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Abstract: This study carried out energy and exergy analpdes thermal power plant in order to investigate th
interaction effects of coupling sections of thenpland overall system. The thermal plant was sitadlaising
HYSYS simulation software and EXCEL spreadsheet wsed for the energy and exergy analyses. Theosacti
were grouped into four, namely: Turbine-generatoondenser, Regenerator and Furnace-boiler Sectibimes.
energetic and exergetic efficiencies and irrevdisés at different throughputs (50, 75, 100 anti0% power
outputs) were evaluated for each section and ttioss were coupled into sub-systems one afteother until the
whole system was coupled. The results showed Heafurnace-boiler and the condenser sections Havdehst
exergetic efficiencies of an average of 24.08% 38@B5%, respectively, while the energetic efficiescof the
regenerator and furnace-boiler were the least aare %7.04% and 62.74% on the average, respectivieé/overall
system energetic and exergetic efficiencies weranaaverage of 20.21% and 11.17%, respectivelys $howed
that overall second-law efficiency of the plant iewer than the energy efficiency as was expeciée. result of
the overall irreversibilities of the plant alsolieased as the throughput increased.

Keywords: Thermal power plant, energy, exergy, efficieriogversibility, sections, sub-systems, HYSYS saitev
1. Introduction

Exergy analysis is a thermodynamic analysis tealigased on the first and second law of thermodigsawhich
provides an alternative and illuminating means sfeasing and comparing processes and systemsatigtiand
meaningfully [9]. Exergy represents the part ofrggewhich can be converted into maximum useful kvdtr was
used to establish criteria for the performancerafieeering devices [3]. Unlike energy, exergy was conserved
and got depleted due to irreversibilities in thegasses [19]. The greater the extent of irreviditel, the greater
the entropy production, therefore, entropy can dedas a quantitative measure of irreversibilgigesociated with a
process. The performance of engineering systemddegided by the presence of irreversibilities, tuedentropy
production was a measure of the magnitudes ofrthedrsibilities present during that process [3].

Several studies had been carried out by researpheés 7, and 19] to evaluate the performancenhefrhal power
plants using exergy analysis. Energy, exergy ardgaeconomic analyses were used on a steam poardrysing
natural gas [14]. The comparison of coal-fired andlear steam power plants using energy and examnglyses to
identify areas with potential for performance imgment had been investigated [16]. Analysis of akite cycle
was carried out reheat steam power plant to sty energy and exergy efficiencies at different afeg
conditions with varying boiler temperature, boifgessure, mass fraction ratio and work output ftbencycle [15].
Exergy and cost balances had been used to studiurdgise cogeneration system [12]. The performaote
thermo-economic analysis of a coal fired eleclyigiénerating station was achieved [17] and thestigation of the
exergetic destructions of a steam generation sygtgm
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This study undertook exergy analysis of a natueal lgased thermal power plant, located at Egbinptkg Lagos
State of Nigeria. The objectives of this study wéwedetermine the energetic and exergetic effidesand
irreversibilities of the four sections and the alksystem at different throughputs (50, 75, 106 a440% power
output) and the effects of coupling sections ofttle@mal plant on thermodynamic efficiencies.

2. Plant description

The thermal power plant burns fossil fuels, whighmarily consists of natural gas (NG) and high péuel oil
(HPFO) as back up, and generates steam which wa®ited to shaft work in the turbine and to electrower in
the generator. The steam generated in the boitersthe turbine at temperature of about’s4@nd pressure of
12.5MPa to spin the turbine blade at a very higgedpof 3000 rev/min. There are six turbines ueiésh capable of
generating 220 MW. The water from the lagoon wasduas cooling water. The water was passed throogh t
condenser to enhance the recovery of water froemst@he recovered water in the condenser entersotidensate
polishing plant for treatment before being sentkbsw the boiler for re-use. The cooling water whighins
temperature from the condenser exits through ahdige channel into the lagoon. The temperatur@eetfluent
water from the powerhouse was reduced in the sopleary cooling system before finally being discjear back
into the lagoon [12]. The process flow diagramtef plant was shown in Figure 1. The thermal plaat 23 units
and these were grouped into 4 sections, namelyintHgenerator, condenser, regenerator and baiteate
sections as shown in Figure 1.

