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This paper deals with parametric energy and exergy analysis of a combined gas steam cycle
plant with 165.1 MW capacity. The exergy analysis indicates how much power is rejected in
exhaust gases in order to study the possibility of using it in a suggested steam unit
(combined power plant) and to enhance the thermal efficiency of the plant. Analysis of
exergy enhancement at different part loads of 0.2, 0.4, 0.6, 0.8, and at full load has been
carried out. The exergy efficiencies were calculated according to the first and the second
laws of thermodynamics. It has also been concluded that the overall thermal efficiency was
improved by 9.835% and the exergy was enhanced by 9.34% at full load.
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1. Introduction

Combined cycle power plants continue to
gain increasing acceptance throughout the
world, over other energy conversion systems.
In fact, gas turbines/combined cycle power
plants are now considered the power plant of
21st century. Energy economics is a broad
field. Extensive work has been done that
combines energy and economics. The exergy
study gives us an indication to exergy cost
saving by using different delivers for the power
plant wastes.

The following points are considered when
the present works were done:

1. Thermodynamics efficiencies and losses.

2. Measures used for the determining the
efficiencies and losses.

3. Utilization of efficiency and loss for
determining the exergy.

4. The exergy measurement is taken based
on economics including quantities and costs
to give the sense of values measured.

An exergy analysis of gas side and added
steam side as, a binary plant, was studied,
considering effects, of different available
parameters which affect efficiencies and
exergies of the whole plant.
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The early development of gas-steam
turbine was described by Sieppel and Bereuter
[1]. Czermak and Wunsch [2] carried out the
elementary thermodynamic analysis for a
practicable Brown Boveri 125 MW combined
gas/steam turbine power plant. Wunsch [3]
reported that the efficiencies of combined
gas/steam plants were more influenced by the
gas turbine parameters, maximum tempera-
ture and pressure ratio, than by those for the
steam cycle. They also, reported that the
maximum combined cycle efficiency was
reached when the gas turbine exhaust
temperature was higher than the one
corresponding to the maximum gas turbine
efficiency. Horlock (4], based on
thermodynamic considerations outlined more
recent developments and future prospects of
combined cycle power plants. Wu [5] described
the use of intelligent computer software to
obtain a sensitivity analysis for the combined
cycle. Cerri [6] analyzed the combined gas
steam plant without reheat from the
thermodynamic point of view. Andriani et al.
[7] carried out the analysis of a gas turbine
with several stages of reheat for aeronautical
applications. Polyzakis [8] carried out the first
law analysis of reheat industrial gas turbine
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use in combined cycle and suggested that the
use of reheat is a good alternative for
combined applications. Mark A. Rosen. [9]
performed a best manner used to analyze the
power plants with high quality from energy,
the second law of thermodynamics permits the
definitions which called the exergy as a
maximum amount of work that can be
produced from the energy of any power
system. A.F. El-Dib. [11] perform an exergy
analysis technique has been applied for
different applications as power plants with
different types such as , steam , gas , solar ,
refrigeration nuclear and others [ 12 — 23 |
Macchi and Chiesa [24], El Masri [25],
Bannister et al. [26], Rice [27-29], Gambini et
al. [30], Bhargava and Perotto [31], Poullikkas
[32] have studied and predicted performance
of reheat gas turbine using air as coolant. Y.
Sanjay et al. [33] have studied parametric
energy and exergy analysis of reheat gas-—
steam combined cycle wusing closed-loop-
steam-cooling. In the light of the above works
the present work is aimed at: To identify and
quantify the sources of losses in the selected
configuration combined cycle with different
means of loading rates and hence to try for
minimizing these losses to achieve maximum
efficiency in this combined cycle.

2. Thermodynamic principles and analysis

One of the important concepts in the
second law of thermodynamics applications is
the reversible work of the processes. The
reversible work is the maximum work that
must be supplied, thus the Second law of
thermodynamics to be used to analysis power
of the choice plant ( combined power plant ) as
a system with component by component as
well as the plant as a whole at the steady state
condition.

The necessary thermodynamics principles
will be formulated in order to develop such
relations. This first aim of the present work is
perform a simple checking for the system
according to the First law of thermodynamics
as a whole system component.

