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Exergy Based Performance Analysis of a Gas
Turbine Unit at Various Ambient Conditions
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Abstract—This paper studies the effect of ambient conditions on
the performance of a 285 MW gas turbine unit using the exergy
concept. Based on the available exergy balance models developed, a
computer program has been constructed to investigate the
performance of the power plant under varying ambient temperature
and relative humidity conditions. The variations of ambient
temperature range from zero to 50 °C and the relative humidity
ranges from zero to 100%, while the unit load kept constant at 100%
of the design load. The exergy destruction ratio and exergy efficiency
are determined for each component and for the entire plant. The
results show a moderate increase in the total exergy destruction ratio
of the plant from 62.05% to 65.20%, while the overall exergy
efficiency decrease from 38.2% to 34.8% as the ambient temperature
increases from zero to 50 °C at all relative humidity values.
Furthermore, an increase of 1 °C in ambient temperature leads to
0.063% increase in the total exergy destruction ratio and 0.07%
decrease in the overall exergy efficiency. The relative humidity has a
remarkable influence at higher ambient temperature values on the
exergy destruction ratio of combustion chamber and on exergy loss
ratio of the exhaust gas but almost no effect on the total exergy
destruction ratio and overall exergy efficiency. At 50 °C ambient
temperature, the exergy destruction ratio of the combustion chamber
increases from 30% to 52% while the exergy loss ratio of the exhaust
gas decreases from 28% to 8% as the relative humidity increases
from zero to 100%. In addition, exergy analysis reveals that the
combustion chamber and exhaust gas are the main source of
irreversibility in the gas turbine unit. It is also identified that the
exergy efficiency and exergy destruction ratio are considerably
dependent on the variations in the ambient air temperature and
relative humidity. Therefore, the incorporation of the existing gas
turbine plant with inlet air cooling and humidifier technologies
should be considered seriously.

Keywords—Destruction, exergy, gas turbine, irreversibility,
performance.

1. INTRODUCTION

AS turbine (GT) power plants are used to generate
electric power worldwide due to their low cost and short
synchronization time. Different GT units, with various
capacities ranging from 25 MW to 285 MW, are used in Libya
[1]. These GTs supply up to 60% of nation’s electricity
demand. In addition, these GTs often run at off-design
conditions because of their load change or ambient conditions.
The GT is composed of a compressor that supplies air at
high pressure to the combustor that provides flue-gas at high
pressure and temperature to the turbine. GTs output is directly
proportional to the mass flow-rate of the compressor’s inlet air
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[2]. Despite the volume and speed of the air are constant, any
short or long alteration in the ambient air parameters (i.e.
temperature, relative humidity) considerably affects the GTs
performance. Therefore, these different weather conditions
should be taken into account when evaluating the overall
performance of the GT plants. Furthermore, the merit of the
GT system should be determined using exergy analysis since
energy analysis tends to overestimate performance [3], [5].

Exergy is defined as the maximum possible reversible work
obtainable in bringing the state of the system to equilibrium
with the environment [3]. The exergy analysis is based on the
second law of thermodynamics, while the energy analysis is
based on the first law of thermodynamics. The loss of useful
energy in power plants cannot be justified by the energy
analysis, as it does not differentiate between the quality and
quantity of energy [4]. Energy analysis presents only
quantities results while exergy analysis presents qualitative
results about actual energy consumption [4], [5].

