parameters of the final stages of the turbine.

The other mode of BC-90 operation is the condensing
mode. When the demand for hot water for heating purposes
is reduced (in the summertime)  the power unit is switched
to the condensing mode of operation and generates only the
required amount of electricity whilst the steam admission
from district heating bleeds V and VI to heat exchangers
XA and XB is partly or wholly  cut off (Fig. 2). The opera-
tion of the power unit involves all turbine components
whilst district heating bleeds can be either shut or support
two low-pressure feed water heaters XN1 and XN2. The
steam flux from the low-pressure section LP in the con-
densing mode accounts for 6÷7E of flow in the heating
mode.  Steam utilised by the turbine  passes to the condens-
er, yet its enthalpy is then higher than in the heating  mode
of operation. The flux of condensing steam reaching the
condenser is 3÷4 times greater than the steam flux in the
heating mode. The condenser operates under heavy work
loads hence the need for effective use of cooling towers  to
supply the cooling water to the condenser and releases the
useless heat of condensation to the atmosphere. Gross heat
consumption by the unit exceeds 10 MJ/kWh.

Regeneration system in the power unit BC-90 comprises
the low-pressure system (XN), a variable pressure degasifi-
er DG and high-pressure regeneration system (XW). Low-
-pressure regeneration involves two low-pressure heaters:
XN1, XN2.  Condensed steam from the low-pressure regen-
eration passes to the condenser. The high-pressure regener-
ation system comprises three high-pressure heat exchangers
XW1, XW2, XW3 (Fig. 2).

These are diaphragm-type water-steam exchangers:
U-sections, vertical, 3-phase surface exchangers. Heat ex-
changers are supplied with heated steam with high parame-
ters from the following discharges in the turbine generator set:
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Feed water to the boiler OP-380 passes through the re-
generation system.
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Measurement data supported by a program written in Mi-
crosoft Excel by the author were utilised to formulate the
energy balance for the whole unit and to plot the unit perfor-
mance characteristics. Results of the research program were

utilised in the analysis of thermodynamic losses in the re-
generation systems for the BC-90 unit.

The measurements were taken for the power unit with the
regeneration system:
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The experimental program allowed for computing the
energy balance and to give a graphic representation of the
performance parameters of the unit under the operating
loads. The key parameter of the unit performance is its po-
wer conversion efficiency. The power conversion efficiency
profile suggests that the unit load can be selected such that
the efficiency reach its maximal value. This load is referred
to as “economy load”. This load level is recommended
while the power unit is in service, at the same time it might
serve as the baseline data for computing thermodynamic
losses in the present study. Of particular interest is the high-
-pressure regeneration system as the temperature differen-
ce between the working media in the heaters is significant.
A large temperature difference ΔT between the media is the
consequence of parameters of steam supplying the heat ex-
changer XW. Thermodynamic losses in high-pressure re-
generation system of the extraction condensing type unit are
obtained for the heating and condensing mode of operation.
In order to find   thermodynamic losses in the high-pressure
regeneration system, characteristic parameters of the unit
performance under the investigated work load range have to
be established:
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Control of parameters ΔNel, Δqb, Δmp, KR is associated
with the occurrence of thermodynamic losses in the high-
-pressure regeneration system. They are plotted in the func-
tion of work load for the two modes of power unit opera-
tion. These characteristics were particularly useful in the
analysis of thermodynamic losses. Thermodynamic losses
in a low-pressure regeneration system (exchangers XN1,
XN2) are not considered as they are negligible in relation to
those occurring in high-pressure regeneration system.

