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Abstract

The paper presents ways of determining the thermandic characteristics of a CHP plant with a gashine.
Special attention has been paid to the average ahnafiiciency of transforming the chemical enerdyfuel into
electricity and heat (the so-called Energy Utilfactor — EUF) and Primary Energy Savings (PES). Tdifferent
systems were analyzed, viz. the installation cdistgrbine with a waste-heat boiler and a heat podrer generating
plant. Concerning the former one the influencehef parameters of steam (temperature and press@egrated in
the waste-heat boiler on the values of PES and BB determined. Concerning the latter one, the oausthof
investigating the effect of the thermal power dthexchangers on the characteristics have beenepted. This will
facilitate the proper choice of heat exchangers.
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1. Introduction

The application of gas turbines in CHP plants abates to:

a) a decreased noxious effect of these installationthe environment, mainly thanks to

- the elimination of the emission of $@nd dust;

- an essential restriction of G@nd NQ emission;

- reduced losses of water,

b) a more effective consumption of the chemical enefgfuel associated with an increased
efficiency of generating electricity and heat,

c) decreased capital costs and a shorter time of wmtisty the required installations,

d) a shorter starting time from all states (cold, wamd hot).

Small and middle-sized installations of CHP plamtgh gas turbines are nowadays an
important alternative for bigger units to meet tteenand for heat and electricity. Thanks to the
advantages mentioned above the number of suchnsystecreases constantly, particularly in
developed countries. New installations replace hpabtd coal-fired boiler houses. Their final
technological structures as well as the way angesad automation are determined basing on the
kind and number of consumers, and also on speajairements of the users.

More and more often, particularly in the courséhaf recent ten years, in Poland disused heat-
generating units of medium and large power, which rebt come up to the standards of
environment protection, are being replaced by gassteam systems. Similarly as in the case of
smaller installations, the aforesaid advantageseandomical analyses are of decisive importance.



2. Fundamental work indicesin the thermodynamic assessment of CHP plants

An important index in the assessment of the worthefanalyzed systems is the instantaneous
gross watt-hour efficiency of the CHP plant, deteed also as the unit capacity of the chemical
energy of fuel, expressed by the formula:
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where:
Nel — power rating of the system, Q — flux of heat téadi by the system, - flux of fuel, Wi —
net calorific value of the fuel.

Having at our disposal the relationg,NQ = f(r) (wheret - time), and knowing the annual time
of generating electrical energy¢)land heat (J), we can determine the production of electricity
(Ee) and heat (@) per year:
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These quantities permit to determine the averafeiexfcy of transformation of the chemical
energy of fuel into electricity and heat:
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The quantityB (W, in this equation determines the yearly consumptibchemical energy of the
fuel, basing on the known fuel fluxr(,)

BIW, = Tf(mlpwd Jaz (5)

The guantity determined by means of equation (4)se called Energy Utility Factor or energy
efficiency of CHP. It may also be expressed as

Moot = e * s 6)
where:
Mo :Bi\;\lé - average ampere-hour efficiency per year (tfeiency of the
cogeneration of electric energy)
Ny :% - average annual efficiency of cogeneration @ithe

The decree of the Minister of Economy, Labour andi&@ Policy of May 38, 2003concernicg
the scope of duties connected with the purchaséectricity and heat from renewable sources and
its amendments of December ™L.®004 obligate power stations to buy electrical gper
cogenerated in compliance with,, =270 6.



The energy efficiency of the considered installagios assessed taking also into account the
instantaneous cogeneration coefficient
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Another coefficient is the Primary Energy Savings

PES=1-— ®)
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where:

ni, n™ - efficiency reference value for separate eleityriand heat production.

Equation (7) is based on the definition of relateavings of the chemical energy of fuel,
attained by cogeneration, compared with the consiompf the chemical energy of the same kind
of fuel in separate establishments (power statt@hheeating plant).

The Directive 2004/8/WE EU introduces the term fhfficiency cogeneration”. If the value
of PES is not lower than 10%, this term can be used

It still remains an open question which part of theduced electrical energy will be
considered to belong to the technology of higheedficy cogeneration. The conditions of the
classification of the total production of electtycias high-efficiency cogenerations have been
guoted in the Directive 2004/8/WE: PEE% andhe.>75% (80%).

