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Abstract

This study investigates the exergoeconomic analysis of a gas turbine power plant with compressor inlet
air fogging system. The objective of the study is to determine the degree of exergy destruction and
economic implications which accrues due to the fogging arrangement for the proposed case study. First,
a comprehensive exergy analysis was presented based on plant component modelling. Exergoeconomic
cost rates were developed using standard purchase and equipment cost as functions of plant operating
variables. The developed cost matrix was solved using a written program in engineering equation solver
EES. The results show thatthe cost stream of the combustion chamber reduced by 1.52 %, while that
after the turbine reduced by 2.22 % for the fogged system. Additionally, the exergy streams related to
compressor work for the fogged system had total reduction of 3.76 % leading to a power increase of
about 5.20 MW. Moreover, a sensitivity breakdown indicates that for consecutive 10 MW rise, the
exergy stream of the compressor improved by 142 $/hr. at 110 MW, 138 $/hr. at 120 MW, 135 $/hr. at
130 MW and 130 $/hr. at 140 MW. Similarly, the inlet stream to the expander (turbine) exist at 1560
$/hour, 1487 $/hour, 1429 $/hour, 1381 $/hour, 1341 $/hour, and 1307 $/hour for 270MW, 290MW,
310MW, 330MW, 350MW and 370MW of turbine output respectively. The results show that the cost
rates are smaller at the exit of the turbine due to small temperature difference in the burnt gasses. The
results show reduced cost of exergy destruction due to fogging justifies the retrofitting of the examined
gas turbine plant.
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1. Introduction

The general concern today about engineering systems especially energy conversion devices is waste
reduction and efficiency improvement. The latter, however, is achieved by ensuring thermodynamic
processes involving energy conversion are improved. Also, the dwindling conventional energy
resourceshas prompted scientists and engineers to look for alternative energy sources as well as improve
and optimize existing systems for low energy consumption (Levenda et al., 2021; Frangopoulos, 2018).
Gas turbines are identified as heavy energy conversion machines. Currently, in most parts of the world,
they are applied for peak loads generation because of their quick start ability. In Nigeria, for instance, gas
turbines are applied in base load applications and dominates the power generating sector.
Thermodynamically, the power output of gas turbines is known to decrease with increased ambient
temperatures (Homji-Meyer et al., 2002). This factor is more obvious in Nigeria where the ambient
temperature condition is higher than the recommended ISO standard (15°C). Thus, installed turbines in
Nigeria generate below design capacity. Incidentally, at such periods of elevated ambient temperature,
electrical energy demand usually increases owing to the power needed for cooling and ventilation systems.
However, one of the identified methods of increasing power output in GT systems is by cooling the inlet
air prior to the compressor.

1593 | www.scope-journal.com



Scope
Volume 13 Number 3 September 2023

The two common methods for compressor inlet air cooling are the evaporative and refrigeration cooling
systems. One of the methods of the evaporative cooling system is the high pressure fogging of the inlet air.
This method has been known for relatively low cost of installation and operations as well as effective
turbine output power augmentation (Ehyaei, et al., 2011; Jassim, et al., 2010). Although, gas turbine inlet
air cooling has been an established engineering process and the technologies involved common, especially
in the developed economies of the world where the use of the gas turbine has been since in the late 1930s,
manufacturers and power plant operators in recent times are concerned in designing improved turbine
systems with relatively low impact to the environment in terms of environmental pollution and greenhouse
emissions. This is achieved by matching the operating conditions in real situation and also understanding
off-design conditions.

Current researchers have presented numerous works concerning performance assessments of gas turbines
employing the exergy concept (second law of thermodynamics) (Kotas, 1995; Ebadi et al., 2005). The first
law of thermodynamics treats all energy forms as equivalent and takes no account of internal losses or
irreversibilities in the thermal processes. The exergy method (a consequence of the second law of
thermodynamics) identifies, locates and gives magnitude of thermodynamic inefficiencies or losses in
thermal systems (Abam, et al., 2012). This offers the opportunity for improvements, either by redesigning
or by retrofitting the existing systems.