3. Methodology
3.1 Simulation

HYSYS (2003) process simulator was used to simul&elant and process data were obtained frorpldrg. The
Peng-Robinson equation of state was used for thelation. In this analysis, the following assumptavere made:
the natural gas burnt in the combustor was assumkd 87.3% methane, 6.3% ethane, 2.7% proparf, lubane,
0.5% pentane, 0.2% heptanes, 1%, 7% nitrogen; the compressed air used in thebostor was standard air;
unaccounted heat loss from the system due to radiaind convection was neglected; fuel undergoesptete
combustion. The HYSYS model of the thermal plarghiewn in Figure 2.

3.2 Energy and Exergy analyses
The exergy and energy calculations were done USKGEL spreadsheet after extracting the thermodyoatata

from the HYSYS simulations environment. These wealkeulated using the formulae given in the theagtisn
applied to each section, sub-system and overatiggoof the thermal plant.

3.2.1 Energy and Exer gy analyses of Sections

(A) Theturbine-generator section

The energy and exergy of source and sink werailzdéd by considering all the streams enteringlaading
the section.
The following equations were used.

Ein = Es3t EssTEs15t Es16 TEs27 T Es2g TEs2g tEsag D(
Eout = Es7t Esg*Es17 T Esig TEs31 TEs32 T Es33 TES34 @
Esource ~ Exin ~ Exout ©)
Esink = Pi )
Exin = Exs3™ Exsst Exs15% Exsi6 *Exs27 tExs2g Y Exs2g tExs3c )

Exout = ExS7 ¥ Exsg ™t Exs17* Exsig T Exs31 tExs32 T Exs33 T Exs34 (6)
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Exsource — Exin ~ Exout (7)
Exsink — Pi (8)
Where:

Pj isthe power generated.

(B) The condenser section

The energy and exergy of source and sink the caredlemere also calculated by considering all theamalt
cold streams entering and leaving the section.€thuations are:

Esource ~ ES39~ ES42 C)]

Esink ~ ES41~ ES40 (10)
Exsource ~ EXS39~ ExS42 (11)
Exsink ~ ExS41~ EXS40 (12)

(C) Theregenerators section

The regenerative part of the system is the hediangers where the heats are recovered back into the
system. The energy and exergy of streams werecalsalated by considering all the streams entesimdjleaving
the section. The equations are:

Ein = Es21t Es22 Es37 * Esast Esset Esse * Eseé (13)
Eout = Es44* Esaet Ess7 * Esse* Ese7t Eses t Es71 (14)
Esource = 2 Ein (19)
Esink ~ Z Eout 4o
Exin = Exs21t Exs227 Exs37 * Exsas™ Exsset Exsse t Exse6 (17)
Exout = Exs44* Exs46™ Exss7 ¥ Exss9 Exse7* Exseg T Exs71 (18)
Exsource = 2 EXin (19)
Exsink ~ = Exout €0

(D) The furnace-boiler section

The furnace-boiler section of the thermal plarhis section where energy needed by the plant isrgesd.
The energy and exergy balances are:

Esource™ ZEin~ Efuelin ¥ Eair input ¥ EAH T EST7L (21)
Esink -~ ZEout~ Eg*E127" Efluegas (22)
. —-— . — . . . Ch . 23
Exsourcé  2Exin — Exfuel in T Exair input * Exrxn T ExS71 (23)
Exsink =  ZExout -~ ExS1* Ex12 * Exfluegas (24)



132 Exergy analysis of thermal plants involves chemiealtions of various kinds including reactionsombustion. It
133 s therefore important that the method of analysied should offer means of dealing, without unduaication,
134  with the chemical aspects of energy conversion.[I®le chemical exergy of the fuel due to combusticas
135 considered along side with the physical exergy. €hthalpy and entropy values used in calculatireg Hbat of
136 reaction and exergy of chemical reaction were tdkam literature [15].

