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ABSTRACT

Gas turbine (GT) power plants operating in arid climates suffer a decrease in output power during the hot summer
months because of the high specific volume of air drawn by the compressor. Cooling the air intake to the compressor
has been widely used to mitigate this shortcoming. Energy and exergy analysis of a GT Brayton cycle coupled to a re-
frigeration air cooling unit shows a promise for increasing the output power with a little decrease in thermal efficiency.
A thermo-economics algorithm is developed to estimate the economic feasibility of the cooling system. The analysis is
applied to an open cycle, HITACHI-FS7001B GT plant at the industrial city of Yanbu (Latitude 24°05" N and longitude
38° E) by the Red Sea in the Kingdom of Saudi Arabia. Result show that the enhancement in output power depends on
the degree of chilling the air intake to the compressor (a 12 - 22 K decrease is achieved). For this case study, maximum
power gain ratio (PGR) is 15.46% (average of 12.25%), at an insignificant decrease in thermal efficiency. The second
law analysis show that the exergetic power gain ratio drops to an average 8.5%. The cost of adding the air cooling sys-
tem is also investigated and a cost function is derived that incorporates time-dependent meteorological data, operation
characteristics of the GT and the air intake cooling system and other relevant parameters such as interest rate, lifetime,
and operation and maintenance costs. The profit of adding the air cooling system is calculated for different electricity

tariff-
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1. Introduction

During hot summer months, the demand for electricity
increases and utilities may experience difficulty meeting
the peak loads, unless they have sufficient reserves. In all
Gulf States, where the weather is fairly hot year around,
air conditioning (A/C) is a driving factor for electricity
demand and operation schedules. The utilities employ
gas turbine (GT) power plants to meet the A/C peak load.
Unfortunately, the power output and thermal efficiency
of GT plants decrease in the summer because of the in-
crease in the compressor power. The lighter hot air at the
GT intake decreases the mass flow rate and in turn the
net output power. For an ideal GT open cycle, the de-
crease in the net output power is —0.4% for every 1 K
increase in the ambient air temperature. To overcome this
problem, air intake cooling methods, such as evaporative
(direct method) and/or refrigeration (indirect method) has
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been widely considered [1].

In the direct method of evaporative cooling, the air in-
take cools off by contacts with a cooling fluid, such as
atomized water sprays, fog or a combination of both, [2].
Evaporative cooling has been extensively studied and
successfully implemented for cooling the air intake in
GT power plants in dry hot regions [3-7]. This cooling
method is not only simple and inexpensive, but the water
spray also reduces the NOx content in the exhaust gases.
Recently, Sanaye and Tahani [8] investigated the effect
of using a fog cooling system, with 1 and 2% over-spray,
on the performance of a combined GT; they reported an
improvement in the overall cycle heat rate for several GT
models. Although evaporative cooling systems have low
capital and operation cost, reliable and require moderate
maintenance, they have low operation efficiency, con-
sume large quantities of water and the impact of the non
evaporated water droplets in the air stream could damage

SGRE



Energy, Exergy and Thermoeconomics Analysis of Water Chiller Cooler for Gas Turbines Intake Air Cooling 191

the compressor blades [9]. The water droplets carryover
and the resulting damage to the compressor blades, limit
the use of evaporative cooling to areas of dry atmosphere.
In these areas, the air could not be cooled below the wet
bulb temperature (WBT). Chaker, et al. [10-12], Homji-
meher, et al. [13] and Gajjar, et al. [14] have presented
results of extensive theoretical and experimental studies
covering aspects of fogging flow thermodynamics, drop-
lets evaporation, atomizing nozzles design and selection
of spray systems as well as experimental data on testing
systems for gas turbines up to 655 MW in a combined
cycle plant.

In the indirect mechanical refrigeration cooling ap-
proach the constraint of humidity is eliminated and the
air temperature can be reduced well below the ambient
WBT. The mechanical refrigeration cooling has gained
popularity over the evaporative method and in KSA, for
example, 32 GT units have been outfitted with mechani-
cal air chilling systems. There are two approaches for
mechanical air cooling; either using vapor compression
(Alhazmy [7] and Elliott [15]) or absorption refrigerator
machines (Yang, et al. [16], Ondryas, et al. [17], Pun-
wani [18] and Kakarus, et al. [19]). In general, applica-
tion of the mechanical air-cooling increases the net
power but in the same time reduces the thermal effi-
ciency. For example, Alhazmy, ef al. [6] showed that for
a GT of pressure ratio 8 cooling the intake air from 50°C
to 40°C increases the power by 3.85% and reduces the
thermal efficiency by 1.037%. Stewart and Patrick [20]
raised another disadvantage (for extensive air chilling)
concerning ice formation either as ice crystals in the
chilled air or as solidified layer on air compressors’ en-
trance surfaces.

Recently, alternative cooling approaches have been
investigated. Farzaneh-Gord and Deymi-Dashtebayaz [21]
proposed improving refinery gas turbines performance
using the cooling capacity of refinerys’ natural-gas pres-
sure drop stations. Zaki, et al. [22] suggested a reverse
Brayton refrigeration cycle for cooling the air intake;
they reported an increase in the output power up to 20%,
but a 6% decrease in thermal efficiency. This approach
was further extended by Jassim, et al. [23] to include the
exergy analysis and show that the second law analysis
improvement has dropped to 14.66% due to the compo-
nents irreversibilities. Khan, et al. [24] analyzed a system
in which the turbine exhaust gases are cooled and fed
back to the compressor inlet with water harvested out of
the combustion products. Erickson [25,26] suggested
using a combination of a waste heat driven absorption air
cooling with water injection into the combustion air; the
concept is named the “power fogger cycle”.