4.1. Condensing working mode

Thermodynamic losses in relation to the ambient conditions
are shown in T-s profiles in Figures 3–5, for heat exchan-
gers XW1, XW2, XW3 under the economy load of power
unit operating in a condensing mode. It is readily apparent
that for economy load Nel = 109.10 MW the losses in ex-
changers XW2, XW1 account for a large proportion of the
total thermodynamic loss. The loss δq in the heat exchanger
XW3 is represented by the smallest area, which is associat-
ed with lower enthalpy of steam supplying this exchanger.
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The largest values of ΔNel are registered in the exchanger
XW2 as thermodynamic losses there prove to be the largest.
Power fluctuations on the generator terminals shall lead to
variations in fuel consumption in the power unit Δmp. Heat con-
sumption profiles qb in the operating load range for the high-
-pressure heaters XW1, XW2, XW3 are shown in Figure 8.

The plot of heat consumption qb,  by the extraction con-
densing type unit in the operating load range is shown in
Figure 10. The minimal value qb,  is achieved for economy
load in the condensing mode of operation. Fluctuations of
heat consumption Δqb, by the power unit might be expressed
in terms of fluctuations of fuel consumption Δmp. Figure 9
shows fluctuations of fuel consumption in the function of
work load. The characteristics obtained for the exchangers
XW1 and XW3 are linear. In the case of XW2 in the range
below 100 MW the characteristic deviates from the linear.
These nonlinearities might be attributable to measurement
errors because similar characteristics obtained for the heat-
ing mode are linear for all investigated heat exchangers. It is
reasonable to suppose that correct profiles of ΔNel, Δqb, Δmp
for the exchanger XW2 in the loading range below 100 MW
are represented by dashed lines in Figures 7–9.

The temperature difference ΔT between the media in-
volved in the heat transfer is of major importance. It means
that thermodynamic losses increase in proportion with an
increase in temperature difference ΔT. The values of param-
eter ΔT for particular heaters XW in the investigated operat-
ing load range are shown in Figure 6.

The largest temperature difference between the media
(steam, water) are registered in the heat exchanger XW2,
in XW1 are average values of ΔT. Temperature difference
in XW3 proves to be the smallest. For the economy load
Nel = 109.10 MW and the condensing mode of operation its
values are:
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The power difference ΔNel, difference in heat consump-
tion in the power unit Δqb and consequently the variations in
fuel consumption Δmp are plotted in the function of work
load in Figures 7–9. The power drop on the generator terminals
due to the heat transfer to the surroundings in the operating
load range follows a linear pattern. As work load increases,
the power difference ΔNel in heaters tends to rise (Fig. 7).
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The costs of power generation in the combined heat and
power plant ECK S.A. increase with an increase in thermo-
dynamic losses in the regeneration system. The amount of
fuel used in a boiler for the economy load Nel = 109.1 MW
is equal to mp = 59 179 kg/h. The fraction of fuel loss in
the condensing mode is about ∑Δmp = 452 kg/h, which
accounts for 0.77  of total fuel consumption in a boiler.
The annual costs of fuel loss for the exchangers XW1, XW2
and XW3 are shown in Figure 11. In the condensing mo-
de of operation the sum total of annual costs of fuel loss due
to existing thermodynamic losses in the high-pressure re-
generation system in the extraction condensing power unit
approach ΣKR = 180 964 J.

4.2. Heating working mode

Similarly as for condensing mode of operation, thermo-
dynamic losses  for the heating mode of operation are pre-

sented in the form of T–s diagrams and work load profi-
les. T–s diagrams were graphed for each heater in the high-
-pressure regeneration system for the economy load equal
to Nel = 106.48 MW (Figs 12–14).

It is evident that the representative area of exergy loss
flux for the exchanger XW2 is much larger in the heating
mode (Fig. 13) than in the condensing mode of opera-
tion (Fig. 4).  Variations of electric power Nel, of heat con-
sumption Δqb, and, consequently, fuel consumption Δmp in
the range of operating loads are shown on plots in Figu-
res 16–18.

Variations of temperature difference ΔT between the heat
exchanging agents in high-pressure regeneration heaters:
XW1, XW2, XW3 are given as work load profiles in Figu-
re 15.

