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6WHDP WXUELQHV ZLWK DGMXVWDEOH VWHDP H[WUDFWLRQ DFKLHYH WKHLU IXOO HOHFWULF SRZHU
UHJDUGOHVVRIWKHLUKHDWORDG7KHSURGXFHGHOHFWULFLW\LVFRPELQHGZKHQJHQHUDWHGE\WKH
VWHDPH[WUDFWHGIURPWKHWXUELQHWRVXSSO\WKHKHDWORDGRIWKHFRQVXPHUVDQGFRQGHQVHG
ZKHQJHQHUDWHGE\WKHVWHDPIORZHQWHULQJWKHFRQGHQVHU
%DFNSUHVVXUH VWHDP WXUELQHV SURGXFH HOHFWULFLW\ RQO\ E\ D FRPELQHG PHWKRG DQG WKH
SRZHUIROORZVWKHYDULDWLRQRIWKHKHDWORDGGLVWULEXWHGWRWKHFRQVXPHUV6LQFHWKHVSHFLILF
IXHO FRQVXPSWLRQ IRU WKH SURGXFWLRQ RI HOHFWULFLW\ HPSOR\LQJ WKH FRQGHQVDWLRQ PHWKRG LV
KLJKHUWKDQWKLVZKHQXVLQJDFRPELQHGPHWKRG>@WKHVHLQVWDOODWLRQVDUHPRUHHIILFLHQW
WKDQWKRVHZLWKDGMXVWDEOHVWHDPH[WUDFWLRQ
In 2019 a new backpressure steam turbine type SST-300 CE2L/V36S was
commissioned in the biggest district heating power plant in Bulgaria - TPP “Sofia Iztok”,
which replaced the existing installation PT-30-90/10 with adjustable steam extraction.
The SST-300 CE2L/V36S steam turbine installation includes a steam turbine operating
at high speed (5900 rpm). The rotational force of the steam turbine is transmitted to the
electric generator by a gearbox (GB), which reduces the speed to 1500 rpm. The turbine is
single-cylinder and contains a high-pressure part- (HP) and a low-pressure part (LP). The
auxiliary equipment of the installation includes: low-pressure feedwater heater (LPFWH),
deaerator (DA) and high-pressure feedwater heater (HPFWH).
The steam turbine has two steam extractions: a non-adjustable and an adjustable one.
The district water for the heat supply system is heated in the boiler-condenser (BC) using
steam, which enters after the final stage of the turbine.
Fig.1 presents the technological scheme of the studied cogeneration installation.

Fig. 1. Technological scheme of backpressure steam turbine type SST-300 CE2L/V36S.

The steam pressure in the adjustable steam extraction varies from 0.78 to 1.27 MPa, and
the maximum steam flow through it is 14.01 kg/s. The steam of the high-pressure feed
water heater is supplied by the non-adjustable steam extraction of the turbine. The deaerator
and the low-pressure heater are supplied with steam from the adjustable steam extraction
after pressure reducing. The maximum heat output of the condenser is 90 MW, and the
maximum district water through it - 650 kg/s. The steam pressure in the boiler-condenser
varies in the range from 40 kPa to 250 kPa, which provides heating of the mains water from
70 to 120° . Part of the steam from the adjustable extraction is used for internal heat
consumption needs, and in case of excess is directed to the district heaters servicing the
plant.
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(QHUJ\HIILFLHQF\LQGLFDWRUV
7KHHIILFLHQF\RIFRJHQHUDWLRQSODQWVLVDVVHVVHGZLWKHQHUJ\HIILFLHQF\LQGLFDWRUVZKLFK
LQ %XOJDULD DUH UHJXODWHG E\ (8 'LUHFWLYH  >@ $FFRUGLQJ WR WKLV GLUHFWLYH WKH
HIILFLHQF\ RI FRJHQHUDWLRQ SODQWV LV HYDOXDWHG E\ WZR LQGLFDWRUV ± WRWDO &+3 V\VWHP
HIILFLHQF\ ȘWRWDOFKS DQGIXHOVDYLQJ ǻ) >@
7RWDO &+3 V\VWHP HIILFLHQF\ LV WKH UDWLR EHWZHHQ WKH VXP RI WKH HOHFWULFLW\ DQG KHDW
SURGXFHG E\ WKH FRJHQHUDWLRQ XQLW WR WKH KHDW HTXLYDOHQW RI WKH IXHO XVHG IRU WKHLU
SURGXFWLRQ
ȘWRWDOFKS