Thermal analyses of GT cooling are abundant in the
literature, but few investigations considered the econom-
ics of the cooling process. A sound economic evaluation
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of implementing an air intake GT cooling system is quite
involving. Such an evaluation should account for the
variations in the ambient conditions (temperature and
relative humidity) and the fluctuations in the fuel and
electricity prices and interest rates. Therefore, the selec-
tion of a cooling technology (evaporative or refrigeration)
and the sizing out of the equipment should not be based
solely on the results of a thermal analysis but should in-
clude estimates of the cash flow. Gareta, ef al. [27] has
developed a methodology for combined cycle GT that
calculated the additional power gain for 12 months and
the economic feasibility of the cooling method. From an
economical point of view, they provided straight forward
information that supported equipment sizing and selec-
tion. Chaker, et al. [12] have studied the economical po-
tential of using evaporative cooling for GTs in USA,
while Hasnain [28] examined the use of ice storage me-
thods for GTs’ air cooling in KSA. Yang, et al. [16] pre-
sented an analytical method for evaluating a cooling
technology of a combined cycle GT that included pa-
rameters such as the interest rate, payback period and the
efficiency ratio for off-design conditions of both the GT
and cooling system. Investigations of evaporative cooling
and steam absorption machines showed that inlet fogging
is superior in efficiency up to intake temperatures of 15 -
20°C, though it results in a smaller profit than inlet air
chilling [16].

In the present study, the performance of a cooling sys-
tem that consists of a chilled water external loop coupled
to the GT entrance is investigated. The analysis accounts
for the changes in the thermodynamics parameters (ap-
plying the first and second law analysis) as well as the
economic variables such as profitability, cash flow and
interest rate. An objective of the present study is to assess
the importance of using a coupled thermo-economics
analysis in the selections of the cooling system and op-
eration parameters. The developed algorithm is applied
to an open cycle, HITACH MS-7001B plant in the hot
weather of KSA (Latitude 24°05" N and longitude 38° E)
by the result of this case study are presented and dis-
cussed.

2. GT-Air Cooling Chiller Energy Analysis

Figure 1(a) shows a schematic of a simple open GT
“Brayton cycle” coupled to a refrigeration system. The
power cycle consists of a compressor, combustion cham-
ber and a turbine. It is presented by states 1-2-3-4 on the
T-S diagram, Figure 1(b). The cooling system consists
of a refrigerant compressor, air cooled condenser, throttle
valve and water cooled evaporator. The chilled water
from the evaporator passes through a cooling coil mount-
ed at the air compressor entrance, Figure 1(a). The re-
frigerant cycle is presented on the T-S diagram, Figure
1(c), by states a, b, c and d. A fraction of the power pro-
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Figure 1. (a) Simple open type gas turbine with a chilled air-cooling unit; (b) T-s diagram of an open type gas turbine cycle;
(c) T-s diagram for a refrigeration machine.

duced by the turbine is used to power the refrigerant the first and second laws of thermodynamics.
compressor and the chilled water pumps, as indicated by .

the dotted lines in Figure 1(a). To investigate the per- 2.1. Gas Turbine Cycle

formance of the coupled GT-cooling system the different As seen in Figures 1(a) and (b), processes 1-2; and 3-4
involved cycles are analyzed in the following employing are isentropic. Assuming the air as an ideal gas, the tem-
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peratures and pressures are related to the pressure ratio,
PR, by:
k-1

k k-l
Lt _[B]" 0
L T, [A

The net power output of a GT with mechanical cooling
system as seen in Figures 1(a) is

I/i/nez‘ = I/Vt _(Vi/camp + Vi/el,ch ) (2)

The first term of the RHS is the power produced by the

turbine due to expansion of hot gases;
W, =, e, (T, T,,) 3)

In Equation (3), m1, is the total gases mass flow rate
from the combustion chamber; expressed in terms of the
fuel air ratio /= ri1, /1, , and the air humidity ratio at the
compressor intake @, , (kg,/kg4y «i) (Figures 1(a)) as;

W't,zrha+n'1v+n'1f=n'1a(l+a)l+f) “)

The compression power for humid air between states 1
and 2 is estimated from:

Woy = ity € (T, =)+, (s =By ) (5)

comp

where A,, and h,; are the enthalpies of saturated water
vapor at the compressor exit and inlet states respectively,
m, is the mass of water vapor = 71, @, .

The last term in Equation (2) (Wel’ﬁh) is the power
consumed by the cooling unit for driving the refrigera-
tion machine electric motor, pumps and auxiliaries.

The thermal efficiency of a GT coupled to an air cool-
ing system is then;

W, =Wy + W)

= . 6
e 0, (6)

Substituting for 7, and 1, from Equations (1) and (4)
into Equations (3) yields:

. 1
VVt:ma(1+a)]+f)Cpg’7tT; 1_ E (7)
PR ¥
The turbine isentropic efficiency, 7,, can be estimated
using the practical relation recommended by Alhazmy

and Najjar [6]:

®

n, =1—(0.03+PR_1]

180

Relating the compressor isentropic efficiency to the
changes in temperature of the dry air and assuming that
the compression of water vapor changes the enthalpy; the
actual compressor power becomes;
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. T k-1
VV(rompm,. = ma Cpa _1(PR _1J + wl (hvz - hvl) (9)

M.