The temperature difference ΔT in XW1 is the largest, as
it was the case in the condensing mode of operation, too.
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For the economy load Nel = 106.48 MW its values in the
heating mode of operation are:

1 Δ��F
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It is apparent that values of ΔT are established for each
exchanger throughout the whole range of operating loads.
Similar to the condensing mode of operation, the work
load characteristics reveal that the proportion of losses in
the exchanger XW2 proves to be the largest, next a smaller
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in XW1 and in XW3 – evident the smallest. Variation of po-
wer ΔNel, of heat consumption by the unit Δqb and associated
changes in fuel consumption Δmp are presented in the form
of work load profiles, in a similar manner as in the conden-
sing mode. Figure 16 shows profil of power fluctuations
ΔNel on the generator terminals in the function of work load.

Figure 17 shows profiles of fluctuations of heat consump-
tion Δqb by the unit due to thermodynamic loss, in the func-
tion of work load. The next characteristics is that of fuel
consumption fluctuations Δmp in particular heaters through-
out the investigated range of operating loads (Fig. 18). The
amounts of heat consumed by the power unit qb in the whole
range of operating loads are given in Figure 19. Similar to
the condensing mode of operation case (see Fig. 10), the
minimal value of qb is achieved for the economy load in the
heating mode of operation.

The amount of fuel used in the boiler operating in that
mode and under the economy load Nel =106.48 MW is
mp = 62 956 kg/h. The sum total of fuel consumption fluctu-
ations in the heating mode due to the loss amounts to
∑Δmp = 642 kg/h, which accounts for 1.03  of the total
fuel consumption. Assuming the price of 1 ton of coal as
fuel to be the same, we compute the proportion of costs due
to increased fuel consumption caused by thermodynamic
loss in the overall costs of electricity and heat generation in
the unit. Annual costs caused by increased fuel consump-
tion in individual exchangers in high-pressure regeneration
systems: XW1, XW2, XW3 are graphed in Figure 20. Over-
all annual costs of due to increased fuel consumption asso-
ciated with thermodynamic losses in the high-pressure re-
generation system of the extraction condensing power unit
in the heating mode of operation approach ΣKR = 256 622 J.
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The analysis of thermodynamic losses in the high-pressure
regeneration system in the power unit no 2 allows for finding
the individual exchangers' contributions to the loss balance
in the investigated range of operating loads for the heating
and condensing modes of operation. It appears that the high-
est losses occur in the heater XW2, which is attributable to
the largest temperature difference between the superheated
steam and the feed water to the boiler (high values of se-
condary superheated steam parameters). The characteristics
reveal that the losses due to increased fuel consumption
grow in proportion to the work load of the power unit. Mea-
surements were taken in the high-pressure regeneration sys-
tem of the extraction condensing type unit and the losses due
to increased fuel consumption are determined for the econo-
my load and in the two available modes of unit operation.
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These thermodynamic losses in the regeneration sys-
tems, expressed in terms of excessive fuel consumption in
equivalent costs of fuel in euro, are considerable. In order to
limit the impacts of thermodynamic losses, actions must be
taken to minimise those losses. Though thermodynamic
losses in regeneration systems cannot be wholly elimina-
ted, there are methods to reduce them. One has to bear in
mind, however, that in order to minimise thermodynamic
losses it is required that thermal power of media involved in
regeneration processes be equal. In the case of high-pres-
sure regeneration systems of the extraction condensing type
unit no 2 in the  combined heat and power plant EKC
“Kraków S.A.” utmost care must be taken to precisely se-
lect the parameters of steam supplying the heaters. Parame-
ters of superheated steam should be modified accordingly in
a multi-section exchanger utilising the heat of superheated
steam. Thus prepared steam ought to supply the exchangers
XW. Potentials of modernisation of the existing high-pres-
sure regeneration installation in the BC-90 unit with an eye
to minimise thermodynamic losses will be explored in the
next publications.
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