The use of exergy concept has been widely used by many
researchers in evaluating, optimizing and improving the GT
plants. Balli et al. [6] carried out the exergy analysis of a GT
cogeneration power plant; the results showed that 68% of the
overall exergy destructed is occurring in the combustion
chamber. Exergy based performance characteristics of heavy
duty GT in part load operation conditions was investigated by
Song et al. [7] and Aklilu et al. [8]. Oh et al. [9] analyzed the
effect of ambient temperature and relative humidity on the
exergy performance of 1000 KW GT cogeneration unit and
Abam et al. [10] studied the effect of ambient temperature on
the performance of an in-service GT unit using exergy
method. According to them, exergy does not only address the
impact of energy resource use on the environment, but also
proves to be a suitable technique for promoting the goal of
improved energy conversion. Tara et al. [11] and Egware [12]
showed that exergy destruction was a valuable tool when
comparing performances of compressors, combustors and
turbines with different pressure ratios and compressor inlet
temperatures. De Sa et al. [13] considered specific GTs
installed at the Dewha city (Dudi) Power Station. They
investigated the performance of the units at various ambient
temperatures. They concluded that for every 1 °C rise in
ambient temperature, above ISO conditions, the unit loss is
0.1% in thermal efficiency and 1.47 MW in the power output.
Fellah [14] evaluated the performance of a 500 MW combined
cycle power plant in Libya. He reported a drop of about 20%
of the rated power capacity of the combined cycle at ISO
conditions when the ambient temperature reaches 40 °C. The
effects of ambient temperature and relative-humidity on the
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thermodynamic performance of GT have been reported by
several authors such as Hadik [15] and Bassam [16]. They
concluded that, ambient air temperature has the greatest effect
on GT power output and thermal efficiency. The effect of
relative humidity on both power output and thermal efficiency
is negligible, especially at low ambient air temperature values.

Finally, although there are a lot of studies on this topic, the
effect of ambient temperature and relative humidity on exergy
destruction of GT plants is not widely covered. Therefore, the
objective of the present work is to analyze a 285-MW GT unit
located in Sarir-Libya. Exergy destruction ratio and efficiency
of the entire plant and its individual components will be
determined at plant full load capacity and at varied ambient air
temperatures and relative humidity values.

II. PLANT DESCRIPTION

5 Fuel

«——FP Pt, n+@Pe+
A
1 4
I ¥
Fig. 1 Schematic diagram of the selected GT unit
TABLE I
GT UNIT DESIGN PARAMETERS [17]
Component  Parameter Value Units
Air Inlet temperature: 7} 15.0 T
Compressor  Relative humidity:¢p 60.0 %
Inlet pressure: p; 1.013 bar
Pressure ratio: 7. 17.5 [-]
Mass flow-rate of air: m; 672 kg/s
Compression efficiency: 7c  88.8 %
Mechanical efficiency: 7,, 98.5 %
Number of stages 15 [-
Speed 3000 rpm
Combustion  Pressure drop: Apcc 0.3 bar
Chamber Outlet temperature: 75 1242 °C
Specific heat of fuel: Cp, 225 kl/kg.°C
Gas constant of fuel: Ry 0.52 kl/kg.°C
Heat value (NG): LHV 45.78 Ml/kg
Efficiency: 5cc 88.0 %
Number of burners 24 [-]
GT Inlet pressure: p; 17.43 bar
Outlet pressure: p4 1.023 bar
Expansion efficiency: 7, 91.0 %
Mechanical efficiency: #,, 98.5 %
Generator efficiency: 76 98.4 %
Number of stages 4 [-]
Speed 3000 rpm

The power plant is located 400 m above sea level in the city
of Sarir, at south of Libya, 300 km from the Mediterranean
coast. It started operation in 2010. The power house consists
of three Siemens GT units, type SGT5-PAC 4000F, and each
unit with 285 MW capacity [17]. The schematic diagram of
one 285 MW unit is shown in Fig. 1.

Generally the GT power plants consist of four major
components namely the air compressor (AC), combustion
chamber (CC), turbine and electrical generator (EG). The
basic principle of the GT operation is Brayton cycle. Air
entering the AC at point 1 is compressed to some higher
pressure (app. 17 bar) and the compression raises the air
temperature at point 2. After compression, the compressed air
then passes through the CC where fuel is injected and burned.
The combustion system is designed to provide mixing,
burning, dilution and cooling. Thus, by the time the
combustion leaves the CC and enters the turbine at point 3, it
is at a mixed average temperature. Hot gases leaving the CC
are expanded in the GT from point 3 to 4 thereby producing
mechanical power and finally discharged to the atmosphere. A
portion of mechanical power produced in the GT is used to
drive the AC and the balance is converted into electrical
power. The design data of the GT unit are summarized in
Table I.

III. MATHEMATICAL MODELING

The mass, energy and exergy balance equations for
different components of the GT unit are computed on the basis
of following assumptions:

1) Only temperature and relative humidity are considered for
ambient conditions,

2) Fixed turbine inlet temperature at 1242 °C, and plant load
at 100%, compressor inlet guide vans are fully open, and
they are kept constant during the analysis,

3) The fuel injected to the CC is assumed to be natural gas,

4) The dry and humid air and combustion products were
considered as ideal gas mixtures.