The compression efficiency, 7., can be evaluated us-
ing the following empirical relation, Alhazmy and Najjar

[6];

PR—IJ (11

—1-[0.04+ LR
7. ( 150

The heat balance in the combustion chamber (Figure
1(a)) gives the heat rate supplied to the gas power cycle
as:

Qh = m/ NCV’]camh
]-;7 _m ¢ ]12 +mv (hv3 _hv2)

a~ pa

I (12)
:(ma tmy )C/)g
Introducing the fuel air ratio [ =m, / m, and substi-

tuting for 7 in terms of 7; into Equation (12) yields:
QI1 = ma 711

k-1

(13)

A simple expression for f is selected here, Alhazmy,
etal. [7] as:

Cpe (T3 —298)—cpa (T2 —298)+ @, (hv3 —hvz)

= 14
/ NCV 1,y =, (T, —298) (14

In Equation (14), A,,and 4,3 are the enthalpies of water
vapor at the combustion chamber inlet and exit states
respectively and can be calculated from Equation (15),
Dossat [29].

h,;=2501.3+1.8723 T; jrefers tostates2or3 (15)

The four terms of the gas turbine net power and effi-
ciency in Equation (6) (W, Wmmp , Wd’ch and Q, ) depend
on the air temperature and relative humidity at the com-
pressor inlet whose values are affected by the type and
performance of the cooling system. The chillers’ electric
power, W, ., is calculated in the following account.

el,ch >

2.2. Refrigeration Cooling System Analysis

The chilled water from the refrigeration machine is the
heat transport fluid to cool the intake air, Figure 1(a).
The chiller’s total electrical power can be expressed as
the sum of the electric motor power (7, ), the pumps

( WP ) and auxiliary power for fans and control units, (W, )
as:

VVel‘Ch =W,

motor

W, W, (16)
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The auxiliary power is estimated as 10% of the com-
pressor power, therefore, W, =0.1W, . The second
term in Equation (16) is the pumping power that is re-
lated to the chilled water flow rate and the pressure drop

across the cooling coil, so that:
Wy =1t v (AP)/1 iy (17)
The minimum energy utilized by the refrigerant com-
pressor is that for the isentropic compression process (@ —
by), Figure 1(c). The actual power includes losses due to
mechanical transmission, inefficiency in the drive motor
converting electrical to mechanical energy and the volu-
metric efficiency, Dossat [29]. The compressor electric
motor work is related to the refrigerant enthalpy change

as
m, (h,—h
_ 7 ( b a )r (18)
;7211

The subscript » indicates refrigerant and 7,, known
as the energy use factor; 7, =7, xn, xn, .The quan-
tities on the right hand side are the compressor mechani-
cal, electrical and volumetric efficiencies respectively.
7,, 1s usually determined by manufacturers and depends
on the type of the compressor, the pressure ratio ( £, /P, )
and the motor power. For the present analysis 7, is
assumed 85%.

Cleland, et al. [30] developed a semi-empirical form
of Equation (18) to calculate the compressor’s motor
power usage in terms of the temperatures of the evapo-
rator and condenser in the refrigeration cycle, 7, and
T. respectively as;

motor

i (h —h,)
o =7 ( ")’n (19)
e (]-
U

In this equation, « is an empirical constant that de-
pends on the type of refrigerant and x is the quality at
state d, Figure 1(c). The empirical constant is 0.77 for
R-22 and 0.69 for R-134a Cleland, et al. [30]. The con-
stant n depends on the number of the compression stages;
for a simple refrigeration cycle with a single stage com-
pressor n = 1. The nominator of Equation (19) is the
evaporator capacity, Q.” and the first term of the de-
nominator is the coefficient of performance of an ideal
refrigeration cycle. Equations (2), (5) and (19) could be
solved for the power usages by the different components
of the coupled GT-refrigeration system to estimate the
increase in the power output as function of the air intake
conditions. Follows is a thermodynamics second law
analysis to estimate the effect of irreversibilities on the
power gain and efficiency.

3. Exergy Analysis

In general, the expression for the exergy destruction,
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(Kotas [31]), is.
=T {(s —sin)—i%}zo (20)

and the exergy balance for any component of the coupled
GT and refrigeration cooling cycle (Figure 1) is ex-
pressed as;

E +E°=E  +W+I (1)

Various amounts of the exergy destruction terms due
to irreversibility for each component in the gas turbine
and the proposed air cooling system are given in final
expressions, Table 1. Details of derivations can be found
in Jassim, et al. [32,23] and Khir, ef al. [33].