The Second law of thermodynamics is
performing mathematical forms to calculate
the heating power of the whole system
components during irreversible processes in

the compressor. The entropy changing
between two states, (1) at entrance and (2) at
exit may be explained as the sum of two
entropy exchanged as

(A Sump) and entropy production (A Sirio)
[12, 17]:

AS 5 =ASHr1 0 +ASjr1o - (1)
2 60
_ ;
ASprio = J.Z i 2)
1 H
2 2
11 Wy
ASir12 _J-Z(SQ{?_E}LJ. T 3)
1 i 8 1
Where

Q Heat exchange,

Ty Temperature of heat reservoir exchanging
heat with the system,

T Temperature of the system,

Wr Work to overcome friction, and

i 1,2,3, ...

Eq. (1) may be considered as a
mathematical form of the second law of
thermodynamics [12]. For actual thermody-
namic processes and cycles, the entropy
production is always positive and is a measure
of the resulting irreversibility (liz) which may
be calculated as [12, 18]

l12 =To4Sirr12 - (4)

Where T, be sink or surrounding temperature.
As the main object of the present work is
to enhancement of the thermal efficiency of
the choiced gas power plant with using an
auxiliary steam power unit consumed the heat
reject in the exhaust gases of the gas turbine.
The following is a schematic diagram of the
binary power planed can be used. Fig. 1
shows that the schematic diagram of a
compound - cycle system as a binary cycle.
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Fig. 1. Combined cycle used.

Then the thermal efficiency of the over
binary cycle system is:

Wor + Wy

5
O (5)

Ney =

The heat balance in the economizer,
evaporator and super heater to determine the
ratio of the steam flow rate to the gas flow rate
is explained in the following equations

ms _ Cpg(Thi B Tex) _ Cpg(Thi - Tx) )

(6)

mg hce - hiecc hce - hwsat
Where

S = steam mass flow rate to gas mass flow
Mg
rate
Cp gas specific heat, kJ/kg.K,
Thi exhaust gas temperature, K,
Tx Pitch point temperature, K,

hee Super heated steam enthalpy , kJ/kg,

hwsat Saturated water enthalpy, kJ/kg, and

hiecce  Saturated water enthalpy entering the
economizer, kJ/kg.

To avoid stack material from the chemical
reaction between the stack metal and the
exhaust gasses because this reaction will
causing destructive corrosion with the stack
walls. The final flow gas temperature must not
to be below that 170 C and the pitch point is
20 C differences between the saturated liquid
and the exhaust gasses [19] then the
temperature of the pitch point temperature Tx
can calculated by eq. (6) .The temperature
variation along the waste heat boiler paths is
explained in fig. 2.

3. Exergy

For steady state flow open system the

specific exergy of the system can be
determined as:

ct
w=h; —h, +T+QZ—T0(31—SO)~ (7)

Whereas the rest which is not capable of doing
work is termed the anergy (¢) may be

expressed at point (1) as
®1 =h, +To(sl'so)' (8)
3.1. Chemical exergy of fuel

Chemical exergy of fuel is equals to
maximum amount of heat obtained when the
fuel burned with complete combustion under
chemical reaction with oxygen In such
processes, the initial state is surrounding
state defined by T, , P, , and then the chemical
exergy of fuel is expressed as :

Poo’O2

P,

o

Poo,k
)~ 28] (9)

o

Wen = —AGo + RT,[(X,, In(

Where:

AGo Gibbs function of complete chemical
reaction of fuels refer to surrounding
state equal to Ho - To So, and

R gas constant = 0.287 kJ/kg.K

and subscript K refers to the component of

product of combustion.
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Fig. 2. Temperature variation along the waste heat boiler paths.

Liquid, gas, and industrial fuels are
mixture of numerous chemical components of,
usually, unknown nature. Szragut and styry
(see [20]) assumed that the ratio of chemical
exergy of fuel y_, is equal to the net calorific

value of that fuel NCV at obtains pure
chemical substance having the same ratios of
constituent chemicals This ratio denoted by €

= ¥Yeh_ estimated by [20]as + 0.38 % .
NCV

3.2. Exergy loss

The exergy loss for any irreversible process
is obtained through exergy balance of this
system when operate at steady state flow open
cycle. The exergy loss is equal to the
irreversibility for such which can be calculated
using eq. (4).