137  The reaction of methane and oxygen is:

138
139 chat202 W~ cop*2H20 (25)
149
143 The specific exergy of chemical reaction (kJ/kg) ba written as:
144
145 (26)
s oo, ~h o o ~To| SCH, *+250, ~CO, —EI%Z@
éin CH, 2 (;02 HZO 0 4 2 4
148
149
150 This gives the exergy rate of chemical reactiorend the plant as:
151
(Ch_ o Oh ch
152 EXm - mln X nCh X éin rxn (27)
153
154  where: mih is the mass flow rate of chemical substanceeatrilet,
155 | ) is the mass fraction of chemical substance.
o
156
157
158 3.3 Energy and Exergy Balances on the Sub-systemsand Overall System
159
160 For the purpose of studying coupling (interactiefifects among sections, the whole thermal plant was

161 grouped into sub-systems as shown in Figure 1filbunderstanding of these balances the HYSYS rotithe
162 plant has to be compared with process flow diagvéthe plant.

163

164 (A) Theturbine-generator assub-system 1 (Base Case)

165

166 The turbine-generator section was also choseneddbe case sub-system 1. Therefore, the energy and
167 exergy balance equations of plant section 1 gimeh2.1(A) are applicable here.

168

169 (B) Coupling of turbine-generator and the condenser (sub-system 2)

170

171 The energy and exergy were also calculated by derisig all the streams entering and leaving the sub
172  system. Such as:

173

174 Ejn =Egg+Egs +Eg5*+Egs*Esp7 *Esog * Esog +Es3p * Esao (28)

175  Egyt = Eq7 *Esg +Eg7 *Eg1g *Eg3o *Eg33 +Egag +Egag *Esao (29)

176 Esink =R (30)

178 Exjp = Exgg +Exgg +EXg 5 + EXg g + EXgp7 + EXgog + EXgpg + EXggg + EXgyg (32)
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BXsink = R (34)

EXsource = 2EXjn — 2BXout (35)

(C) Coupling of turbine-generator, condenser and the regenerators (sub-system 3)

The regenerative part of the system are the heditagrgers where the heats are recovered back mtsydiem. The

efficiencies (energetic and exergetic) were aldoutated by considering all the streams enterind kaving the
sub-system. Such as:

Esource = SEin = Es2 T Esiat Esao (36)
Esink = Eow ~ Esiit Esa T Esn (37)
EXSOUI’CE = EXin = EX52+ EXsm+ EXs4o (38)
Exsink = Exouw ~ Exsi1t Exsa T Exsaz (39)

(D) Coupling of the 4 sections (the overall system)

In calculating the overall efficiency and overaltieversibility of the thermal plant, the streamsnwdterial entering
and leaving the entire plant were considered.

The overall energy and exergy balances are:

Esouroe = zEin = Efudin + Eairinput + EAH + Ecoolingvvaterin (40)
Esink = zEout = Efluegas + Ecooling water in (41)
. e e . - ch .

Exsource - ZExm - Exfue|in + Exajrinput + Exrxn + EXcoolingwaterin (42)
Esink = zEout = Efluegas + Ecooling water in (43)

The total irreversibility of the Thermal Plant bytés, (1980):

| = IEx, - ZEX,, (44)

The net power generated in the planget was obtained by subtracting the auxiliary powesdusy the plant such as

power used by the pumr(sPCEP, PBEP), compressors and the furnace-boiler from the fotaler generated. The

auxiliary power was assumed to be 5% of the tadalgy generated. The relationship is given by:

P

net

=p - pA (45)

The overall energeti(ﬂ) and exergeti((gl/) efficiencies [11, 17] are given by:

_ Net power generated

(46)
2 Ein~ 2 Eout
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Net power generated
= 47
Heat energy generated by the fuel