4. Economics Analysis

The increase in the power output due to intake air cool-
ing will add to the revenue of the GT plant but will par-
tially offset by the increase of the annual payments asso-
ciated with the installation, personnel and utility expen-
ditures for the operation of that system. For a cooling
unit that includes a water chiller, the increase in expenses
include the capital installments for the chiller, (Cc‘h),
and cooling coil, (CC‘C) . The annual operation expenses
is a function of the operation period, ¢,,, and the elec-
tricity rate. If the chiller consumes electrical power
W, ., and the electricity rate is C, ($/kWh) then the

e

total annual expenses can be expressed as:

C

total

t(]
a[cves ]+ [ ey, a sy G
0

In Equation (37), the capital recovery factor
. i(1+i) , o
a° = ———, which when multiplied by the total
(1+i)" -1
investment gives the annual payment necessary to pay-
back the investment after a specified period (n).

The chiller’s purchase cost may be estimated from
venders data or mechanical equipment cost index; this
cost is related to the chiller’s capacity, Q'“ (kW). For a
particular chiller size and method of construction and
installation; the capital cost is usually given by manufac-
turers in the following form;

C,=ay, 0., (38)

For simplicity, the maintenance expenses are assumed
as a fraction, ¢, , of the chiller capital cost, therefore,
the total chiller cost is expressed as;

C, =a,(1+a,) 0,, (3 (39)

Similarly, the capital cost of a particular cooling coil is
given by manufacturers in terms of the cooling capacity
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Table 1. Exergy destruction terms for the individual components of the GT and coupled cooling chilled water unit, see Fig-
ures 1(a)-(c).

Air Compressor
3

[
2 — .
Y~ %, m,T,, 0,
/
3

TD.
A

1 —

hy, m,, T,
Air compressor process 1-2, Figure 1(b).
Fp =i, (40T | 0 |- R n 22 @)
" " oAr A
We/r,mmp = Vi/(‘um[l +1 comp (23)

Combustion chamber
"y Combgth' on 3
1
5 Chamber

I-(,"mh{,,mm =m[T {(1 +f+o, )|:cm In [%j — Rg /n[fjﬂ — (1 +o, )[CW In [%j -R /n [ﬁﬂ} +T AS, 24)

T,AS, = rate of exergy loss in combustion or reaction =71, x f x NCV (¢ —1)
Typical values of ¢ for some industrial fuels are given by Jassim, et al. [32], the effective heat to the combustion chamber

Qe// ,comb = QL omb + IL omb (2 5)

Gas turbine

net

1 G

Wet =Ws— {Wcomp P + Wr/,d:}

w
Turbine
|

elect
-4
\

; T, P
e =1, (14 + 001, { n (7] ~R,n [Pﬂ 26)

3 3
VVMJ = VVI 711 (27)
Chiller compressor

refcompressor

a0

i =i, T, (s,-s,) (28)

ref comp r To
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The condenser flow is divided into three regions: superheated vapor region, two phase (saturation) region, and subcooled liquid region for which

the exergy destruction due to flow pressure losses in each region are /* I* and I*, . (Jassim, et al. [23])

condsup > L cond sat cond sub
Lot = Lo+ Lot + Lt (30)
I cond I (’Anj;(l +1 LAoid (31
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d
Iy=m T [(s,~s.)] (33)
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o -
i) -]

T (34)

The refrigerant flow in the evaporator is divided into two regimes saturation (two phase) and superheated regions. The two phase (saturation)

region, and superheated vapor region for which the exergy destruction due to flow pressure losses in each region are 1“,1 s I'j‘fpw see Khir, et
al. [33]. The exergy destruction rate is the sum of the thermal and pressure loss terms for both regimes (Equations (35) and (36)) as,
7 _ JAT AP
Loy = Loy (335)
=i I (36)
evap = Levap,sar T Lewapsup

that is directly proportional to the total heat transfer sur-
face area ( 4, m”) Kotas [31]) as,

C, :ﬂcc (Acc)m ($)

In Equation (40), fS.and m depend on the type of
the cooling coil and material. For the present study and
local Saudi market, £, = 30000 and m= 0.582 are
recommended (York Co consultation [34]). Substituting
Equations (39) and (40) into Equation (37), assuming for
simplicity that the chiller power is an average constant
value and constant electricity rate over the operation pe-
riod, the annual total expenses for the cooling system

become;

Ctotal :ac |:a(‘h (1 + am )

(40)

Qe‘r+ cc(Acc)m:|+t C Vi/el‘ch

op el
($/y) (41)
In Equation (41) the heat transfer area 4. is the pa-
rameter used to evaluate the cost of the cooling coil. En-
ergy balance on both the cooling coil and the refrigerant
evaporator, taking into account the effectiveness factors
for the evaporator, &, ., and the cooling coil, &, .,
gives

_ Qe,)' 86}‘}",er
UAT F

m

QCC

AL'L' =
U AZ?ngeﬁ”,cc

(42)

where, U is the overall heat transfer coefficient for
chilled water-air tube bank heat exchanger. Gareta, et al.
[27] suggested a moderate value of 64 W/m>K and 0.98
for the correction factor F.