5) The GT unit’s speed is constant (3000 rpm).

6) Kinetic and potential energies as well as auxiliary
electrical power are neglected.

7) As the source of the air is a reference state (the ambient
air), the exergy flow-rate value of the air at the AC inlet is
assumed to be zero,

8) The ISO ambient conditions are 15 °C, 1.013 bar and 60%
relative humidity.

Fig. 2 shows the temperature-entropy diagram for this
cycle. The ideal and actual processes are represented by
dashed and solid lines, respectively. With regard to Fig. 1,
each component in the power plant was considered as a
control volume and analyzed separately. The analysis for each
control volume at steady state can be expressed as [18], [19]:

A. Air Compressor Model

Using the relations for ideal gas and knowing the air inlet
temperature, pressure ratio (z.) and compressor efficiency (7.),
the outlet temperature (73) can be calculated as:

T,=T, x|1+2&—— (1)

The isentropic exponent (p;) for humid-air is given as;
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Fig. 2 Temperature-entropy diagram
Yn = Cpn/(Cpp — Ry) )

where, Cpj, is the mean specific heat of humid-air, determined
as a function of the average temperature (7) across the
compressor, and calculated as [15];

Cpp = Cpg + w X Cp, 3)

where Cp, is the specific heat capacity of dry-air which can be
fitted by (4) for the range of 200 K < 7< 800 K [15];

1.967XT

2 3
Cpa — [2811 + = + 4.802XT _ 1.966XT

106 10°

] /2897 (4)

and Cp, is the specific heat capacity of vapor which can be
fitted by (5) for the range of 200 K < 7< 800 K [15];

2 3
Cp, = [32'24 4 L923XT | 10S5xT? _ 4187XT

103 105 10°

| /18.01 (5)

The values, 28.97 and 18.015 are the molecular weights of
dry-air and vapor respectively.
The gas constant (R;) of humid-air can be calculated as:

8.3143
h = mw (6)

where, MMW is the molecular weight of humid-air, and is
given by:
1
S v

18.015 28.97.

VMF is the vapor mass fraction, and is given by:

w

VMF = = ®)
AMF is the dry-air mass fraction, and is given by:
AMF =1—-VMF ©)]

The specific humidity (w) is defined as the ratio of vapor
mass to dry-air mass [18]:

_ pv _ $XDsat
W= 0.622 X Tt = 7= (ke /kg,) (10)

Py =& X Psar (11)

where, p; is the total pressure of the humid-air, p,, is the
saturation pressure at the temperature of the humid-air
(T,=T,=T)), p, and p, are the partial pressures of dry-air and
vapor in the humid-air respectively, and ¢ is the relative
humidity of the humid-air.

The compressor power (P, working with humid-air
between points 1 and 2 is calculated from mass flow-rate of
humid-air and enthalpy change across the compressor [13]:

P = o [ty X Cpg X (Ty = T1) + ity X (hyp = hy)1(12)

where, i, is the dry-air mass flow-rate and for a given
operating condition it equals to:

_ Wrxpp
¢ = i) (13)
V, is the volume flow-rate of humid-air at reference condition,
and p, is the density of humid-air. Using the ideal gas
relations, they can be evaluated as [13]:

it ¥Ry XT,
V. = MprXRprXTq,r 14
T DPhr ( )
_ _bn
Pr = mry 15)
The mass flow-rate of water vapor (71,) is calculated by:
T, = Hg X © (16)

The total mass (n1,) of working fluid of humid-air flowing
through the compressor equal to:

Hiy = g + iy = titg X (14 ©) (17)

h,; and h,; in (12) are the enthalpies of water vapor at inlet
and outlet of the compressor, respectively, and evaluated
approximately as [13]:

hy; = 25013 + 1.8723 X T, (18)

where (i) refers to state points 1 , 2 or 3, and T is the
temperature of vapor in °C.