And
_ Net power generated (48)
2 Exin ~ Z Exout
Net power generated (49)

- Heat exergy generated by the fuel

4. Resultsand Discussion
4.1 Sections Energetic and Exergetic Efficiencies

The results of sections of the thermal plant ondtalone basis are presented in Tables 1. It wasreéd that the
sections energetic efficiencies for all the thromgis were approximately an average of 100% forttlbine-

generator and the condenser sections, 67% forethenerators section, and 63% for the furnace-bsdetion. The
sections exergetic efficiencies for all the thropigis were an average of 81.5% for the turbine-gdoersection,
24% for the condenser section, 43% for the regémeraection, and 39% for the furnace-boiler sectiche results
showed that the furnace-boiler and the condenseioss have the least exergetic efficiencies witile energetic
efficiencies of the regenerators and furnace-boeiere the least. The low exergetic efficienciethia furnace-boiler
and condenser sections were as a result of thefateemical reaction taking place in the furnacédy section and
the heat lost to cooling water in the condensetiGeof the thermal plant.

4.2 Coupled Sections (Sub-Systems) and Overall System Energetic and Exer getic Efficiencies

The results of energetic and exergetic efficiencesoupling the sections are presented in Tablest2For the
coupling of turbine-generator and condenser adesgstem shown in Table 2, the energetic efficienevere 100%
for all the throughputs but the average exergedficiencies were 72.3%. This showed that couplifiguwbine-
generator and condenser had no effect on the danregjffciency but had effect on the exergetic @éncy. For the
coupling of turbine-generator, condenser and regeoes as a sub-system shown in Table 3, the efierge
efficiencies dropped to an average value of 78%afothe throughputs and the exergetic efficientsp alropped to
an average value of 64.3% for all the throughptités showed that coupling of regenerators to tiekgenerator
and condenser had appreciable effect on both eterged exergetic efficiencies of the sub-systetmwas also
observed that as the sections were coupled togetherenergetic and exergetic efficiencies of thapted sub-
systems dropped and that throughput did not hawehratfect on the efficiencies of the coupled sustesms.

For the overall system (coupling of turbine-genaratondenser, regenerator and furnace-boiler)vshn Table 4,
both energetic and exergetic efficiencies dropgedy to an average of 20.2% and 11.7% for allttimeughputs,
respectively. This showed that the closed loop lmgppe of the thermal plant made the highest contrdyuin

determining the overall process efficiencies. Tésults further showed that the overall second-IHigiency of the
plant was lower than the overall energy efficieray was expected. The results of a coal-based theqriauat

analysis [20] showed that the energy and exerggieficies were 32% and 28%, respectively, and aykeh in

values compared to the results from this studytdude formulae used in calculating the efficiescielhe overall
energetic and exergetic efficiencies at differentotighputs showed further that thermal plants mbet
complimented with economic analysis to optimizedperation of the plant.
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Turbine-generator Condenser Regenerators Furndls-bo
Energetic Exergetic Energetic Exergetic  Energetic Exergetic  Energetic  Exergetic
efficiencies efficiencies efficiencies efficiencies efficiencies efficiencies efficiencies efficiencies
Throughputs (%) (%) (%) (%) (%) (%) (%) (%)
50% 99.85 82.01 100 26.61 63.64 38.72 62.08 39.64
75% 99.81 80.01 99.99 24.23 63.81 40.51 62.55 40.24
100% 99.83 82.72 99.98 23.25 63.31 44.01 63.24 537.6
110% 99.98 82.94 99.97 22.23 77.41 46.95 63.17 537.8
276

277 Tablel: The Energetic and Exergetic Efficienciesof the Turbine-generator, Condenser, Regenerators and
278  Furnace-boiler Sections.