34FKS
)FKS

 



(1)

where:
P – electrical energy, produced by the CHP installation, kWh;
4FKS – heat energy produced by the CHP installation, kWh;
)FKS – total fuel input in CHP installation, kWh.

The total system efficiency does not provide complete information of the completeness
of the thermal processes in cogeneration plants. High values of the total energy efficiency
of plants do not always lead to fuel savings in production [4].
7KH PRVW FRPSOHWH DVVHVVPHQW RI WKH HQHUJ\ HIILFLHQF\ RI FRJHQHUDWLRQ SODQWV LV
REWDLQHGDIWHUGHWHUPLQLQJWKHIXHOVDYLQJZKHQFRPSDULQJWKHFRPELQHGPHWKRGZLWKWKH
VHSDUDWHRQHZKHQSURGXFLQJWKHVDPHDPRXQWRIHOHFWULFLW\DQGKHDW>@
The fuel saving is calculated using the following equation [4]:
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where:
ȘHO – efficiency of electrical power generation of the replacement condenser block from
the separated production, %;
Ș4 – efficiency of heat energy production from the hot-water boiler from the separated
production, %.
The efficiency reference values for separate production, according to EU Directive
2012/27, depend on the type of fuel burned and the year of commissioning the cogeneration
unit.
The efficiency of the steam turbine installation can be assessed with the specific fuel
consumption for the production of electricity ( EHOFKS ͕ g/kWh) and heat energy ( EFKS4 ,
g/kWh) [5, 6]. In the physical method of fuel distribution between the two products,
adopted in Bulgaria, the specific fuel consumption for heat production does not depend on
the parameters of the allocated heat load. In the fuel with a lower calorific value of 29330
kJ/kg, the specific fuel consumption for heat production is determined by the equation:
EFKS4


ȘFKS
4
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(3)
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where: ȘFKS
4 is the efficiency of heat production in the cogeneration unit, %.
The value of efficiency of heat production in the cogeneration unit ( ȘFKS
4 ) depends on
the efficiency of the steam generator, which produces steam for the cogeneration unit, the
steam pipe system and the district heaters.
The specific fuel consumption for electricity production ( EHOFKS ) depends on the
efficiency of electricity production of the cogeneration unit ( ȘFKS
HO ), whose value is
influenced by the size and parameters of the heat load supplied to consumers. For the
determined the specific fuel consumption for electricity production can using the following
equation:


E HOFKS

(4)

ȘFKS
HO

In order to estimate the efficiency of electricity production of the cogeneration unit it is
necessary to compile equations for energy and material balance of the cogeneration unit.
In the present study, the developed simulation model is used to evaluate the energy
efficiency of the cogeneration unit.