Figure 2, illustrates the temperature variations in the
combined refrigerant, water chiller and air cooling sys-
tem. the mean temperature difference for the cooling coil
(air and chilled water fluids) is;

(,-T,..)-(T, -
(5 -T,.,))

" (T, -,
Equations (40) and (42) give the cooling coil cost as,

chwr
. m
Cc _ QL‘C
cc — Fee

UAT,F
where, Qcc is the thermal capacity of the cooling coil.
The atmospheric air enters at 7, and ®,and leaves the

TZShws )
T

chws

(43)

(44)
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cooling coil to enter the air compressor intake at 7, and
w,, Figure 1(a). Both 7, and , depend on the
chilled water supply temperature (7,,) and mass flow
rate, n1,,. When the outer surface temperature of the
cooling coil falls below the dew point (corresponding to
the partial pressure of the water vapor) the water vapor
condensates and leaves the air stream. This process may
be treated as a cooling-dehumidification process as illus-
trated in Figure 3. Steady state heat balance of the cool-
ing coil gives;

Qcc :ma (ho _hl)_mwhw _T

chws

= Ml € gnfff.cc (T

cw-w chwr

)

(45)

where, 1., 1is the chilled water mass flow rate and 1,
is the rate of water extraction from the air,
m,, =, (@, —,). The second term in Equation (45) is
usually a small term when compared to the first and can
be neglected, McQuiston, ef al. [35].

In Equation (45) the enthalpy and temperature of the
air leaving the cooling coil (k; and T;) may be calculated
from;

h =h, —CF(h,~h,) (46)

T,=T,-CF(T,-T,) @)

The contact factor CF is defined as the ratio between
the actual air temperature drop to the maximum, at which
the air theatrically leaves at the coil surface temperature
T = Tepys and 100% relative humidity. Substituting for 4,
from Equation (46) into Equation (45) and use Equation
(42) gives;

_ ma [CF(ho _hdzws)_(wo _wl)hw]

er

(43)
Eoffer Eeff e

Equations (41) through (48) give the chiller and cool-

ing coil annual expenses in terms of the air mass flow

rate and properties. The total annual cost function is de-
rived from Equation (41) as follows.

4.1. Annual Cost Function

Combining Equations (41) and (42), substituting for the
cooling coil surface area, pump and auxiliary power
gives the total annual cost in terms of the evaporator ca-

pacity O, , as,
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total ch ( m )Qe) ﬂcc ( UATmF

1T, -T)) }{ &0V, (AP) }

+to Qei'Ce n
g 1 [T;(l_ax) neu CP»WAT;

h,wnpump

(49)

The first term in Equation (49) is the annual fixed
charges of the refrigeration machine and the surface air
cooling coil, while the second term is the operation ex-
penses that depend mainly on the electricity rate. If the
water pump’s power is considered small compared to the
compressor power, the second term of the operation
charges can be dropped. If the evaporator capacity '6, is
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replaced by the expression in Equation (48), the cost
function, in terms of the primary parameters, becomes;

C _ [ma [CF(ho _hc*hws )_(wo _wl )hw ]

total

Eoffrer Eeff e

R

(50)

geff er gejf ,cc

+ top Cel

LI(T.-T) +[s%e,vf(AP)J

(7:3)(1_%)” ;/Ieu cp,w ATch,wnp

5. Evaluation Criteria of Gt-Cooling System

In order to evaluate the feasibility of a cooling system
coupled to a GT plant, the performance of the plant is
examined with and without the cooling system. In the
present study it is recommended to consider the results of
the three procedures (energy, exergy and economics ana-
lysis).

5.1. First Law Efficiency

In general, the net power output of a complete system is
given in Equation (2) in terms of Wtanmp and Wekch .
The three terms are functions of the air properties at the
compressor intake (7 and @, ), which in turn depend on
the performance of the cooling system. The present
analysis considers the “power gain ratio” (PGR), a broad
term suggested by AlHazmy, et al. [7] that takes into
account the operation parameters of the GT and the asso-
ciated cooling system:

P G R = VVnet,with(ro.uling VVnet,without cooling %1 OO% ( 5 1)

net ,without cooling

For a stand-alone GT, PGR = 0. Thus, the PGR gives
the percentage enhancement in power generation by the
coupled system. The thermal efficiency of the system is
an important parameter to describe the input-output rela-
tionship. The thermal efficiency change factor (TEC)
proposed in AlHazmy, et al. [7] is defined as

77(,' ), withcooling — nc p,without cooling
TEC = 22- R £ x100%  (52)

T7Ly,without cooling

5.2. Exrgetic Efficiency

Exergetic efficiency is a performance criterion for which
the output is expressible in terms of exergy. Defining the
exergetic efficiency#,, , as a ratio of total rate of exergy
output (E ) to total rate of exergy input (E . ) as;

out in
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Mo == (53)

The exergy balance for the gas turbine and the water
chiller system, using the effective work and heat terms in
Table 1, can be expressed in the following forms,

Eout = VVeﬁ”,t

W, VVejf}‘”,Chiller (54)

eff scomp
and
Ein = er}”,camb - Qeyf,cc (55)

In analogy with the energy efficiency the exergetic ef-
ficiency for a GT-refrigeration unit is:

_ I/Vefft - VV(;[’/fc'ump - VVej],'chiller 56

nex,c - . . ( )
ch[)fcomb - ch[[cc

For the present analysis let us define dimensionless

terms as the exergetic power gain ratio (PGR,,) and ex-

ergetic thermal efficiency change (TEC,,):

Eou) ipang ~(Eo)
( out withcooling out without cooling

PGR,, = x100% (57)
(EU“’ )witlmut cooling
and
TEC@C — ”ex,(‘ - nex,nc «100% (58)
nex,nc

Equations (51), (52), (57) and (58) can be easily em-
ployed to appraise the changes in the system perform-
ance, but they are not sufficient for a complete evaluation
of the cooling method, the economics assessement of
installing a cooling system follows.