B. Combustion Chamber Model

In the CC, inlet fluids are the humid-air coming from the
compressor and the fuel added for the combustion process.
The exit fluids are the flue gas and water vapor (combustion
products). The basic principle of operation of a CC is based on
the energy balance principle and is given by;
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Ti’la(hz — h’l) + mvhvz + meHVT]CC + mfhf = (Vi’la +
i) (hs = hy) + ity o3 19)

after manipulating and dividing (19) by i, the fuel mass
flow-rate (ri1y) is expressed as:

e = tig-(CpgTs—CpaTz)+ity(hyz—hyz)
S WHV et CpfTy—Cpg (T3-T1))

(20)

The total heat supplied by fuel (Q)) in the CC is given by;
Qf =y X LHV 21

where, (7..) is the combustor efficiency, 4,; is the enthalpy of
saturated vapor at the outlet of the CC and Cp, is the mean
specific heat of combustion gases, determined as a function of
the average temperature (7) across the turbine [20];

(9.9;215) n (6.99170053><T) n (2.7112097><T2)
¢ g = _ (1.22442><T3) (22)

1010

The losses inside the combustion chamber, which arise due
pressure drop is taken into account and estimated by
introducing the expression [5]:

i 1.8 Toxp 0.8
Bpee = Bpeey x (2] x (72222) 23)
m3r

T3,rXp3

where m; is the total mass flow-rate of combustion products
entering to GT and is given by:

g = My = Mg + my,+nis (24)

The reference condition with index (r) is considered as the
design condition in this study.

C. Turbine Model

Knowing the flue gases inlet temperature, pressure ratio (z;)
and turbine efficiency (7;), the outlet temperature of the flue
gases (7,) can be calculated from [18]:

1
T4=T3X 1—T]t>< 1—@ (25)
T[t Yg
The isentropic exponent () for flue gases is:
Yg = Cpg/(Cpg - Rg) (26)

The gas constant of the flue gases (R,) can be obtained
using [20]:

R, = 287.1 4 212.9/AFR — 197.9 x (1/FR)? 27)

where AFR is the air to fuel ratio.

For the part-load analysis, the turbine inlet pressure (p;) for
considered choked condition is calculated from an improved
Flugel formula as [21]:

i3
(”"3*> X (n2, —1)+1|xp, (28)

NiS=2 |

p3 =

and the compressor outlet pressure (p;) is given by:

p2 = p3+Ap.. (29)

The total output mechanical power (P;) of the GT is
expressed as [18]:

Py = (g + tit,+ritg) X Cpg X (Ty — T3) X 1y, (30)
Hence the net mechanical power output (P, ,.,) of GT:

Py =P —F (31
The net electrical power output (P, ) produced from GT:

Pe,net = Pt,net X Ng (32)

D.Energy Performance Model
The overall energy efficiency (#.,) of the GT unit:

Nen = (P;—’;t) x 100% (33)

Heat rate (HR) of the GT unit:

HR =% (34)
n

and specific fuel consumption (SFC) of the GT is:

HR
SFC=—" (35)

E. Exergy Performance Model
The exergy flow rate of fuel (EX5) is given by [19]:

EXg = 1.06 X rity X LHV (36)

The exergy flow rate for ideal gas at various state points in
the cycle can be calculated by [19]:

EX; =y X [(h; —ho) — To X (5; = So)] (37)
Si—5Sp=Cp; XIn (:—;) —R; XIn (z—é) (38)

where /; and s; are the enthalpy and entropy of the substance
(i) respectively, and Ay, s, and T, are those at ambient
condition. Using (37), the values of exergy flow rates for all
points are calculated. The exergy: destruction rate, destruction
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ratio and efficiency for plant components and for whole plant
can be calculated using relations in Table II [2], [4], [19].

TABLE 11
EXERGY DESTRUCTION RATE, DESTRUCTION RATIO AND EFFICIENCY EQUATIONS FOR PLANT COMPONENTS

Component Exergy destruction rate Exergy destruction ratio Exergy efficiency
Compressor  EXD; = P. + EX, — EX, EXDR, = EXD./EXs Nexc = (EX,_EX;)/P.
Combustor EXD¢c = EX, — EX3 + EX5 EXDR.. = EXD../EXs Nexcc = EX3/(EX,+EXs)
Turbine EXD, = EX; —EX, — P, EXDR, = EXD,/EXs Next = Pe/(EX3—EX,)
Generator EXDgg = Pinet = Pepet EXDRgg = EXDgg/EXs Nex,56 = Penet/Penet
Total Plant EXDyiotq1 = EXD, + EXD,. + EXD, + EXDg; EXDRota1 = EXDyorai/EXs Nex,total = Pen/EXs