6LPXODWLRQPRGHO
The software product for simulation modeling GateCycle is a convenient tool for modeling
the thermal mode of operation of the steam turbine installation. It allows studying different
variable regimes of operation of steam turbine plants for cogeneration [7, 8, 9].
The calculations performed with it are based on the law of conservation and conversion
of energy. The software allows a detailed examination of the behavior of the equipment that
is an integral part of the steam turbine installation. The program provides information on:
pressure, temperature and flow of working fluids (air, water vapor, fuel) at each point of the
technological scheme [10].
The scheme of the steam turbine installation for cogeneration SST-300 CE2L/V36S in
the environment for simulation modeling is shown in Fig.2.
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Fig. 2. Simulation scheme on steam turbine type SST-300 CE2L/V36S.
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,QWKHVLPXODWLRQVRIWZDUHWKHVWHDPWXUELQHLVSUHVHQWHGDVDWKUHHF\OLQGHURQHXVLQJ
WKHWRROVDYDLODEOHLQWKHSURJUDP7KLVLVQHFHVVDU\LQRUGHUWRPRGHOWKHRSHUDWLRQRIWKH
DGMXVWDEOH DQG QRQDGMXVWDEOH VWHDP H[WUDFWLRQV RI WKH WXUELQH 7KH ERXQGDU\ RI WKH ILUVW
ERG\ RI WKH WXUELQH LQ WKH VLPXODWLRQ HQYLURQPHQW LV IURP LWV LQOHW WR WKH non-adjustable
VWHDP H[WUDFWLRQ ZKLFK VXSSOLHV +3):+ 7KH VWHDP SDUDPHWHUV DW WKH RXWOHW RI WKH ILUVW
F\OLQGHU DUH WKH LQLWLDO SDUDPHWHUV IRU WKH VHFRQG F\OLQGHU 7KHILUVW WZR F\OLQGHUV DUHWKH
KLJKSUHVVXUH +3  SDUW RI WKH VWHDP WXUELQH 7KH 63/,7(5 HOHPHQW ZLWK RQH LQSXW DQG
WKUHHRXWSXWVLVXVHGWRPRGHOWKHDGMXVWDEOHVWHDPH[WUDFWLRQ7KHLQSXWIRUWKLVWRROLVWKH
RXWSXW RI WKH VHFRQG F\OLQGHU 7KH ILUVW RXWSXW LV FRQQHFWHG WR WKH WKLUG F\OLQGHU LQ WKH
PRGHOLQJ HQYLURQPHQW ZKLFK FRUUHVSRQGV WR WKH ORZSUHVVXUH /3  SDUW RI WKH VWHDP
WXUELQH 7KH VWHDP IORZ WKURXJK LW LV UHJXODWHG GHSHQGLQJ RQ WKH KHDW ORDG RI WKH
FRQVXPHUV7KHDGMXVWDEOHVWHDPH[WUDFWLRQLVSUHVHQWHGZLWKWKHVHFRQGRXWSXWZKHUHE\
PHDQV RI WKH DX[LOLDU\ PHQXV RI WKH VRIWZDUH D SRVVLELOLW\ IRU FRQWURO RI WKH VWHDP
FRQVXPSWLRQ LV VHW 7KH WKLUG RXWSXW VXSSOLHV VWHDP WR WKH SODQW V GHDHUDWRU DQG /3):+
7KHYDOXHIRUWKHLQWHUQDOUHODWLYHHIILFLHQF\RIWKHVWHDPWXUELQHLVVHWWR
:KHQPRGHOLQJWKHERLOHUFRQGHQVHUERWKWKHSHUPLVVLEOHUDQJHRIFKDQJHRIWKHVWHDP
SUHVVXUHDQGDOLPLWRIWKHIORZRIPDLQVZDWHUWKURXJKLWLVVHW PD[LPXPYDOXHNJV 
7KHPRGHOLQWURGXFHVWKHPDLQGHVLJQIHDWXUHVRIWKHERLOHUFRQGHQVHU QXPEHURISDVVHV
KHDWLQJVXUIDFHLQQHUDQGRXWHUGLDPHWHURIWKHSLSHVHWF 
7KHLQLWLDOSDUDPHWHUVRIWKHVWHDPDUHLQDFFRUGDQFHZLWKWKHWHFKQLFDOGRFXPHQWDWLRQ
RI WKH VWHDP WXUELQH LQVWDOODWLRQ LQLWLDO SUHVVXUH S 03D DQG LQLWLDO WHPSHUDWXUH
W ɋ 
7R DVVHVV WKH DFFXUDF\ RI WKH GHYHORSHG PRGHO FDOFXODWLRQV ZHUH SHUIRUPHG IRU WZR
UHJLPHVRIRSHUDWLRQRIWKHLQVWDOODWLRQDQGWKHUHVXOWVRIWKHFDOFXODWLRQVZHUHFRPSDUHGWR
WKH UHVSHFWLYH YDOXHV RI LWV GHVLJQ GRFXPHQWDWLRQ 7KH FRPSDUHG SDUDPHWHUV DUH IXHO
FRQVXPSWLRQ WHPSHUDWXUH DQG SUHVVXUH RI LQOHW VWHDP VWHDP SUHVVXUH DQG WHPSHUDWXUH LQ
WKH DGMXVWDEOH VWHDP H[WUDFWLRQ VWHDP SUHVVXUH LQ WKH ERLOHUFRQGHQVHU IHHGZDWHU
WHPSHUDWXUHHOHFWULFLW\JHQHUDWHGE\WKHVWHDPWXUELQHLQVWDOODWLRQDQGKHDWSURGXFHGLQWKH
ERLOHUFRQGHQVHU 
The results of the model validation are presented in Table 1 and Table 2.
In the first regime (Table 1) the steam consumption at the turbine inlet is at maximum
and the cogeneration unit realizes its maximum electrical power.
Table 1. Results of model validation for the first regime
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In the second regime (Table 2) the operation of the installation at minimum inlet steam
for cogeneration is studied.
Table 2. Results of model validation for the second regime
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The obtained results show that the model "recreates" the data from the project
documentation with acceptable accuracy. The largest deviation is observed in regime 2,
when the steam turbine installation operates at minimum steam load. In this case, the result
for steam consumption during the regulated steam extraction from the model study deviates
from the one indicated in the technical documentation by 6.09%. The deviation of the
values required for the technical and economic calculations (produced electricity, heat
energy realized by the boiler-condenser and the temperature of the feed water) does not
exceed 4%. The obtained results give grounds to use the model to study the operating
modes of the cogeneration plant.