5.3. System Profitability

To investigate the economic feasibility of retrofitting a
gas turbine plant with an intake cooling system, the total
cost of the cooling system is determined (Equation (33)
or Equation (34)). The increase in the annual income
cash flow from selling the additional electricity genera-
tion is also calculated. The annual exported energy by the
coupled power plant system is;

lop
E (kWh) = [ ,,,dt (59)
0

If the gas turbine’s annual electricity generation with-
out the cooling system iS E\mous cooiing and the cooling
system increases the power generation to .y cooting, then
the net increase in revenue due to the addition of the

cooling system is:

E

Net revenue = (E without cooling)

with cooling —

C, (60)

The profitability due to the coupled power plant sys-

Copyright © 2011 SciRes.

tem is defined as the increase in revenues due to the in-
crease in electricity generation after deducting the ex-
penses for installing and operating the cooling system as:
Profitability = (&

with cooling —

Ewithout cooling ) Cels - Ctutal (61)

The first term in Equation (61) gives the increase in
revenue and the second term gives the annual expenses
of the cooling system. The profitability could be either
positive, which means an economical incentive for add-
ing the cooling system, or negative, meaning that there is
no economical advantage, despite the increase in the
electricity generation of the plant.

For more accurate evaluation the irreversibility of the
different components are taken into consideration and an
effective revenue (Revenue).;is defined by;

lop
Revenue,, = j (E ) —(E ) C,.dt
e 0 out with cooling out J\vithout cooling els

(62)
6. Results and Discussion

The performance of the GT with water chiller cooler and
its economical feasibility are investigated. The selected
site is the Industrial City of Yanbu (Latitude 24°05" N
and longitude 38° E) where a HITACH FS-7001B model
GT plant is already connected to the main electric grid.
Table 2 lists the main specs of the selected GT plant.
The water chiller capacity is selected on basis of the
maximum annual ambient temperature at the site. On18™,
2010, the dry bulb temperature (DBT) reached 50°C at
14:00 O’clock and the relative humidity was 84% at
dawn time. The recorded hourly variations in the DBT
(T,) and RH, are shown in Figure 4 and the values are
listed in Table 2. Equation (48) gives the evaporator ca-
pacity of the water chiller (Ton Refrigeration) as function
of the DBT and RH. Figure 5 shows that if the chiller is
selected based on the maximum DBT = 50°C and RH =
18%, (the data at 14: O’clock), its capacity would be
2200 Ton. Another option is to select the chiller capacity
based on the maximum RH, (RH, = 0.83 and T,=28.5°C,
5:00 data), which gives 3500 Ton. It is more accurate,
however, to determine the chiller capacity for the avail-
able climatic data of the selected day and determine the
maximum required capacity, as seen in Figure 6; for the
weather conditions at Yanbu City, a chiller capacity of
4200 Ton is selected it is the largest chiller capacity
(Q'e’r) to handle the worst scenario as shown in Figure

Equations (46) and (47) are employed to give the air
properties leaving the cooling coil, assuming 0.5 contact
factor and a chilled water supply temperature of 5°C. All
thermo-physical properties are determined to the accu-
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Table 2. Range of parameters for the present analysis.

Parameter

Range

Ambient air temperature, 7,

Ambient air relative humidity, RH,

Pressure ratio, P,/P,

Net power, ISO

Site power

Turbine inlet temperature 75

Volumetric air flow rate

Ambient air, Figure 4

28°C-50°C
18% — 84%

Gas Turbine, Model HITACH-FS-7001B

10
52.4 MW
37 MW
1273.15K
250 m’s 'at NPT

Fuel net calorific value, NCV 46000 kJkg ™!
Turbine efficiency, 7, 0.88
Air Compressor efficiency 77, 0.82
Combustion efficiency 7, 0.85
Generator
Electrical efficiency 95%
Mechanical efficiency 90%
Water Chiller
Refrigerant R22
Evaporating temperature, 7, T,.=TD,°C
Superheat 10K
Condensing temperature, 7, T,+ TD.K
Condenser design temperature difference 7D, 10K
Evaporator design temperature difference TDe 6K
Subcooling 3K
Chilled water supply temperature, 7. 5°C
Chiller evaporator effectiveness, 85%
Chiller compressor energy use efficiency, 7, 85%
172 $/kW
Cooling Coil
Cooling coil effectiveness ¢, . 85%
Contact Factor, CF 50%
Economics analysis
Interest rate i 10%
Period of repayment (Payback period), n 3 years
The maintenance cost, «, 10% of C,
Electricity rate, C, (Equations (33)and (34)) 0.07 $/kWh

Cost of selling excess electricity, C, (Equations (40) and (41))