3.3. Exergy of gas turbine power plant

3.3.1. Gas turbine exergy efficiency

Let us consider the perfect gas expand
used in the gas turbine with ideal constant
specific heat in adiabatic turbine. The
entrance condition P;, 71 and the gas expand
to the local atmospheric condition Po, To with
ignoring the kinetic and potential energies.
Now we mneed to evaluate the turbine
performance by means exergy method. For
stationary turbine the exergy method gives

maximum work output as expressed in

eq. (10)
Wiep =91 —wa =hg —hs —T,(s3 —s4). (10)
Where:
Wrew  The maximum reversible work net,
(72 The irreversible work = cpg (T3 — T4),
Wy The exergy loss =
)
sl
Cpg To N2 X/ [(L=n;)+ 1.,
P4
k Adiabatic process exponent, and
nr Gas turbine isentropic efficiency.
One commonly wused measure of

performance in the exergetic interpretation is
the second law of thermodynamics efficiency,
defined as:

_ Exergygained
" Exergypaid
W T3 -T,
WreU (Ej
[Ts = Ta] + T, n(22) K 1—p,) 47,

J 22
(11)

As for the isentropic efficiency 757, the
exergy efficiency is less than or equal to 1, and
can be 1 at the best. In order to compare the
two efficiencies, nex and nr we constitutive the
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temperature of exhaust gasses T4 which
expressed as
py KL
Ty =Tall-n,(=>) K ], (12)
P4
then the exergy efficiency is defined as:
p K-l p K1
Newr =M1~ (=) K ), (1-(—>) X )
y 2
- (K—lj
P3|\ & _
+o ) K (L=ng) +n, )7 (13)
T3 P4

3.3.2. Exergy of compressor

It is known that the compressor is a
machine consumed power from the main shaft
of the gas turbine. This exergy power can be
calculated according to the following equation:

Yeom = Mg [Cpa(To —Tas)

Tasy). (14)

Toe
+c,,T -1-1n
pa o[T (

O

3.3.3. Exergy of combustion chamber

The exergy of fuel or the net calorific value
according as mentioned in eq. (9). From here
in before the exergy of compressor and
combustion chamber is equal to the exergy of
the gas turbine and the exhaust gasses
considering the exergy balance chart of these
components as shown in fig. 3.

3.4. Exergy of steam power plant

3.4.1. Exergy of waste heat boiler

The exergy of the waste heat boiler can be
calculated as a heat exchanger. It can express
as:

YwHB = Ws ~Wloss
My.Cpg- ATy =mgAhg — Py - (15)
Where:

wwys is the exergy of the waste heat boiler,
and

ATy is calculated from eq. (6) (heat balance
of waste heat boiler).

Compressor

Fuel Exergy Gas Turbine

Exhaust Gases

Fig. 3. Exergy balance in gas power plant.

The subscript S means to the steam
generated.

The increase of exergy of feed water
Y feedw to  the live steam exergy ygis

calculated from eq. (15) as exergy output.

Ys =hy —h, —Ty(s1—S,) - (16)

The exergy loss is due to irreversible heat
in the heat added to the gas and can be
expressed as:

Yioss :lpg_lps_WP' (17)

Where:
vy Exergy increase in the pump.

The exergy efficiency of the waste heat
boiler can be calculated as

_ Ys _I/JPH 18
NexWHB = - (18)
Vg

3.4.2. Exergy of steam turbine

The work of steam turbine Wr is less than
the drop of exergy of steam yw to y;, rdue to
exergy loss as a result of irreversibility
associated with the fluid flow through the
turbine. The exergy loss in the turbine
Ypsrand exergy efficiency of the steam

turbine 7nexs.r are formulated as:

YiossT = Ws —We)—Wr . (19)
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Wr
Nex,sT = ————— - (20)
Ys —Yr

3.4.3. Exergy of condenser

The exergy loss in condenser yj,« cong are

mainly due the exergy dissipated in the heat
reject to the surrounding as following

YiossCond = WiossT ~ Wiossserr - (21)
Where:
Wipssserr  The exergy loss in the surrounding

3.4.4. Exergy of pump
The exergy loss in the pump Wi, spunp 1S

illustrated in fig. 9 and the exergy efficiency of
the pump can be calculated as:

Yiwosspunp = Wp —(Ws —Wrossc ) - (22)

g Ys ~YPrpsc
== 7 (23)

Nex ST WP

Where the Wp is the work done input to the
pump.