 5HVHDUFK RI WKH HQHUJ\ HIILFLHQF\ RI D FRJHQHUDWLRQ VWHDP
WXUELQHW\SH667&(/96
7KHKHDW ORDGLV GHOLYHUHG WR WKH FRQVXPHUV ZLWK D FHUWDLQ IORZUDWH * NJV  DQG ZLWK D
FHUWDLQWHPSHUDWXUHRIWKHZDWHUWRGLVWULFWKHDWLQJV\VWHP Ĳ& 7KHWHPSHUDWXUHRIWKH
ZDWHUIURPGLVWULFWKHDWLQJV\VWHP Ĳ& LVWKHUHVXOWDQWYDOXHRIKHDWFRQVXPSWLRQLQWKH
KHDWVXSSO\V\VWHPDQGLWVYDOXHGHSHQGVRQWKHUHJLPHRIRSHUDWLRQRIWKHGLVWULFWKHDWLQJ
V\VWHP
7KHFKDQJHRIHDFKRIWKHSDUDPHWHUV *ĲĲ OHDGVWRDFKDQJHRIWKHSUHVVXUHLQWKH
ERLOHUFRQGHQVHUZKLFKDIIHFWVWKHWKHUPDOHIILFLHQF\RIWKHVWHDPWXUELQHLQVWDOODWLRQ7KH
KHDYLHU ORDG RI WKH ERLOHUFRQGHQVHU OHDGV WR KLJKHU LQOHW VWHDP IORZ DQG WKH &+3
LQVWDOODWLRQLVPRUHHIILFLHQW
7KH PDLQ SDUDPHWHU FKDUDFWHUL]LQJ WKH GLVWULFW KHDWLQJ UHJLPH RI WKH SODQW LV WKH
SURGXFWLRQRIHOHFWULFLW\EDVHGRQKHDWFRQVXPSWLRQ SRZHUWRKHDWUDWLR ZKLFKLVWKHUDWLR
RI WKH HOHFWULFLW\ SURGXFHG E\ WKH FRPELQHG PHWKRG 3  WR WKH KHDW UHOHDVHG WR WKH KHDW
VXSSO\ V\VWHP 4FKS  IURP WKH VWHDP WXUELQH > @ $W D JLYHQ FRQVXPHU KHDW ORDG WKLV
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LQGLFDWRUGHSHQGVRQWKHUHJLPHRIRSHUDWLRQRIWKHWXUELQHDQGWKHPDLQUHJLPHIDFWRULV
WKHSUHVVXUHLQWKHERLOHUFRQGHQVHU
7KHVDWXUDWLRQVWHDPWHPSHUDWXUHLQWKHERLOHUFRQGHQVHUDWZKLFKWKHSKDVHWUDQVLWLRQ
LVSHUIRUPHGFDQEHGHWHUPLQHGE\WKHWHPSHUDWXUHRIWKHLQFRPLQJGLVWULFWKHDWLQJZDWHU
Ĳ  WKH PDJQLWXGH RI LWV KHDWLQJ ǻĲ  DQG WKH WHPSHUDWXUH GLIIHUHQFH RI WKH IORZV LQ WKH
KHDW H[FKDQJHU GW  $W DQ DOUHDG\ GHWHUPLQHG VWHDP FRQGHQVLQJ WHPSHUDWXUH WV  WKH
SUHVVXUH SV LQWKHERLOHUFRQGHQVHUFDQDOVREHGHWHUPLQHG7KHVDWXUDWLRQWHPSHUDWXUHRI
WKHVWHDPLQWKHERLOHUFRQGHQVHULVGHWHUPLQHGE\WKHIROORZLQJHTXDWLRQ
W V  Ĳ  ǻĲįW 

