Related studies in literature indicate that an evaporative cooler can increase the relative humidity of air by
90 %, boost the turbine output power by 5 — 10 % and increase efficiency by 1.5 - 2.5 % (Jonsson and Yan,
2005). The same studies show that cooling the inlet air by chillers can boost turbine output power and
efficiency by 15 — 20 % and 1 — 2 % respectively. Jaber et al., 2007 considered the influence of intake air
cooling on the combustion turbine performance. They observed the performance characteristics of a
turbine with respect to operational parameters such as ambient temperature, relative humidity, turbine
inlet temperature, and pressure ratio. Their results showed that the evaporative cooling system is capable
of boosting the power and enhancing the efficiency of the studied turbine unit in a way much cheaper than
the cooling coil system.

Marzouk and Hanafi, (2013) also compared the chiller cooling and evaporative cooling for a 264 MW.
They concluded that the evaporative cooler is more economical as it required a low maintenance cost, low
electricity consumption, and low capital cost. Similarly, Oyedepo and Kilanko, (2014) studied the
performance enhancement of a turbine with an evaporative cooler. Their result shows that for each 5°C
decrease of inlet air temperature, the net output power and thermal efficiency ranged from 5 to 10 % and 2
- 5 % respectively. Indeed, there are different methods for gas turbine inlet air cooling, each with its
limitations and degree of success bothering on economy, power requirement and maintenance cost. In this
research work, the exergoeconomics of air fogging system is applied to an in-service power plant (Afam
power plant, Nigeria) to show that reduced cost of exergy destruction due to fogging justifies the
retrofitting of the examined gas turbine plant.

2. Objectives

= To determine the degree of exergy destruction in the fogging system
= To determine the economic implications which accrues due to the fogging arrangement for the
proposed case study.

3. Methods

3.1 Description of gas turbine with fogged cooling system

Fig.1 shows the gas turbine with the fogging system. Raw water is drawn into the demineralized water
plant at state (5) where certain mineral deposits are removed, maintaining the pH of the water at 7.5
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maximum. The demineralized water enters the storage facility at (6) and exit at (7), from where the water
is pumped to the position nozzles at state (8). The nozzles atomize the demineralized water into tiny
water droplets (fog). Each droplet, by the nozzles design, is recommended to be less than 50 microns in
size. The water is made to develop such high pressure as 70 bars. Critical parameters of the fogging system
include droplets mean size, their distribution pattern and their extent of penetration into the air duct from
the points of their production.
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Figure. 1. Schematic diagram of the gas turbine modelled with inlet fogging system

3.2 Exergoeconomic analysis

Exergoeconomic analysis of thermal systems involves first principle balancing of cost rates of exergy
streams at inlet and outlet conditions as well as the cost rate of the component under consideration. Cost
rates of GT components based on exergoeconomic modelling for both the fogged and the unfogged
systems are similar except for varying values of the magnitude of exergy streams at the points; where the
variation is due to the fogging arrangement. Purchase cost of plant components are represented as
functions of plant operating parameters. In addition, auxiliary equations are developed to aid computation
of cost variables. The thermoeconomic analysis in terms of cost balances is presented.

3.2.1 Exergoeconomic balance

For any system receiving heat Q, and performing some work, W with exergy influx, E; and exergy efflux,
E,, a general cost equation can be written as, (Lazzaretto and Tsatsaronis, 2006)

Cq,qu,K + Zi(CiEL)k + ZK = Ze(CeEe)k + Cw,ka 1

Where:

Ze(ceE E)k = Cost rates associated with exit exergy streams of the k" component.

cw Wi = Cost rates of power generation.

CqiEqx = cost rates associated with heat transfer.

Zi(ciEl)k= cost rates associated with entering exergy streams.

Z, = capital investment cost rate.

Ce» Cw, Cq, C; are the average costs per unit of exergy.

In line with the nomenclature of the schematic diagram (Fig. 1), the following cost balances are presented:
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Air compressor:
Cl +CWAC +ZAC = CZ

2
Combustion chamber:
Co + Cryer + Zee = C3 3
Gas turbine:
C3+ZGT=C4+CWT+CWAC 4

The variables in equations 2, 3, and 4 are five (i.e. ¢;, ¢3, ¢4, Cw ., Cw ). This is because ¢; = 0 and ¢y can

be determined. With five variables and three equations the cost equations are not susceptible to valid
solution values. Consequently, auxiliary equations are developed on the turbine using specific exergy

costing principles as follows.

