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Exergy Analysis of a Cogeneration Plant
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Abstract—Cogeneration may be defined as a system which 1. Due to usage of electricity where it is actugnerated,
contains electricity production and regain of tihertno value of there is no loss of transfer and by regaining teat kenergy,
exhaust gases simultaneously. The examinationsistban the data’s the cost of energy is kept low.

of an active cogeneration plant. This study, iiwed to determine . :
which component of the system should be revisesd fo raise the 2. Fgctorles are not concerned by harm given to the
efficiency and decrease the loss of exergy. Far phirpose, second regarding machines because of voltage and frequency

law analysis of thermodynamics is applied to eamnmonent due to fluctuation.

consider the effects of environmental conditiond take the quality
of energy into consideration as well as the quauwditit. The exergy
balance equations are produced and exergy losdcislated for each
component. 44,44 % loss of exergy in heat excha2®69 % in
combustion chamber, 18,68 % in steam boiler, 5,25 %as turbine
and 2,03 % in compressor is calculated.
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|. INTRODUCTION

FFICENT usage of energy becomes more important - SIS )
[1]of exergy cost, a thermoeconomic optimization témpin,

our world where the fossil fuels are limited.
Companies are paying attention to use energy effilyi by
investing cogeneration plants where electricity hadt energy
are used simultaneously.

Cogeneration system reduces the cost of energylirstries
such as textile, folio, ceramic, chemistry, foodd ametal.
Moreover, cogeneration applications on residentiid
industrial areas are giving promising results.

There are two kinds of approaches to design that;pla

according to the need of electricity or to the neddheat
energy of the factory. Establishing cogeneratiostesy in a
way meeting all the heat energy requirements, rateetricity
power is generated than needed by factory andmbitiod is
preferred in countries where selling excessiveteéty to the
electric grid is more profitable.

In countries where selling generated electricity ttee
electric grid is not profitable like Turkey, whecegeneration
plant that is examined is located, factory desigants
according to the needed electricity capacity and heat
energy as a supporter to the central heat statidre
advantages obtained by corporations by using cogtoe
system are given below.
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3. Saving from the primary fuel in proportion togaéned
heat energy, the Ilimited sources are used effigient
furthermore emission harm is reduced to minimum.

4. Corporations are not affected by blackouts chusg
power grid and electricity can be received froncele grid
when maintenance and breakdown happens.

5. National electricity generation is supported.

Optimization of thermal systems is generally based
thermodynamic analysis. However, the systems tptisnzed
g{e often not available due to economic constrairite theory

combines the thermodynamic analysis with that afnecnic
constraints to obtain an optimum configuration ofharmal
system [2].

Huan et al. performed an exergy analysis on a @rgéon
system with steam-injected gas turbine. By spauifythe
balance equations of mass, energy, and exergy ef th
components, they determined the exergy loss. Bindathe
compressor pressure ratio, ratio of the vapour ctap
temperature of the vapour, and amount of the feattmas
parameters, they wrote down the outputs of thet finsd
second law and calculated the heat—power ratiosy Ehso
stated that while the highest exergy loss occurredhe
combustion chamber, the highest exergy leakage raztu
through the waste gases [3]. Bandyapadhyay et¢alized the
thermo-economic optimization of the cogeneratiowilifst
through parameters such as the magnitude of thdityfac
investment costs, and power generation requireddsigning
and operating the facilities. Furthermore, thisdgtwas also
examined by taking surface areas, heat conveyaitme,
directions, and laws on heat transfer into accdarihcrease
the productivity of heat exchangers. By adoptindlexible
approach as to the choice of fluid, besides detengithe
operational pressure, the optimum design and tlesatipnal
requirements of the cogeneration facility were dabeed [4].
Kwon et al. stated that it was hard to determiree sbparate
unit costs of the products for facilities such ageneration
plants and combined cycle plants in which two prislwere
obtained by harnessing from a single fuel. Besatiting that
such a determination of the above mentioned faslitvas of
importance. Furthermore, they performed an exeogynemic
analysis of a 1000-kW gas turbine cogenerationlifacBy
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calculating the exergy costs for a unit produceyttwrote considered as the inlet cost of the next componémt.
down the exergy balance for each point during tlwev f conclusion, the exergy production costs of stedettrcity,
process and they formed an exergy economic bakaneation and the products of combustion, all of which foitme bbject
for each component based on these exergy valuesy Thunction and the conditions leading to the minirast for the
employed a specific energy cost method developed kimple rankine cycle, and the cogeneration systeitth w
Tsatsaronis and the method of Modified ProductitrecBure regenerator gas turbine were realized. Also, th#icgiion of
Analysis of Thermal System developed by Kim anckerlat the model was shown by employing the real data faicaity