279

280

281

282

283 Table2: Energetic and Exergetic Efficiencies of the Turbine-generator and Condenser Sub-system
284

Energetic Exergetic
Efficiencies  Efficiencies
Throughputs (%) (%)
At 50% 100 74.61
At 75% 100 70.01
At 100% 100 72.31
At 110% 100 71.45
285
286

287 Table 3: Energetic and Exergetic Efficiencies of the Turbine-generator, Condenser and the Regenerators
288  Sub-system

289
Energetic
Efficiencies Exergetic
Throughputs (%) Efficiencies (%)
At 50% 79.59 66.22

At 75% 79.46 65.51
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At 100% 76.86 63.30

At 110% 75.92 61.97

Table 4: Energetic and Exergetic Efficiencies of 295

the Whole Ther mal Plant 296
Energetic Exergetic
Efficiencies Efficiencies
Throughputs (%) (%)
At 50% 18.17 10.26
At 75% 19.79 11.22
At 100% 21.42 11.58
At 110% 21.45 11.61

4.3 The Relevance of the Irrever sibilities on the Thermal Plant

Table 5 shows the irreversibilities at differentaiiighputs in the sections of the thermal plant. ffeed showed that
the irreversibilities depend on the fuel input,ttig the higher the fuel input the higher the uasibilities. The
exergy of destruction in the plant which broughvattthe useful energy in the furnace-boiler wasiuseneat up the
massive tonnes of water to steam of required teatpexr and pressure and this resulted in high irsdvities
within the plant. It was also observed that abda6% of the total irreversibilities occurred at thenace-boiler
section of the thermal plant for all the througtgpand this brought about a great reduction in thergetic and
exergetic efficiencies of the overall thermal plastshown in Table 4. The increase in irreversiediwas caused as
a result of heat transfer through a finite temperatifference, chemical reactions, friction, aniting in the boiler-
furnace section of the thermal plant.

Table 6 shows the irreversibilities of the coupkb-systems and the overall thermal plant. The alivérermal

plant irreversibilities have reduced values as shomw Table 6, because great amount of heat genkwtehe
furnace-boiler was absorbed within the plant.

Table5: Thelrreversbilities of the Sections

Through- Turbine- Furnace-
put generator Condenser Regenerators Boiler
50% 116 127 129 1018

75% 168 188 201 1397
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353

100% 219 250 272 1840

110% 233 270 296 1980

Table 6: Thelrreversibilities of the Coupled Sub-systems and the Overall Thermal Plant

Turbine-

generator  Turbine-generator,
Through- Turbine- & Condenser & Overall
put generator Condenser Regenerators System
50% 116 127 157 187
75% 168 188 233 239
100% 219 250 322 351
110% 233 270 352 381

5. Conclusions

In this work, the energetic and exergetic analygese performed on a thermal power plant to stugbtisns, sub-
systems and overall system efficiencies and irshgities at various throughputs. It was foundtttiee sub-systems
energetic and exergetic efficiencies were sensitivplant throughputs but the overall thermal planergetic and
exergetic efficiencies were not sensitive to cleanigpy plant throughput. The overall exergetic éficy was lower
than the overall energetic efficiency as was exgbdiecause of proper accounting of different typeprocess
exergies of material, heat and work in the plant &me irreversibilties of the thermal plant incredsas the
throughputs increased.
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Figure 1. Processflow diagram of the plant showing the subsystems and overall system

Sub-system 1= = = = = ; Sub-system 2= - — - ;= Subsystem 3

Sub-system 4/Overall system

PSH-Primary Superheater, SSH-Secondary Superh&tteReheater, E-Economizer, AP-Air Preheater, HRghHPressure Turbine, IPT- Intermediate Pressure
Turbine, LPT- Low Pressure Turbine, C-CondensersGoRdenser Pump, AE- Aerator Ejector, GC- Granddeaser, DC- Drain Cooler, LPH-Low Pressure
Heater, DRTR-Deaerator, BFP- Boiler Feed Pump, HRigh Pressure Heater,,(C,,...Combustors,aa,... air streams, 1, 2,... Process streamd,, f..Natural

Gas, fgl, fg2,....flue gas streams.
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Figure2: HYSYSmode of the thermal plant