IV. ANALYSIS PROCEDURE

The impacts of ambient air temperature and relative
humidity at full-load on the exergy-based performance of a
typical GT unit have been studied. For this purpose a full
computer program has been constructed using the
thermodynamic model derived. The computational procedure
of the program is shown in Fig. 3. At the beginning, the values
of ambient air temperature and relative humidity were
assumed, and the compressor outlet pressure (p,) was
estimated. With this estimate the thermodynamic properties
including exergy flow rates are calculate at every state point in
Fig. 1. By setting up and solving (1)-(38), improved value for
p. has been obtained. These steps were repeated until the
solution has been reached the required accuracy.

| Read: Design Data from Table I and Load= 100% |

Assume: b = 0.0%

&
¥

Assume: AAT =0.0 °C

>
|

Fstimate: Comnressor Exit Pressure (P-)

Comnressor Analvsis
Combustion Chamber Analvsis

Calculate: Pa. Parutaitens from (28, 29) resnectivelv

&
| 5 |

| Gas Turbine Analvsis |
I
| Calculate: Overall Exerev Performance |

I
| Print: Results |

Fig. 3 Flow chart of the performance prediction program for the GT
unit

V.RESULTS AND DISCUSSION

A. Reference Operating Condition

The reference operating condition is fixed at the ambient
conditions (ISO) of 15 °C and 60% RH, and 100% load.
Exergy balance for the components of the GT plant and of the
overall plant is performed and the exergy flow rates crossing
the boundary of each component of the plant, together with the
exergy destruction rate, exergy destruction ratio and exergy
efficiency of each component are calculated and shown in
Figs. 4-6. From the figures, it can be observed that the major
exergy losses of the GT unit are due to the exergy distruction
in the CC and exergy loss in the exhuast gases. The total
exergy destruction rate in the plant is found to be 483.3 MW
(63% of input fuel exergy). The turbine is found to have the
highest exergy efficiency of 95%. The exergy efficiency of the
combustion chamber is much lower than that of other plant
components (highest exergy destruction rate). This is due to
the fact that the chemical reaction and the large temperature
difference between the flame and working fluid are the main
source of irreversibility in this section. Its value is calculated
as 70.6%. The exergy efficiency of the air compressor is
calculated as 93.6% and of the overall plant is found to be
37.1%. Fig. 6 shows exergy destruction ratio in each
component based on the obtained results. Comparing the
components of the GT unit also shows that the largest value of
exergy destruction ratio occurs in CC, followed by exhaust
gases which linked to 26.8% of destroyed and rejected gases.
In contrast, the least value of exergy destruction ratio is found
in the AC and turbine respectively. The values of components
and total plant exergy destruction, exergy efficiency and
exergy destruction ratio are in the same range as in [10]-[12].

500 pe=m==p==rF==p-==r--p--r-=p-=c-=7===--q
1 ' I

1 1 T
r-=t--r- sr==t--a

B 1 ' 1 1
R R
1 1 H H

S

Exergy destruction rate
MV

Compressor Combustor ~ Turbine Exhaust  Total plant

Fig. 4 Exergy destruction rate of Sarir GT plant and its components at
design condition
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Fig. 7 Sarir GT performance versus ambient temperature, at $=60%

B. Varying Operating Condition

The effect of ambient conditions on the thermodynamic
performance of the plant was done by varying the ambient air
temperature and relative humidity from zero to 50 °C and from
zero to 100% respectively. Figs. 7 and 8 show the variation of
power output, energy efficiency, pressure ratio and air and fuel
mass flow-rates (as a ratio of design value) with ambient air
temperature and relative humidity. From the figures, it is
observed that ambient temperature has significant effect on
GT plant performance than relative humidity. When the GT

operates at varying ambient temperatures, the power output,
energy efficiency, pressure ratio and air and fuel flow-rates are
higher at lower ambient temperature than at a higher ambient
temperature as shown in Fig. 7, which agrees with the
manufacturer data [17].