¢ _C

2= =5 (GE,—-CE;=0 5
Ez  Ey

Cwr _ Cwyc —
WEr - Wac = Cyp*Wye = Cyye * Wygr =0 6
In matrix form, the cost balance is here represented below:

-1 0 0 0 1 G, —Cy — Zy¢

1 -1 0 0 0 Cs —Zce — Cryel

0 1 -1 -1 -1 C4 = _ZGT 7
0 E, —E; 0 0 Cwy 0

0 0 0 Wi ~WyerllCy,, 0

3.2.2 Cost rates of GT plant components

The cost rates of GT plant components are modelled with respect to operating parameters of the system in
monetary units. All costs due to owning and operating a GT plant depends on its expected life, required
capital and on the type of financing (Gorji-Bandpy ez al, 2010). The cost rates of each plant component are
modelled as obtained in (Balli, ez al., 2008; Sayyaadi and Sabzaligol, 2009)

Zi($/h) = 25 8

Where ¢, is the maintenance factor for each plant component whose expected life is ‘N’ years. N is the
annual number of hours of plant operation;C,is the annual levelised cost. In line with values for capital
recovery factor (CRF) and present work factor(PWF), C, is expressed as (Gorji-Bandpy et al., 2010).

Cr($/year) = [PEC — (SV)PWF(i,n)]CRF (i,n) 9

Substituting for values,

C($/year) = (PEC — (SV)(1 +n)™ [[“;)"]) 10

(1+)n-1]

‘Where CRF is determined from the relation (Balli et al., 2008)

[ ia+d™
CRF = [[(1+i)"—1]] 11
PWFE(i,n)=1+i)™ 12

From equation (10), the purchase and equipment cost PEC for each GT component is obtained as in (Bejan
and Tsatsaronis, 1995; Frangopoulos, 1991):

Air compressor

PEC = (7“—’”‘1) (i—j) n |22 13

0.9-14c 1

Combustion chamber
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PEC = |*02 et Ml g L oxp[0.018T, — 26.4]) 14
(0.995—5—;)
Gas turbine
_ [47934my Py
PEC =( - )In (P—4) (1 + exp[0.036T, — 54.1]) 15

3.3 Energy analysis of the system

Thermodynamic models for computation of state properties, as well as exergy models for the components
are presented in line with the schematic diagram of Fig. 1.

The compressor work is obtained as a function of the ambient temperature, pressure ratio, and the index of
compression as follows:

Compressor:

Wic = Cpair {Tl [ o ([ ] )] - Tl} 16

With air fogging arrangement, compressor work requirements can be obtained as,

Or Wye =my {CpmrTl ([ ] 1) + W(igz - igz)} 17

Ncomp

Where i,, and iy, are the enthalpies of saturated water vapour at compressor exit and inlet respectively.

The combustion chambers

The energy balance for the combustion chamber for the base case is expressed in (Rajput, 2009) as:
mfcvncomb + manaL‘r 2a (ma + mf)CZJg T; 18

Rearranging equation (18) and substituting Q;, = 711 Cy. Ncomp.the following is obtained,

= ()T = 3|12 ([ 1)) o

Hence, the energy balance for the combustion chamber for the fogged system is expressed as,

My Cy-Neomp + MaCpair- Toa + Myhvy = (1 + M) Cpg. T + 1, hvs 20

Or Qin = (1 + 1) CpygTs — Mg Cpgir- Taq + My (hvs — hvry) 21

The enthalpies of water vapour h,, and h,,, expressed in equation (21) are estimated in (Dossat, 1997) as:

h,, = 25013 + 1.8723T; 22

The term f'is the ratio of air mass and fuel approximated according to the relationship in (Alhazmy et al.,
2006):

1y Cpy(Ts= 298)=Cpair (T2-298)+w (hvs —hvy)

f= 23

Mmq CyNcomb.—Cpg(T3—298)
The turbine

Energy balance for the turbine is presented with the relationship (Dossat, 1997):
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Cpg.mt-.T3 = WT + Cp.gmt.T4a 24
Where m, = m, +m, + my = m(1+w + f) 25

Employing the isentropic expansion in the turbine, the exit temperature is related to the isentropic
efficiency with the expression,

T4a=T3<1—nT[1—%> 26
(rp) @

The turbine work can further be presented according to (Alhazmy et al. 2006) as,

Wy = 1ig(1+w + f)Cpg 7. Ts1 — —gx 27
(TP)T

3.4  Exergy analysis of the system

The general exergy models for a control volume comprising exergy influx ex;,, efflux ex,,;, heat input Q;,
and work output W,,,; can be expressed under steady state conditions as (Bejan and Tsatsaronis, 1995):

Yexpy +exy =Y exy, +exy+Ep 28

Where the specific exergy is expressed at a temperature T and pressure P all referenced at the ambient
temperature T, and pressure P,. From (28), general component exergy balances are presented as follows:

Air compressor
E.xl + EXW = EX2 + ED 29

The exergy at state point 1 and 2 are written with respects to the combustion turbine base case
configuration and that of the fogged system.