:KHQRSHUDWLQJWKHVWHDPWXUELQHLQVWDOODWLRQDFFRUGLQJWRWKHGLVWULFWKHDWLQJVFKHGXOH
WKHHOHFWULFSRZHUGHYHORSHGE\WKHWXUELQHODUJHO\GHSHQGVRQWKHWHPSHUDWXUHRIGLVWULFW
KHDWLQJZDWHUZLWKZKLFKLWHQWHUVWKHERLOHULQVWDOODWLRQ7KHKLJKHUWHPSHUDWXUHRIGLVWULFW
KHDWLQJ ZDWHU OHDGV WR DQ LQFUHDVH LQ SUHVVXUH LQ WKH ERLOHUFRQGHQVHU ZKLFK XQORDGV WKH
WXUELQHERWKLQWHUPVRIKHDWRXWSXWDQGHOHFWULFLW\SURGXFWLRQ
,QWKHSUHVHQWSXEOLFDWLRQEDVHGRQWKHGHYHORSHGVLPXODWLRQPRGHOWKHLQIOXHQFHRIWKH
WHPSHUDWXUHRIWKHZDWHUIURPGLVWULFWKHDWLQJ Ĳ DQGWKHPDJQLWXGHRILWVKHDWLQJLQWKH
ERLOHUFRQGHQVHULVLQYHVWLJDWHG
The input data for the calculations are:
x Maximum load of the boiler-condenser - 90 MW. Through the adjustable steam
extraction no heat is released to external users;
x Maximum flow on district heating water through the boiler-condenser is 650 kg/s;
x Change in temperature of the mains water, which enters the boiler-condenser,
from 50 to 60 ° ;
x Heating of the district water in the boiler-condenser ( ) from 44 to 50 ° ;
x Change of steam pressure in the boiler-condenser from 0.040 to 0.250 MPa.
Multivariable calculations were performed employing this model. Results were obtained
for the variation of the following parameters:
x (OHFWULFDOSRZHURQFRJHQHUDWLRQVWHDPWXUELQH 30: 
x 6SHFLILFIXHOFRQVXPSWLRQIRUHOHFWULFLW\SURGXFWLRQ EHOFKS JN:K 
x 7RWDO&+3V\VWHPHIILFLHQF\RIWKHFRJHQHUDWLRQVWHDPWXUELQH ȘWRWDOFKS  
x )XHOVDYLQJRIWKHFRJHQHUDWLRQVWHDPWXUELQH ǻ) 
The results of the simulation calculation are presented graphically depending on the
initial temperature of the incoming district heating water ( 2), with which it enters the
cogeneration power plant.