3. Theinfluence of the parameter s of steam on the ther modynamic characteristics
of agasturbineinstallation with a waste-heat boiler

There are many possible structures of power staijbeat and power generating plants) with a
gas turbine, e.qg. [1], [2], [3]. The consideratiafiscussed in the present paper concern merely
installations of a gas turbine with a waste hedeband a gas and steam power station.

The installation of a gas turbine with a waste haaiter presented in Fig.1 consists of a
compressor (SP), the combustion chamber (KS), élsetgbine (TG), generator (G), air filter (F)
and the waste heat boiler.

la

Fig.1. Thermal diagram of the investigated system



Under nominal conditions (i.e. ambient temperaturespectively equal to;4£15°C and
p1:=101,325kPa) the parameters of the gas turbinem@oen, viz. power rating — 15,42 MW,
pressure ratio — 11,11, flux fuel and combustiosegam=0,968 kg/sec, m4a=51,74 kg/sec (the
applied indices concern Fig.1) and temperaturesthef combustion gases#1060°C and
t4:=544,7°C. In the waste heat boiler steam is geeérdthe temperature of the water feeding the
boiler is known (#=80°C), the pinch pointAt,,) and approach poini(;,) are equal to 10K. The
temperatures of the generated steag ity affecting the fundamental operation charactessbf
the power station have been determined. The resfil@lculationss, = f(t,., p,.) have been

presented in Fig.2, the characteristics RES= f(tzS, st) in Fig.3 (assuming tha»tyeF‘aEf =55%,

N =90%). The flux of steam generated in the boileultesrom the balances of the evaporator
and superheater:

- Cp{T4a - |_Tn ( pzs) + Atpp
hzs + CwAtap - h'25
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where:

¢, C, - specific heat capacity of combustion gasesvaaier, Tn(pZS) - saturation temperature at

p’ ~w

the pressurez h,., hzs - enthalpy of steam and enthalpy of saturation.
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Fig.2. The relationj. = f(tzs. DZS)
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Fig.3. The relationPES= f (tZS, pZS)

4. Theinfluence of the ther mal power of heat exchangerson the thermodynamic
characteristics of gas and steam power stations

The analyzed system of a heat and power genernalimg is to be seen in Fig.4, where also its
characteristic points have been denoted. This systasists of a gas-steam unit and water boilers
[8]. The gas-steam unit consists of a simple gdsina and a double-pressure waste heat boiler
with a condensing-extraction turbine. The thermauigit parameters of the system are known in
all its characteristic points under nominal coiotis. The power rating of the system amounts to
235 MW (in compliance with ISO at;£15°C). The ambient temperatureg\tinfluences
substantially the fundamental parameters of thestgmm unit and also the demand for heat.
Hence, the necessity of modeling the operatiomefsystem and its analysis in the entire range of
changes of the ambient temperature. The gas tuvsemodeled basing on the parameters of the
industrial turbine Siemens V.94.2. The characteriguantities describing this turbine are: the
temperature at the outlet of the combustion chanyget226°C, the compression ratio 11, the
maximum isentropic efficiency of the air compres8g®13 and the isentropic efficiency of the
turbine 0,936, the efficiency of the combustionrabar 0,992, the ratio of the flux of air cooling
the turbine to the flux at the inlet to the comp@s0,205. The double-pressure waste heat boiler

generates steam with the following parameterg,g, =8078kPa, t,,, =525C in the high-
pressure partp,,, =54kPa, t, ,, =217°C in the low-pressure part (the indices coincidehwit

the denotations of the points in Fig.4). The mimmpinches of temperaturd{,,) in the boiler

amount to 9 and 11K, respectively, for the highsptee and low-pressure part. The steam
generated in the boiler is passed to the turbihe.i$entropic efficiencies of the high-pressure an
low-pressure part of the steam engine amount t050zhd 0,8, respectively. The pressure in the
condenser amounts tp,i;) =5kPa , and in the deaerator tp,,, =130kPa. The temperature of

the feed water ig,, =76°C, thanks to the application of a preheater of tbedensate. The
applied heat exchanger consisted of two parts,abrvehich was being fed with steam from the



controlled bleeder valve. The other part constitube last heating surface in the waste heat boiler
This permits to cool the combustion gases leavimg waste heat boiler to a temperature of

t., =85°C. When the demand for heat exceeds the capacityedfieat exchanger, the connected

water boilers are fired with coal.
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Fig.4. Thermal diagram of the investigated syst8f { compresor, KS — combustion chamber, G — grera
TP — steam turbine, KO — waste heat boiler)