1,004

Relayive humidity [%]

Fig. 8 Sarir GT performance vs. ambient relative humidity, at 15 °C

The increase in the ambient relative-humidity would reduce
the air mass flow rate to gas cycle [5]. Because, the atomic
mass of the H,O is less than N, and O,. Due to that reason,
mass of humid-air is less than the mass of the dry air for the
same volume. Therefore, humid-air has less density than dry
air. As a result of low density air, the amount of humid-air
mass flow-rate entering into the compressor of gas cycle
reduces [5]. Hence the pressure and temperature of air at
compressor outlet reduced (at fixed ambient temperature).
This in turn will tend to increase the fuel mass flow-rate to
heat the dry air-vapor mixture up to the desired turbine inlet
temperature. Therfore, the decrease in turbine power is less
than the decrease in compressor power due to more flow-rtae
(since the more fuel injected in the CC) entering the turbine
than that entering the compressor. Thus, with the increase in
the RH as shown in Fig. 8 the net power output increases and
energy efficiency decreases as more fuel has to be combusted.

The effects of the relative humidity on net power output of
the GT unit are presented in Fig. 9. In this figure, no effect is
noticed for lower ambient temperatures, while at higher
ambient temperatures (greater than 313 K), the increase in
relative humidity increases the net power output values. This
is expected since the decrease in turbine power is less that the
decrease in compressor power. This in turn will tend to
increase the net power output of the GT cycle. The decrease in
the compressor and turbine powers is attributed to the decrease
in the air mass flow-rate (as explained at Figs. 7 and 8). At
ambient temperature of 323 K, the results reveal a 10 MW
increase in the net power output of the plant for a 100%
increase in the relative humidity. Moreover, at 60% relative
humidity, the net power output decreases from 315 MW to
230 MW as ambient temperature increases from 0 to 50 °C.

The variation of the exergy destruction ratio and efficiency
of the compressor is indicated in Figs. 10 and 11. From the
figures, it is observed that exergy destruction ratio and
efficiency decreases slightly with an increase in RH at higher
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ambient temperature values (greater than 283 K). Whereas, the
exergy destruction ratio increases while the exergy efficiency
decreases with an increase in the ambient temperature.
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Fig. 9 Net power output with various ambient temperatures and
relative humidity at 100% load
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Fig. 10 The variation of exergy destruction ratio in the AC with
various ambient temperatures and relative humidity, at 100% load
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Fig. 11 The variation of exergy efficiency of the compressor with
various ambient temperatures and relative humidity, at 100% load

Figs. 12 and 13 show the exergy destruction ratio and
efficiency of the turbine at various ambient temperatures and
relative humidity.

Turbine exergy destruction ratio [%]

35

0 20 40 60 80 100

Relative humidity [%]

Fig. 12 The variation of exergy destruction ratio in the turbine with
various ambient temperatures and RH, at 100% load
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Fig. 13 The variation of exergy inefficiency of the turbine with
various ambient temperatures and RH and at 100% load

The increase of ambient temperature increases the exergy
destruction ratio at lower RH values (less than 60%) and
decreases the exergy efficiency at all RH values. The increase
in RH decreases substantially the exergy destruction ratio at
higher ambient temperatures (greater than 283 K) while the
exergy efficiency of turbine has no significant change as
ambient RH increases (Fig. 13). The decrease in the exergy
destruction ratio of the compressor and turbine is associated
with the exergy destruction rate, which is proportional to the
flow rate that is reduced by the increase in the ambient
temperature and relative humidity [5], [9].

The exergy destruction ratio increases while exergy
efficiency decreases substantially in the combustion chamber
with the increase in ambient temperature and relative humidity
as indicated in Figs.14 and 15 respectively.
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Fig. 15 The variation of exergy efficiency of the combustor with
various ambient temperatures and RH and at 100% load

At higher ambient temperature greater than 283 K, as the
relative humidity increases the exergy destruction ratio in the
combustion chamber increases significantly. The exergy
destruction ratio in the combustion chamber increases with the
increase of ambient temperature and relative humidity because
of deviation of air-fuel ratio from its design value. As it is
shown by Figs. 7 and 8, a lower ambient temperature and
relative humidity leads to higher-pressure ratio which results
in less fuel supply per kilogram of air (less air-fuel ratio) to
the GT cycle. However, the mass of fuel supply has a
significant impact on the total exergy of fuel when varied. The
exergy destruction ratio varies in the range of 25% to 53% of
the total plant exergy destruction ratio corresponding to the
lowest and highest ambient temperature and relative humidity,
respectively.