Ex; = (hy — ho) — To(S; — So) 30

Expressing the terms to reflect temperature and pressure components

0

Ex; = Cpo(Ty — To) — T (cp,mln (%) — Rin (?)) 31

However, the exergy at point 1 for the base case is zero since the temperature at point 1 is ambient exergy
at point 2 is expressed as,

T P
Exy = Cpa(Ty = T2) = To (Coasrn [ 2] - RIn [22]) 32
The exergy at point 1 for the fogged case is obtained per kg of air flow as in (Jassim ez al., 2009),
gyatp
Exyip = (Cpa +WCpy)To [% —1-In (%)] + (1 + 1.607W)R,TyIn (1%) 33

Incorporating the mass flow, it becomes obvious that the mass flow at point 1 includes air and water
vapour. Thus, equation (33) is changed to,

Exyiy = G +110) {(Cpa + W) To [/, = 1= 1 (T1/7 )] + (1 + 1.607wIR T In(P/p,)}
34
Which simplifies as:

. T T Py
Exyip = mg(1+ w){(Cpq + WCy)To |- — 1 — In ()| + (1 + 1.607w)R, T, In (—
To Ty Py

35

Similarly, the exergy at point 2 is expressed as,
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Exyip = mg(1+w) {(cpa +wCpy)T,

R [TZ] + (14 1.607W)R, T, [PZ]
T, nTO .607w aonpo

36
The combustion chambers
For the combustion chamber, the exergy balance is expressed as:
Exz + Exfuel = Exs + Ep 37
The exergy of fuel is composed of the physical and chemical parts.
Eyt = Extphysical T Exfchemical 38

The chemical component of fuel exergy is obtained for the base and fogged cases with the following
relationships (Bejan and Tsatsaronis, 1995): for the fogged case,

Eyfchem. = Xi=1 Xi€ex1 T+ RTo X x;In(x;)RT, [(1 + 1.609w)In{(1 + 1.607w,) /(1 + 1.607w)} +
L607win (W, )| 39

And for the base case (Bejan and Tsatsaronis, 1995):

Exf,chem = Z?zl XiEchi + RTO Z?:l Xiln(xi) 40

The physical exergy component of fuel is calculated with the relationship (Bejan and Tsatsaronis, 1995),
T P

Ef,physical = Cpf.(Tf —To) — Ty {Cpfln [T_;] — Reyeln (p_;)} 41

The exergy of gas stream after combustion at state point 3 is obtained as

— _ _ ) _ P3
Exs = Cpg (T = To) = To {Cpgln () = Ryl (2)} 42
The exergy at point 3 for the fogged system is obtained per kilogram of fluid as;

b= G G [E -1 =)+ rnnn(Z) o

Ty T3
To To
And for a given mass equation (43) takes the form

T3 T; Py
By =my(l+w+ /) {(c,,a +WCy)To [T—O —1-In (T—O)] + (1 + 1.607w)R,T,In (P—O)}

44
The gas turbine
EX3 = EX4 + EW + ED 45

The exergy at point 4 is computed with the relationship below using the temperature and pressure values
of this point as well as its mass flow rate as,

— —Ty — Tu) _ Pa
Ees = Cpg(Ta = To) = To { Gyl () = RIn ()} 46
The expression for the exergy of the fogged system is presented per kg of gas as,
Ex, = (Cog + CooW)To (2= 1= In32) + (1 + 1.607W)R, T, In (1) 47
0 0 0
For the mass stream equation (47) is written as,

Eya = g(1+w + )(Cpg + Cpyw)To (% —1-In %) + (1 + 1.607w)R,T,In (i—z)

48
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4 Results and discussion

4.1 Exergoeconomic analysis of GT with and without fogging

An exergoeconomic analysis of the GT plant is presented below for the two cases. The exergy streams for
the products and fuel as well as the cost of exergy destruction is computed and compared for both cases in
Tables 1 and 2.