compared the cost of the products. According toréseilt of
the study mentioned above, when the specific exemast
method was analyzed, although employing a waste buaker
did not cause a change in the exergy cost of Uedtricity,
they observed that the costs are decreased whevidtified
Productive Structure Analysis of Thermal
employed. They also determined that no change oatun
the unit exergy cost of steam. In this study, tbstg of the
components of the gas turbine cogeneration faciligre
calculated and the ratios of such costs to thd tmist were
determined. Finances were levelized and thus lmelcosts
were employed in these calculations. They showad wen
the specific exergy cost method was employed, d ha
impact on the cost of electricity and especiallytba cost of
the turbine and compressor. Thus they indicated tiieacost
of all the components was affected by both the ougH5].
Valdes et al. introduced a thermo economic optitiona
model into the cogeneration facility based on thetirdies.
This optimization process was generally applied do
cogeneration system composed of a single pressyre
employing a genetic algorithm. This system onceliagpvas
also utilized in the optimization of more compleaciities,
such as the heat recovery steam generators whithwuato
three pressure levels. The variables taken intesideration
for the optimization were the thermodynamic parareto be
determined for designing the HRSG. Two differemctions
were proposed when the study was performed. Whike af
the functions helped to minimize the productiontctie other
gave rise to maximizing the yearly cash flow. Thesults
helped in determining the best optimization stratday
comparing these two functions [6].
performed a thermo economic analysis of the cogeioer
plants. Air and combustion products were regardeddeal
gases for this study and all the components outsice
combustion chamber were thought to be adiabatic.tl@n
basis of the second law of thermodynamics, thegdtrio
minimize the exergy production costs. The valudated to
the processed vapor and electricity production waken as
fixed values for this calculation. The variables the
optimization process were as follows: in the cafesteam
turbine the pressure of the steam and the outl¢heboiler
were considered as variables and in the case digaise the
ratio of pressure, the outlet pressure of turbirkaast gas,
and the mass flow rate were taken as variablesniddel was
first applied to a simple Rankine cycle and then ao
cogeneration system with regenerator gas turbinkile/the
calculations were being made, first the outlet cofsteach

component was found and thus the value determinasl w

in a chemical industry in Sao Paulo [7].

Temir and Bilge analyzed the trigeneration systerterms
of thermoeconomic aspects. An electrical gener&dr by
natural gas and a trigeneration system composedcobling
system with absorption harnessed from the heaggrafrthe

System wasxhaust gases of the aforementioned generator exarined

[2].

In the system examined, a cogeneration plant abéshed
to meet the electricity requirements of a milk,eed and a
beer factory and to bring saturated steam to thile amid seed
factory as well as superheated water to the betorfa 55000
MW/year electricity, 75000 ton/year saturated stearf05°C
and 16 bar is produced and 125.109 kJ/year enesgy i
transferred. In the study, energy balance equatoasipplied
to each component through the second law of theyrmardics
and exergy loss is calculated. Evaporative cooling,
compressor, combustion chamber, gas turbine, ixehaager
and steam boiler are the components of the sydtenesults
of the analyses, it is seen that 0 kW of exergyo® in
dvaporative cooling meanwhile 111 kW in compres8@26
kW in combustion chamber, 286 kW in gas turbines18W
in heat exchanger and 2037 kW in steam boilerdt M/hen
percentage of exergy destyroyed by component isntakto
consideration, 39,30 % of loss of exergy in heatharger,
37,75 % in combustion chamber, 16,52 % in steareho
4,64 % in gas turbine and 1,80 % in compresscalsulated.
In this consequence, exergy loss that is seenpaseatial lost
of work, is seen in heat exchanger at most. Acogrtlh these
results, heat exchanger is the component to be gitedtion
when considering a new amendment.