Fig. 3. The electric power of the cogeneration unit depending on the temperature of the incoming
district heating water and the magnitude of its heating in the boiler-condenser.
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Figure 3 shows the change in the electric power (P) of the cogeneration unit. It can be
seen that as the temperature of the incoming district heating water ( 2) decreases, the
electrical power of the installation grows due to the increase of the processed enthalpy drop
from the turbine. The same effect is observed by the decrease of water heating ( ).
In Fig. 4 are presented the results of the simulation study of the change of the specific
fuel consumption for production of electricity from the installation for cogeneration as a
function of the temperature of the district heating water ( 2). The specific fuel consumption
is determined at 90% efficiency of the steam generator and efficiency of the steam pipelines
96%. As the temperature of the mains water entering the boiler-condenser decreases, the
specific fuel consumption for electricity production also decreases, which is explained by
the increased production of combined electricity.

Fig. 4. Specific fuel consumption for electricity production of the cogeneration unit depending on the
temperature of the incoming district heating water and the magnitude of its heating in the boilercondenser.

The specific fuel consumption for heat production from the installation is not affected
by the parameters of the ƌĞůĞĂƐĞĚ heat load and is equal to 141 g/kWh. This is a feature due
to the physical method used in Bulgaria for distribution of fuel between the produced heat
and electricity in the cogeneration plant.
The change of the total CHP system efficiency of the installation depending on the
temperature of the incoming district heating water is presented in Fig.5. It can be seen that
the total CHP system efficiency of the installation remains unchanged when the
temperature and the magnitude of heating of the incoming water district heating in the
boiler-condenser of the installation change.

Fig. 5. The total CHP system efficiency of the cogeneration unit depending on the temperature of the
incoming district heating water and the magnitude of its heating in the boiler-condenser.
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Fig. 6 shows the change in fuel ƐĂǀŝŶŐ ( F) according to the EU Directive 2012/27.
When determining the fuel saving, reference values for the efficiency were used for
electricity production – 52.5% and for heat production – 90%, which correspond to the
natural gas used in the installation, without making a temperature correction according to
the ambient temperature and without taking into account the consumption of electricity by
the cogeneration unit.

Fig. 6. The fuel saving of the cogeneration unit depending on the temperature of the incoming district
heating water and the magnitude of its heating in the boiler-condenser.

The obtained results show that the fuel savings as a result of cogeneration production
are more than 10% in the whole range of changes the temperature of the incoming district
heating water and the magnitude of its heating, therefore according to EU Directive
2012/27 the produced electricity is "High-efficiency". Fuel savings increase with combined
electricity production.

&RQFOXVLRQ
This report develops a simulation model of a backpressure steam turbine installation for
cogeneration type SST-300 CE2L/V36S. The model was validated by comparing the results
of two regimes of operation with the values from the design documentation of the turbine.
Using the simulation model an analysis of the energy efficiency of the steam turbine
installation at nominal heat load of the boiler-condenser (90 MW) depending on the change
of the mains water temperature (from 50 to 60 ° ) entering the boiler-condenser and the size
of its heating (from 44 to 50 °C) is performed.
The obtained results show that the energy efficiency indicators of the cogeneration unit
are improved by decreasing the temperature of the water from district heating, which enters
the boiler-condenser. The same pattern is observed when reducing its heating. Since the
temperature of the incoming district heating water is a function of the consumed heat in the
heating system, it cannot be regulated. Thus, to improvement of the energy efficiency of the
backpressure steam turbine installation can be achieved by reducing the magnitude of
heating of the incoming district heating water in the boiler-condenser (by increasing the
flow rate through it).

5HIHUHQFHV
 7 $O6KHPPHUL 5 %HLWK ³7KHUPRG\QDPLFV SHUIRUPDQFH DQDO\VLV DQG FRPSXWDWLRQDO
PRGHOOLQJ RI VPDOO DQG PLFUR FRPELQHG KHDW DQG SRZHU &+3  V\VWHPV´ HG :RRGKHDG
3XEOLVKLQJ  
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 0&KHQ+/XQG/5RVHQGDKO7&RQGUD³(QHUJ\HIILFLHQF\DQDO\VLVDQGLPSDFWHYDOXDWLRQ
RIWKHDSSOLFDWLRQRIWKHUPRHOHFWULFSRZHUF\FOHWRWRGD\¶V&+3V\VWHPV´Ⱥȿ 
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