The effects of the relative humidity on the total exergy
destruction ratio and efficiency of the plant at various ambient
temperatures are presented in Figs. 16 and 17 respectively. In
both figures no significant effect is noticed for RH increase,
while the increase in ambient temperature increases
substantially the total exergy destruction ratio and decreases
the total exergy efficiency. The total exergy destruction ratio

increases from 62% to 65.0% and exergy efficiency decreases
from 38% to 35% as the ambient temperature increases from
zero to 50 °C. It is observed that a degree (1 °C) increase in
ambient temperature leads to a corresponding increase of 0.1%
in the total exergy destruction ratio and 0.2% decrease in the
total exergy efficiency of the plant.
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Fig. 16 Total exergy destruction ratio with various ambient
temperatures and relative humidity and at 100% load
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Fig. 17 Overall exergy efficiency with various ambient temperatures
and relative humilities and at 100% load
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Fig. 18 Exhaust exergy loss ratio with various ambient temperatures
and relative humilities and at 100% load
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Fig. 18 shows the exergy loss ratio with respect to stack
gas. In general, the exergy loss with the stack gas is decreasing
with ambient temperature, and it is also decreasing with RH at
ambient temperature greater than 283 K. The reason is the
exergy destruction rate is proportional to the flow rate that is
reduced by the increase in the ambient temperature and
relative humidity as explained above [10], [17].

In all modes of operation, exergy destruction ratio in the
combustion chamber and the exhaust gas exergy loss ratio are
responsible for the major exergy losses of the GT plant. At full
load, as ambient temperature increases from zero to 50 °C and
RH increases from zero to 100%, the exergy destruction ratio
in the combustion chamber increases from 25% to 52%. The
exergy destruction ratio decreases from 4% to 3% and from
6% to 2% in the compressor and turbine respectively. The
exergy loss ratio decreases from 28% to 7% in the exhaust
gases.

VI. CONCLUSION

In the present study, a thermodynamic analysis has been
performed to find the effect of the ambient temperature and
relative humidity variations on the performance of a typical
285 MW GT unit using exergy concept. Exergy models of
each GT component are formulated. They are used to compute
the components and whole plant exergy destruction ratios and
efficiencies for a wide range of ambient condition operation at
full-load. However, with reference to the obtained results, the
following conclusions have been reached:

1. The performance of GTs is greatly affected by ambient
conditions, such as ambient temperature and relative
humidity, but the ambient temperature has the greatest
effect on GT unit power output, exergy destruction ratio
and exergy efficiency.

2. The relative humidity has a negligible effect on both, the
total exergy destruction ratio and efficiency at low
ambient temperatures. However, decreases in exergy
destruction ratio of the compressor, turbine and exhaust
gas and increases in net power output and exergy
destruction ratio of the combustor at higher values of
ambient air temperature are noted.

3. The varying relative humidity does not have a significant
effect on the compressor and turbine exergy destruction
ratios, whereas it affects the exergy destruction ratio in
the combustion chamber and the exhaust gas exergy loss
ratio.

4. At all different ambient operating conditions, exergy
destruction ratio in the combustion chamber and the
exhaust gas exergy loss ratio are responsible for the major
exergy losses of the GT unit.

5. When the GT plant operates at varying ambient
conditions, the exergy loss at lower ambient temperature
and relative humidity is less than at higher ambient
temperature and relative humidity. The total plant exergy
destruction ratio and exergy efficiency varies in the range
of 62.05 to 65.2% and 38.2 to 34.8% respectively,
corresponding to the lowest and highest ambient
temperature and relative humidity.

Finally, the present study has enabled us to identify and
quantify the sites having largest exergy loss in a 285 MW GT
unit operating at different ambient conditions. The increase of
the combustion chamber efficiency and reducing the stack gas
loss should be considered to improve the efficiency of the GT
cycle. An air intake cooling system with humidifier can be
used in Sarir GT units to improve the condition of the
compressor’s air inlet. Considering all proven cooling
techniques, the air chilling is particularly promising as it
requires very minor configurations.
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