Siveira and Tuna

[l. SYSTEM DESCRIPTION

The system process flow of the cogenerationesysihere
55000 MW/year electricity, 75000 ton/year saturasteam
and is given below 125.109 kJ/year heat energyefteated
water is produced, is given in the figure 1 below.

Fig. 1 System Process Flow
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The operating method of the system was examined on the
basis of the parameters of a cogeneration system producing
electricity, superheated water and saturated water. Thus
efficiency of components was calculated through exergy and
exergy loss by each component in the system by means of the
thermodynamic analysis. The atmospheric air is cooled in
evaporative cooler, capacity of 60000 m3/h air inlet. Designed
to run by natural gas, twin gas turbines capacity of 10000 kW
in total are used for generating electricity to use in a milk
factory, beer factory, feed factory and the cogeneration system
itself. Exhaust gas, temperature of 764,44 K and pressure of
0,1 MPa leaves the turbines and is used in two different
systems; heat exchanger where superheated water is produced
and steam boiler where saturated steam is produced. 17,44
ko/s of exhaust gas (44,35%) is used to heat 128,34 kg/s water,
temperature of 419 K and pressure of 1,1 MPa Water's
temperature is raised to 430 K while exhaust gas' s temperature
decreases to 421,60 K from 764,44 K before being thrown out
to atmosphere. The superheated water circulates to be used in
beer factory and returns in a closed circuit system. 21,88 kg/s
of exhaust gas (55,65%) is used in steam boiler. Steam boiler’'s
pressure is 1,6 MPa causing water’s saturation temperature is
478 K. 2,36 kg/s water istaken into boiler at 325 K and |leaves
the boiler at 478K in gas phase to be used in milk and feed
factory. Transferring its heat to water, exhaust gas is thrown
out to atmosphere at 397,30 K.

The following definitions are accepted for analysis
calculations of the cogeneration system:

» Equipments are systems having continuous flow.

» Boiler, pipes and components of other installations are
insulted against heat losses.

» Thefuel entersinto boiler under environmental conditions.

» Dead date is environment state. (To = 303 K and P, = 0,1
MPa)

e Theboiler isrun by natural gas.

* Natural gasis Methane.

e Air and natural gases are ideal gases.

» Exhaust gas behaveslike air and is an ideal gas.
 Evaporative cooling is a process that enthalpy is stable
during.

1. EXERGY ANALYSIS

According to Bejan [8], the exergetic balance applied to a
fixed control volume is given by the following equation:

Z rlnmq” - Z momeﬁut + Q(l_%j -W - ED = 0 (l)

The second law analysis, i.e. the exergy analysis, calculates
the system performance based on exergy, which is defined as
the maximum possible reversible work obtainable in bringing
the state of the system to equilibrium with that of environment.
In the absence of magnetic, electrical, nuclear, surface tension
effects, and considering that the system is at rest relative to the
environment, the total exergy of a system can be divided into
two components: physical exergy and chemical exergy;

E= EPh + ECh (2)

The physical exergy component is associated with the work
obtainable in bringing a stream of matter from its initial state
to a state that is in therma and mechanical equilibrium with
the environment. Mathematically,

EPh = meph (3)
The physical and the chemical exergies of current in the

cogeneration system will be calculated. The physical exergies
in the cal culations were obtained from the following formula.

& =(h—1y)-To(s- ) (4
The chemical exergy of fuel,

e = {1.0401+ 017281+ 0.0432% + 0.2169§(1— 2.0628Dﬂ <ty ()
Cc Cc Cc Cc

h,c,0,s are the mass fractions of H,C,0 and S respectively.

CH, +3(0, +3,76N,) ~ CO, +2H,0+0, +11,28N, (6)

Since the combustion air entering the control volume is very
close to the reference state, both its thermo-mechanical and
chemical exergies are equal to amost zero. Similarly, the
thermo-mechanical exergy of the fuel isalso zero.