Hours of operation per year, ¢

op

7240 hiy

0.07 - 0.15 $/kWh

Copyright © 2011 SciRes.
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55_- L L R B B B B B B L e Table 3. The ambient conditions and the cooling coil outlet
0 1 temperature and humidity during 18" August 2010 opera-
ot tion.
O 45
é‘l o Hour T,°C RH, T,°C RH,
Z 35 [ 0 334 0.38 19.2 0.64
o
=3
g 30 1 32.6 0.44 18.8 0.70
25 ] 2 31.7 0.8 18.35 0.99
20 [ PR NRTRR ST WU SRR SN NRNTUN SN SR NP S S ()
0 2 4 6 8 10 12 14 16 18 20 22 24 3 305 0.77 17.75 0-98
hour [hr] 4 29.0 0.76 17.0 0.99
Figure 4. Ambient temperature variation and RH for 18" of 5 28.5 0.84 16.75 0.97
August 2010 of Yanbu Industrial City.
6 30.0 0.83 17.5 0.99
18000 — . . : : . : :
L ' ' ' ' ' ' ' 7 322 0.79 18.6 0.96
— 16000 |
E. 14000 L 8 35.1 0.67 20.05 0.99
£ 12000 [ 9 38.0 0.51 21.5 0.84
© L
§ 10000 - 10 402 0.35 22.6 0.64
o 8000 -
£ L 11 433 0.37 24.15 0.69
8 6000 |-
O -
> 4000 [ 12 44.0 0.33 24.5 0.64
g 2000 | 13 452 0.34 25.1 0.66
0 14 50.0 0.18 27.5 0.43
20
15 47.0 0.25 26.0 0.53
Figure 5. Dependence of chiller cooling capacity on the cli- 16 45.9 0.30 25.45 0.61
matic conditions. 17 43.0 037 24.0 0.69
5000 LA B B L LB 18 43.0 0.24 24.0 0.50
o0 ] 19 37.9 0.45 2145 0.76
& 40001 2
E 3500 L b 20 37.4 0.40 21.2 0.69
2 3000 [ ] 21 37.6 0.33 213 0.60
(8]
S L ]
o 2500F 7 22 37.1 0.34 21.05 0.61
O 2000 |- ]
5 L . 23 36.8 0.32 20.90 0.58
= 1500} -
S 1000f ]
- E BT T T T T T 772
500 |- .
0 i PR I U T I | NI I I NI ]
0 2 4 6 8 10 12 14 16 18 20 22 24 _‘
hour [hr] _ -
Figure 6. Chiller capacity variation with the climatic condi- o r =
tions of the selected design day O 8| EC [%] i
. o _ i it
. . e T 4 0
racy of the Engineering Equation Solver (EES) software aL v P .
[36]. The result show that the cooling system decrease L 708
the intake air temperature from 7, to 7; and increases the N N
relative humidity to RH; (Table 3). 0 2 4 6 8 10 12 14 16 18 20 22 24
Solution of Equations 51 and 52, using the data in Ta- hour [hr]

ble 3, gives the daily variation in PGR and TEC, Figure  Figure 7. Variation of gas turbine PGR and TEC during 18%
7. There is certainly a potential benefit of adding the August operation.
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cooling system where there is an increase in the power
output all the time, the calculated average for the design
day is 12.25%. The PGR follows the same pattern of the
ambient temperature; the increase in power of the GT
plant reaches a maximum of 15.46%, with a little change
in the plant thermal efficiency. The practical illustrative
application indicates that a maximum decrease in the
thermal efficiency change of only 0.391% occurs at
13:00 PM when the air temperature is 45.2°C, and 34%
RH.

On basis of the second law analysis the exergetic pow-
er gain ratio PGR,, is still positive meaning that there is
increase in output power but at a reduced value than that
of the energy analysis.

Figure 8 shows that the power increase for the worst
day of the year that varies between 7% to 10.4% (average
8.5%) and the thermal efficiency drops by a maximum of
6%. These results indicate the importance of the second
law analysis.

Based on the daily variation of the ambient conditions
on August 18", assuming different values for selling the
electricity (C,;), Equation (60) gives the hourly revenues
needed to payback the investment after a specified opera-
tion period (selected by 3 years). The different terms in
Equations (50) and (60) are calculated and presented in
Figure 9. The effect of the climate changes is quite ob-
vious on both the total expenses (Figure 9) and the GT
net power output (Figure 7). The variationsin C,,, are
due to the changes in Q.ev in Equation (50) that depends
on (7T,,7,,w, and ;). The revenue from selling addi-
tional electricity is also presented in the same figure,
which shows clearly the potential of adding the cooling
system. Figure 9 indicates that selling the electricity to
the consumers at the same base price (C,, =C,, = 0.07
$/kWh) makes the cooling system barley profitable. The
profit increases directly with the cost of selling the elec-
tricity. This result is interesting and encourages the utili-
ties to consider a time-of-use tariff during the high de-
mand periods. The profitability of the system, being the
difference between the revenues and the total cost, is
appreciable when the selling rate of the excess electricity
generation is higher than the base rate of 0.07 $/kWh.

Economy calculations for one year with 7240 opera-
tion hours and for different electricity selling rates are
summarized in Table 4. The values show that there is
always a net positive profit starting after the payback
period for different energy selling prices. During the first
3 years of the cooling system life, there is a net profit
when the electricity selling rate increases to 0.15 $/kWh,
nearly double the base tariff.

Figure 10 shows the effect of irreversibilities on the
economic feasibility of using an air cooling system for
the selected case. The effective revenue Equation (62)

18 T T T T T T T T T T T 2.0
16 |-
[A 0.0
14 F Ay A
N\ & . A
12 \ A/
L A 2 —-2.0
€ 10Fa PGR, \ ﬂwﬁ <
. )l
o gl 3
Jas [8)
% L 40 @
a 6 / [=
A TEC, a4 1
4k \/A/‘\A/ J6.0
2L
ol v v v e w1 g

0 2 4 6 8 10 12 14 16 18 20 22 24
hour [hr]

Figure 8. Variation of gas turbine exergetic PGR,, and TE-
Cex during 18" August operation.