4. Power plant exergy

For power plant as whole exergy input gain
is the chemical exergy of fuel wcn whereas the
exergy output is the net work produced.

The work net produced Wy is equal to the
(WG.T+ Ws.r+ Wcomp - Wpump)-

The exergy losses are the sun of individual
exergy losses of the plant component and the
overall exergy efficiency of the plant is
calculated as:

w
Nep = —— . (24)
Ych

5. Case study

The design condition efficiencies and
parameters for simple one shaft simple gas
power station considered as a case study are
having the following operation specifications
which taken from name plant. Table 2-a

explains the design specification of gas power
station and table 2-b explains the specification
of the operation conditions at part loads.
Fig. 4 shows the T-S diagram according to
heat balance calculation of the first law of
thermodynamics relations.

5.1. Choice of the steam side operation
condition

5.1.1. Reversible Steam Heat Generator
(R.S. H.G)

The type of R.S.H.G used having three
parts are economizer, Evaporator, and super
heater to get the live steam pressure and
superheating temperature of 30 bar and 450 C
the calculations and heat Balance was made
according to the heat balance eq. (6). The
mass flow Rate of live steam is changed
according to the part load ratio which related
to the heat added to the exhaust gasses mass
flow rate.

Table 1
The gas power plant specification pressures and
temperatures data

Pressure (Bar) Temperature (K)

Pi= P=1.013 T1= To=300.13
P=14.71 T>s=644.13
Ps=14.71 T>=693.13
P=1.041 T3=1542.13
T4s=797.13
T4=729.13
Table 2-a

Design specification of the gas power plant at
full load

Specification Explanation
Fuel Natural gas
Power output 165.1 MW
Overall efficiency 30.12%
Turbine shaft rotation 3000 r.p.m
Compression ratio 1:14.6
Exhaust gases flow rate 534.877 kg/s
Exhaust gases temperature 524°C
Table 2-b

The natural gas chemical composition

CHs CHa4 No C.V(kJ/kg)
15.8 83.4 0.8 50600
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5.1.2. Steam turbine

Denotation the steam mass flow rate
generated in the R.S.H.G at the same pressure
and temperature the steam turbine will
operate at the available mass flow rate whish
will change according to the part load heat
added. Table 4 explain the steam flow rate at
part load, then the steam turbine from the
type of changeable load.

5.1.3. Condenser

Denoting the condenser pressure is taken
to be lowest practical one Corresponding to
considered ambient temperature. The live
steam pressure is the maximum value whish
realize a practical safe exhaust Steam dryness
fraction x = 0.88 and the steam process is
assumed to leave the condenser at the same
ambient condition.

T
521.694
MW
548.095
mwv (L a T
-—-- 241.487
MW
224,781
MW
Fig. 4. First law heat balance of gas power plant. S
Table 3
Design specification of the operation conditions at part loads
Loads % Gas flow Combustion Exhaust Power pressure 1 overall %0
Rate (kg/s) Temp (C) Temp. (C) Output (MW) ratio
100 534.877 1269.34 524 165.1 14.6 30.12
80 400.386 1269.34 547.91 132.08 13.89 27.13
60 398.774 1099.68 452.27 99.06 12.01 25.59
40 396.950 922.31 380.54 66.04 11.303 22.41
20 395.540 760.36 307.87 33.02 10.731 14.78

Alexandria Engineering Journal, Vol. 48, No. 1, January 2009 17



M. Abd-El-Halim, W.M. El-Maghlany / Exergy-energy analysis for combined brayton

Table 4
The steam flow rate at part loads

Steam flow rate Load ratio
100% 60 kg/s
80% 48.7 kg/s
60% 33 kg/s
40% 21.35 kg/s
20% 9.6 kg/s

6. Discussion and results
6. 1. Discussion of the steam side circuit

The system of steam circuit used was
chosed according to the Maximum heat
available in the exhaust gasses of the gas
turbine. The Mass flow rate of steam was
determined according to the temperature of
The pitch point in the waste heat boiler, then
the saturation temperature of The live steam
circuit in the low pressure of steam (40 bar to
25 bar) and superheating temperature (500 C
to 300 C) where the maximum dryness
fraction of steam in the last stages in the
steam turbine is not below 0.88. Then some
trials were done to determine the suitable
Condition of steam as following