In gas turbines, more air than needed is used and it is usual
that air fuel ratio according to mass is 50 or more. Therefore
accepting exhaust gas as air does not lead to an important
miscalculation. [9]

The mass flow rate, temperature and pressure values in
specified points are the values of measurement in cogeneration
plant. Environmental conditions refer to temperature and
pressure of the air and gas behaviors in dead state conditions
of where the plant is located.

Entropy change (s - s0) equation for gases,
s-5,=5°-s’—RInP @)
0
Entropy change (s - s0) equation for liquids, is calculated with

1
dT T,
s-s, = [c(T)==c,, In=*
[l =eaing
the (8) eguations. In table 1, energy equations and exergy
destruction equations are shown for each component.

(8)
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TABLE| TABLE Il
ENERGY AND EXERGY DESTRUCTION EQUATIONS EXERGY LOSSBY COMPONENT
Component Quantity Exergy Loss (kW)
Energy Exergy Destruction Compressor 2 221,56
Name Figures Equations Equations Combustion Chamber 2 3226,00
Turbine 2 572,32
Heat Exchanger 1 4845,14
D) Steam Boiler 1 2036,86
24D
Evaporative Evaporative -Q=my(ho-hy) Ej=Ex+E, In figure 2, percentage of exergy loss by component is given
cooling Cooling by taking the amount of the destroyed exergy in table 1.
()4
45,00% -
40,00% - —
5) ]
~ 35,00%
N
W 30,00% 4
Compressor —7| | Compressor W=my(hz-hy) Ex+Ew=E3+Ey 3
S 25,00% |
OIS 3
~ 3 20,00% 4
8 15,00% -
@
~ 10,00% -
Combustion (5) Q=(mshs)-
— Y +E3+E4=Es+Ey 5,00% 1
chamber \3/\\ Combustion| (m3h3 +m4h4) EQ :
’ = [
Combustion Heat Compressor Turbine Steam Boiler
chamber exchanger
Components
Fig. 2 Percentage of exergy loss by component
Turbine S W=ms(hs-hg) Es=Eg+Ew+Eqg
In figure 3, second law efficiencies of the components as a
graphic. In engineering systems, causes of irreversibility’s are
examined and by reducing the irreversibility’s, the efficiency is
® tried to be increased as much as possible. [9] In this
(19 cogeneration system, efficiency should be increased by
4%} . o increasing the second law efficiencies of the steam boiler,
Heat mghg+mohio= _ ;
Exchanger ¢ bt Eg+Ew=Es+En+Eq | CcOmbustion chamber and heat exchanger.
@ ®
100
a8,6
90
89,7
%\@ 80 —
CENEERD myzhg+myshys _ I —
Steam Boiler \é_ : (11 ,Q_O =mysh1a+mighy E1otEss EE14+E15+ H e |
d g
Iy 6 E 50 51,1 B
Steam Boller 1@ T w . |
8

IV. RESULTS AND DISCUSSION

In this study, exergy analysis is done by taking the values of
measurements of a cogeneration system located in lzmir,
Turkey in to consideration. Second law of thermodynamics is
applied to all components, concerning the evaporative cooling,
combustion chamber, gas turbine, heat exchanger and steam
boiler and each component is evaluated in the context of
second law efficiency and exergy loss.

In Table 11, quantity of the components and exergy loss by
component accordingly are given.

30

20

10

Cooling

Evaporative Compressor Combustion

Chamber

Turbine Heat
Exchanger Boi

Components

Steam

Cogeneartion
ler Facility

Fig. 3 Second law efficiencies of the components

Evaluating the results, exergy loss that is seen as a lost
potential of work is seen at most in heat exchanger by 44,44%.
According to this result, a possible amendment should be
made to the heat exchanger. In order to increase the efficiency
of the entire plant, following amendment should be made to
combustion chamber than, steam boiler.
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TABLEII
UNITS
Symbol Quantity Unit
c specific heat ki/kg.K
c mass fraction of carbon
e specific exergy kj/kg
h entalphy kj/kg
h mass fraction of hydrogen
Hh mass flow ka/s
P pressure mPa
R gas constant kj/kg.K
Q heat kw
S entropy kj/kg.K
S mass fraction of sulphur
T temperature K
W work kw
E exergy kw
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