200
—e— Revenue 4

_1200.,..............,.,.,,,,

s / \. )

&, L ) ]
2 1000 L. Cys = 0.15 [$/kW hl ./'\.f«. L \-”"l =
c . .

® Eoe—emg e profitability |

& 800} i
~ /'\.\ /o\

@ o Cys = 0.10 Ao 0—¢ = ._.;'-—o—o g

= e els e !

= 600  Ne—e—gq_o o—* : -
o | _ o |

O —e Ces= 0.07 ’./o/.§°—'_'
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5

o

T

- —o=Total Cost
[} S [ [T [T S N S [T NS NSO NS ST ——

0 2 4 6 8 10 12 14 16
hour [hr]

18 20 22 24

Figure 9. Variation of hourly total cost and excess revenue
at different electricity selling rate.

Table 4. Annual net profits out of retrofitting a cooling system to a GT, HITACHI FS-7001B at Yanbu for different product

tariff and 3 years payback period.

Electricity selling rate  Annuity-for Chiller, coil and

Annual operating

Annual net profit for the first Annual net profit for the

C, maintenance cost 3 years fourth year
$/kWh $ly $ly $ly $ly
0.07 1,154,780 1,835,038 -1,013,600 +141180
0.1 1,154,780 1,835,038 -166,821 + 987,962
0.15 1,154,780 1,835,038 1,244,978 +2,399,758

Copyright © 2011 SciRes.
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Figure 10. Effect of irreversibility on the revenue, Cgs = 0.07
$/kKWh.

(Re venueeﬂ-) that can be accumulated from selling the
net power output is reduced by 41.8% as a result of irre-
versibilities. The major contribution comes from the wa-
ter chiller, where the irreversibility is the highest.

7. Conclusions

There are various methods to improve the performance
of gas turbine power plants operating under hot ambient
temperatures far from the ISO standards. One proven
approach is to reduce the compressor intake temperature
by installing an external cooling system. In this paper, a
simulation model that consists of thermal analysis of a
GT and coupled to a refrigeration cooler, exergy analysis
and economics evaluation is developed. The performed
analysis is based on coupling the thermodynamics pa-
rameters of the GT and cooler unit with the other vari-
ables as the interest rate, life time, increased revenue and
profitability in a single cost function. The augmentation
of the GT plant performance is characterized using the
power gain ratio (PGR) and the thermal efficiency
change term (TEC).

The developed model is applied to a GT power plant
(HITACHI FS-7001B) in the city of Yanbu (20°05" N
latitude and 38°E longitude) KSA, where the maximum
DBT has reached 50°C on August 18", 2010. The re-
corded climate conditions on that day are selected for
sizing out the chiller and cooling coil capacities. The
performance analysis of the GT shows that the intake air
temperature decreases by 12 to 22 K, while the PGR in-
creases to a maximum of 15.46%. The average increase
in the plant power output power is 12.25%, with insig-
nificant change in plant thermal efficiency. The second
law analysis show that the exergetic power gain ratio
drops to an average of 8.5% with 6% maximum decrease
in thermal efficiency.

In the present study, the profitability resulting from
cooling the intake air is calculated for electricity rates

Copyright © 2011 SciRes.

between 0.07 and 0.15 $/kWh and a payback period of 3
years. Cash flow analysis of the GT power plant in the
city of Yanbu shows a potential for increasing the output
power of the plant and increased revenues.
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Energy, Exergy and Thermoeconomics Analysis of Water Chiller Cooler for Gas Turbines Intake Air Cooling

Nomenclatures

Aee
Cee
Can
C

el

c,

CF
E

Cooling coil heat transfer area, m*
capital cost of cooling coil ($)
capital cost of chiller ($)

unit cost of electricity, $/kWh
specific heat of gases, kl/kg K

contact factor
energy kWh

EES engineering Equation Solver

=

v

r.

I IIT~T

W

specific enthalpy of water vapor in the air, kJ/kg
interest rate on capital

exergy destruction, kKW
specific heats ratio.
mass flow rate, kg s '
air mass flow rate, kg/s

chilled water mass flow rate, kg/s
refrigerant mass flow rate, kg/s

condensate water rate, kg/s

NCVnet calorific value, kJ kg

P

pressure, kPa

PGR power gain ratio

P,
PR

o,

Qe,r

QCC

atmospheric pressure, kPa
pressure ratio = P,/P,

heat rate, kW
chiller evaporator cooling capacity, kW

cooling coil thermal capacity, kW
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S entropy, kJ/K

t time, s

T  Temperature, K

TEC thermal efficiency change factor

U  overall heat transfer coefficient, kW/m?K
x  quality.

W power, Kw

Greek Symbols

n  efficiency
&, effectiveness, according to subscripts

205

o specific humidity (also, humidity ratio), according

to subscripts, kg/Kgary air
Subscripts

a dryair
¢ with cooling
cc  cooling coil

ch chiller
comb combustion
comp compressor

eff effective
el electricity

f fuel

g gas
nc  no cooling

o  ambient
t turbine
v vapor

SGRE