6.2. Determine the live steam pressure

At constant condenser pressure equals
0.036 bar and superheating temperature
equals 450 C, some points of pressure of 25
bar, 30 bar, 35 bar, 40 bar, 45 bar 50 bar
were done. It is noticed that the dryness
fraction decreased with increase the steam
pressure and the enthalpy difference is
increased with increase the steam pressure.
Finally the total Thermal efficiency of the
steam circuit is nearly constant between 25
bar and 30 bar and decrease gradually until
S0 bar. Fig. 6 shows the effect of live steam
pressure of the thermal efficiency of the cycle
not only at Full load but at the part loads of
0.2, 0.4, 0.6, 0.8, and full load.

6.3. Determining the live steam superheating
temperature

It is noticed that from fig. 6 the best
pressure of live steam is 30 bar, then at

constant pressure of live steam in boiler of 30
bar and constant condenser pressure of 0.036
bar, some point of superheating Temperature
of 300 C, 350 C, 400 C, 450 C and 500 C were
done to determine the suitable temperature.
The readings explain that the dryness fraction
is increased with increase of superheating
temperature until 0.88 at 450 C and 0.912 at
500 C. The enthalpy difference increases with
increase of the superheating temperature.
Fig. 5 shows the effect of superheating steam
temperature on the cycle thermal efficiency, it
is noticed that the best temperature is 450 C.

6.4. Determining the suitable condenser
pressure

On the same way at constant live steam
pressure of 30 bar and superheating
temperature of 450 C, some points of
condenser pressure 0.025 bar, 0.03 bar, 0.036
bar,0.04 bar 0.05 bar and 0.055 bar were
done. The reading explains that the dryness
fraction is increases rapidly with increase of
condenser pressure but the enthalpy
difference is decreased with increase of the
condenser pressure, then the best condenser
pressure is 0.036 bar. Fig. 7 shows the effect
of condenser pressure of the cycle thermal
efficiency.

76 —

—e—— 0.2 Part Load
— — a— — 0.4 Part Load
0.6 Part Load
- 0.8 Part Load

-- Full Load

72 —

Thermal Efficiency (%)

68 —

280 320 360 400 440 480 520
Superheat Temperature (°C)

Fig. 5. Effect of live steam superheating temperature on
thermal efficiency.
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—e—— 0.2 Part Load
— — —4— — - 0.4 Part Load
— -*— 0.6 Part Load
— —* - - 0.8 PartLoad
——-+—-— Full Load

Thermal Efficiency (%)

72
\ \ \ \ \

25 30 35 40 45
Boiler Pressure (bar)

Fig. 6. Effect of live steam pressure on thermal efficiency.

—e—— 0.2 Part Load
— — - — — 0.4 Part Load
75 — — -» — 0.6 PartLoad
— —* - - 0.8Part Load
——=-¢—-- Full Load

74 —

Thermal Efficiency (%)

73 —

72
\ \ \

0.03 0.04 0.05
Condenser Pressure (bar)

Fig. 7. Effect of condenser pressure on thermal efficiency.

Considering the calorific value of the
natural gas as a fuel used is 50600 kJ /kg,
the fuel to air ratio is 0.021. This ratio is
allowable ratio for simple gas power station
having driven single shaft [23].

The calculations according to the first law
of thermodynamics analysis show that the
thermal efficiency of the gas power plant at
different loads as mentioned in table 3
whereas the combustion chamber energy loss

about 6.6 %, the heat reject in the exhaust
gasses is 44.06 % from the available heat
power in combustion chamber. This power is
divided as mentioned in fig. 8. 17.6 % from the
heat added to the cycle is converted to
electrical power generation. The pumping
power was about 0.12 % and the remain
power was going to the stack out to the
ambient.