Table 1. Summary of exergy values at different state points

State point Exergy values (MW)
Fogged system Unfogged system

1 0 0
2 130.0 132.0
3 424.0 423.0
4 109.5 110.0

Fuel 350.7 347.6

We 142.8 145.0

Wr 292.0 289.0

Table 2 Summary of exergy in product, fuel and destruction for the fogged/un-fogged system

Component Fogged plant [MW] Unfogged plantfMW]
Ep Er Ep Ep Eg Ep
air compressor 130 142.8 10.83 132 145.0 13.30
combustion chamber 424 774.7 56.70 423 770.7 59.00
gas turbine 292 314.5 23.00 289 313.0 24.00

The cost of exergy streams for the two cases is shown in Fig. 2. The cost of exergy streams for the state
points and that for turbine and compressor work show significant difference in magnitude. The cost of
exergy stream just after compression from the air compressor is 3276$/hr and 3189%/hr for the fogged and
unfogged systems respectively, with about 2.73 % reduction (87$/hr) in the cost of exergy stream due to
fogging. Similarly, reduction in exergetic cost stream was observed in the exergy streams encompassing the
combustion chamber and the turbine. The cost stream after the combustion chamber reduced by 1.52%,
while that after the turbine reduce by 2.22 % all in favour of the system with inlet fogging arrangement.The
exergy streams related to compressor work is also significantly reduced at the fogged case with a total
reduction of 3.76 % since the compressor work is less with the introduction of fogging. However, the cost
stream associated with turbine work rather increase comparatively after fogging with about 1.34 % to cater
for the cost which accrues due to the 3 MW augmentation

in the turbine output brought about by fogging. Furthermore, the total cost of exergy streamsis
significantly reduced as a result of the fogging arrangement.
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Figure 2. Cost of exergy streams for the fogged and unfogged turbine (in $/hr.)

The variation in the exergetic cost streams as observed in Fig. 2, is partly due to variation in temperature of
the streams but mostly on the compressor and turbine work. Consequently, a study on the sensitivity
analysis of the effect of compressor work on the cost of these streams is worthwhile. This analysis is
presented in Fig. 3 where variation in the compressor work is studied on the cost streams while other
parameters are kept constant.
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Figure 3: Variation of compressor work on exergetic cost streams

Furthermore, increasing the compressor work results in either an increase or decrease in exergetic cost
stream according to the state point. For instance, an increase in the compressor work results in increase of
the exergy streams at points 2, 3, 4, that due to compressor work, but with a decrease in the exergetic cost
stream of turbine work. In fact, for successive 10 MW increase, the exergy stream at point 2 increased by
142 $/hr. at 110 MW from 100 MW, 138 $/hr. at 120 MW from 110 MW, 135 $/hr. at 130 MW from 120
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MW, 130 $/hr. at 140 MW from 130 MW and 128 $/hr. at 150 MW from 140 MW. The cost of the
streams was as expensive as the temperature of the state points at any compressor power input. As the
compressor work increased, the cost streams before and after the combustion chamber increased
resultantly as these hot gasses expands in the turbine. However, these cost rates are rather smaller at the
exit of the turbine due to comparatively small approximations in exhaust gasses temperature.
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Figure 4: Effect of turbine output on exergetic cost streams

The effect of the turbine output on the cost streams is seen to vary significantly from that of the compressor
(Fig. 4). The cost stream at entry to the turbine is the most expensive for the considered case. The stream
at entry to the turbine relates well with the turbine output and is estimated at 1560 $/hour, 1487 $/hour,
1429 $/hour, 1381 $/hour, 1341 $/hour, and 1307 $/hour for 270MW, 290MW, 310MW, 330MW,
350MW and 370MW of turbine output respectively. The trend of the cost streams at entry to the turbine
rather decreases as the work output increases, since the work potential at higher turbine output is relatively
high. For a 20 MW increase in turbine output (from 270 MW to 290 MW), the cost streams reduced by 73
$/hour.

5. Conclusion

Exergoeconomic analysis of a gas turbine plant with compressor inlet air fogging was carried out. A case
study of an in-service 150 MW gas turbine plant was used for the thermodynamic considerations. The
obtained results for the unfogged and fogged gas turbine plants are detailed as follows: The exergetic
efficiency of the two plants stood at 41.14 % for the unfogged and 42.5 % for the fogged plant with

efficiency improvement of 1.36 %.
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