The maximum demand for heat (at an ambient temyreraf t,, = -20°C) has been assumed
as (Q..),... =400MW, as is to be seen in Fig.5. Generally, a linepeddence of the flux of heat
(Qec) on the ambient temperature is assumed during eating season [9]. In other seasons the

system operates with a constant thermal power @ @Dthe maximum demand, producing warm
water for household purposes. The gas-steam urtihettonsidered heat and power generating
plant provides hea(Qg) in compliance with the diagram of demand. Pealdso(@ec—Qg) are

taken over by the water boiler with a power ratiigQ,, = (Q..), ., —(Qg )max. Fig.5 presents the

relation Q,. = f(t,,) based on the data quoted above. It also showsetaton Q, = f (t,, ),

assuming that most of the heating season the kehaegers of the gas-steam unit operate with a
constant calorific effect o®, = (Qg )max =120MW (which may also be called design power rating
of these heat exchangers). For the assumed pr@essf (t,,) the power rating of the gas-steam
unit is determined adl,, = f|Q, (t,. ), t.. | [10].

Thermodynamic calculations were carried out makisg of the programme GateCycle,
changing the ambient temperature within the raff¥C < t;, < 28°C in steps of 1°C. The
thermodynamic parameters were determined in allpthiats denoted in the diagram, basing on
which the quantities quoted below have been detexthiMaking use of the systematic diagram of
the ambient temperature as a function of time,6Fpgesents the determined dependences of the
power rating of the unit and thermal power on tifrje Knowing the time of operation of the gas-
steam unit (I=Tc), the relationN,, Q,., Q, = f (r) permits to determine the annual production of

electricity (Ei) and heat (§.



The annual consumption of gaseous fuels is detednty means of the known or calculated
characteristics of the flux of fuel depending oe &mbient temperatuna,, = f(t,,) [8,10] and the
systematic diagram of temperature, applying thatiae [5].

These quantities will make it possible to determateo 77, /7., 77, PES, making use of the
relations (4), (5) and (8). For this purpose tmeetiof operation of the unit in the course of one

year has been assumed to amount to 8200 hours.
Further on the same calculations were appliedtianging values ofQg)max
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Fig.5. Dependence of the flux of heat generatdtierheat and power generating plant.{Q
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Fig.6. Dependence of the flux of heat generatdtierheat and power generating plant.{nd the gas-steam unit
(Qg) and of the power rating of the unitNon the time of its occurrenee



Calculations were carried out fa0 MW < (Q,) _ <180MW in steps of 10 MW. The upper

limit results from the required minimum value oétfiux of steam flowing through the last stages
of the turbine. It has been assumed that this domrstitutes 7% of the flux of steam flowing
through the condenser in the case of carrying ogtelm condensation operations. The most
important results of calculations have been gatheie the form of characteristics
Nee Mo PES= f[(Qg )maxj, as presented in Fig.7. In order to render it npaespicuous in the value

of ., were multiplied by 1,5.
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Summary

* The installation of a gas turbine with a waste Hemsler generating steam even with very
high parameters attains an Energy Utility FactddfEexceeding 80%. In the case of high
parameters of the steam (e.g. 8t300°C, p=5MPa) the primary energy savings (PES)
are lower than 10%.

 The indices EUF and PES concerning the investiggi@sl and steam power station
increase with the growth of the thermal power @&f tieat exchangers {}Qax It is possible
to choose such a Fax Which would permit to attain PE$0% and simultaneously also
EUF>70%. In compliance with the Directive 2004/8/\\BUJ this is high-efficiency
generation. Not all the generation of electricihgwever, can be classified as high-
efficiency generation, because EUF<80%. Therefattempts should be made to reduce
the time of operation of the heat and power gemgyailant (<8200 h/year) during the
summer season.
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