On the other hand the exergy analysis
according to the second law of
thermodynamics shows the exergy input to
the plant is equal to 524.113 MW as a heat
added from fuel to the combustion chamber,
the exergy output as net work is 219.005 MW
with 41.78% moreover the exergy loss in the
gas turbine equal 18.8% as shown in fig. 9. It
is noticed that from fig. 9 the increase in the
electrical power generated with using addition
steam power unit by using the waste heat
gasses from the gas power unit is 53.905 MW ,
also the final thermal efficiency of the binary
power station is increased from 30.122% to
39.597% as can be seen from fig. 8. To choose
the steam condition from the pressure,
superheating temperature and condenser
pressure, some points are taken into
consideration to study the suitable conditions
of working of steam conditions, these points
are:

60

—e—— Gas Cycle Efficiency

— — 4 — — Gas Cycle Exergey Efficiency
B — -+ — Combined Cycle Efficiency
— —» - - Combined Cycle Exergy Efficiency
— %
40 — o —
- *

Thermal Efficiency (%)
I

20 —

Load

Fig. 8. Comparison between different cycles and thermal
efficiency.
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Fuel Exergy
524.113 MW

Combustion chamber 489,522 MW \§> 34.591 MW

Gas Turbine 461.327 MW 28.195 MW
Steam Boiler 411.732 MW 49.595 MW
Steam Turbine 393.033 MW 18.699 MW
Condenser 323.889 MW 69.144 MW
Pumps 323.392 MW 0.497 MW
Exhaust Gases
104.387 MW

Gas Turbine net Work
165.1 MW

\

Steam Turbine net Work
53.905 MW

Fig. 9. Component exergy flow chart of combined cycle.
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1. Effect of pitch point in the waste heat
boiler to safe the stack from the chemical
reaction between the stack metal and the
exhaust gasses because this reaction will
causing destructive corrosion with the stack
walls. The final flow gas must be more than
170 C [19] the pitch point is 20 C difference
between the saturated liquid and the exhaust
gasses.

2. Effect of generated steam pressure, fig. 5
shows that, the effect of the changing of the
live pressure on the thermal efficiency of the
steam side. It can be seen that the variation in
the thermal efficiency is +0.01% this influence
is not important to determine the best
pressure, the suitable pressure of the steam
cycle is chosen 30 bar.

3. Effect of steam superheating temperature,
it is noticed that with increasing this
temperature the thermal efficiency increased
rapidly. The choice points are 300, 350, 400,
450 and 500 C. The variation in the final
thermal efficiency is varied with 10% from 300
C until 450 C and the increasing is slow until
to 500 C, then the choice temperature is 450
C.

4. Effect of condenser pressure, it can be
seen that after determining the steam
pressure, it is necessary to determine the
condenser pressure. The choice points are
0.025, 0.03, 0.036, 0.04, 0.045, 0.05 and
0.055 bar. It can be seen that from fig. 7 the
thermal efficiency is increased with decreasing
with the condenser pressure. The suitable
condenser pressure is 0.036 bar.

7. Results

1. The using combined plant improves
the whole efficiency with percentage more
than the gas power plant only.

2. The generated power remained merely
constant with changing live steam pressure
and superheating temperature and increases
with reducing the condenser pressure.

3. The maximum power produced in the
binary plant at 0.8 of part load.

4. The steam turbine can be operate at
any part load of gas side of binary plant.

S. the overall thermal efficiency was
improved by 9.835% and the exergy was
enhanced by 9.34% at full load

Nomenclature

C Velocity, m/s,

Cp Specific heat, kJ / kg.K,

g Gravity acceleration , m/s2,

h Enthalpy , kJ / kg,

I Irreversibility, kJ / kg,

k Adiabatic exponent process,

m Mass , kg,

Ncv  Natural gas calorific value, kJ/kg,

P Pressure, bar,

Q Heat, kJ,

R Gas constant, kdJ/kg.K,

s Entropy, kJ/kg.K,

T Temperature, K,

w Work, kW,

(1) Exergy, kJ/kg, and

D Anergy, KJ/kg.

Subscripts

Ce Superheating temperature,

Ci for water temperature entering
economizer,

f for friction,

g for gas,

hi for high temperature of gas,

ht for high temperature,

i for points 1, 2, 3,

irr for irreversibility,

iecc for steam temperature entering
economizer,

S for saturation steam temperature,

w.s.t for saturated water temperature,

X for pitch point temperature,

1 for high temperature,

0 for ambient temperature,

GT for gas turbine,

ST for steam turbine,

add  for add heat,

0] for oxygen,

00 Partial,

Ch for chemical,

Rev  for reversibility,

T for thermal,

S for isentropic,

Loss for losses,

w.h.b for waste heat boiler,

s for steam,

p for pump,

loss T for losses of turbine,

serr  for surrounding,
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for condenser,
for exergy,

for net work, and
natural gas.
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