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Abstract: This study carried out energy and exergy analyses of a thermal power plant in order to investigate the 15 
interaction effects of coupling sections of the plant and overall system. The thermal plant was simulated using 16 
HYSYS simulation software and EXCEL spreadsheet was used for the energy and exergy analyses. The sections 17 
were grouped into four, namely: Turbine-generator, Condenser, Regenerator and Furnace-boiler Sections. The 18 
energetic and exergetic efficiencies and irreversibilities at different throughputs (50, 75, 100 and 110% power 19 
outputs) were evaluated for each section and the sections were coupled into sub-systems one after the other until the 20 
whole system was coupled. The results showed that the furnace-boiler and the condenser sections have the least 21 
exergetic efficiencies of an average of 24.08% and 38.85%, respectively, while the energetic efficiencies of the 22 
regenerator and furnace-boiler were the least and were 67.04% and 62.74% on the average, respectively. The overall 23 
system energetic and exergetic efficiencies were at an average of 20.21% and 11.17%, respectively. This showed 24 
that overall second-law efficiency of the plant was lower than the energy efficiency as was expected. The result of 25 
the overall irreversibilities of the plant also increased as the throughput increased.  26 
  27 
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 29 
1. Introduction 30 
 31 
Exergy analysis is a thermodynamic analysis technique based on the first and second law of thermodynamics which 32 
provides an alternative and illuminating means of assessing and comparing processes and systems rationally and 33 
meaningfully [9]. Exergy represents the part of energy, which can be converted into maximum useful work. It was 34 
used to establish criteria for the performance of engineering devices [3]. Unlike energy, exergy was not conserved 35 
and got depleted due to irreversibilities in the processes [19].  The greater the extent of irreversibilities, the greater 36 
the entropy production, therefore, entropy can be used as a quantitative measure of irreversibilities associated with a 37 
process. The performance of engineering systems was degraded by the presence of irreversibilities, and the entropy 38 
production was a measure of the magnitudes of the irreversibilities present during that process [3]. 39 
Several studies had been carried out by researchers [4, 6, 7, and 19] to evaluate the performance of thermal power 40 
plants using exergy analysis. Energy, exergy and exergoeconomic analyses were used on a steam power plant using 41 
natural gas [14]. The comparison of coal-fired and nuclear steam power plants using energy and exergy analyses to 42 
identify areas with potential for performance improvement had been investigated [16]. Analysis of a Rankine cycle 43 
was carried out reheat steam power plant to study the energy and exergy efficiencies at different operating 44 
conditions with varying boiler temperature, boiler pressure, mass fraction ratio and work output from the cycle [15].  45 
Exergy and cost balances had been used to study gas-turbine cogeneration system [12]. The performance of a 46 
thermo-economic analysis of a coal fired electricity generating station was achieved [17] and the investigation of the 47 
exergetic destructions of a steam generation system [1].  48 
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This study undertook exergy analysis of a natural gas based thermal power plant, located at Egbin, Ikorodu, Lagos 49 
State of Nigeria. The objectives of this study were to determine the energetic and exergetic efficiencies and 50 
irreversibilities of the four sections and the overall system at different throughputs (50, 75, 100 and 110% power 51 
output) and the effects of coupling sections of the thermal plant on thermodynamic efficiencies. 52 

2. Plant description 53 

The thermal power plant burns fossil fuels, which primarily consists of natural gas (NG) and high pour fuel oil 54 
(HPFO) as back up, and generates steam which was converted to shaft work in the turbine and to electric power in 55 
the generator. The steam generated in the boiler enters the turbine at temperature of about 5400C and pressure of 56 
12.5MPa to spin the turbine blade at a very high speed of 3000 rev/min. There are six turbines units, each capable of 57 
generating 220 MW. The water from the lagoon was used as cooling water. The water was passed through the 58 
condenser to enhance the recovery of water from steam. The recovered water in the condenser enters the condensate 59 
polishing plant for treatment before being sent back to the boiler for re-use. The cooling water which gains 60 
temperature from the condenser exits through a discharge channel into the lagoon. The temperature of the effluent 61 
water from the powerhouse was reduced in the supplementary cooling system before finally being discharged back 62 
into the lagoon [12]. The process flow diagram of the plant was shown in Figure 1. The thermal plant had 23 units 63 
and these were grouped into 4 sections, namely; turbine-generator, condenser, regenerator and boiler-furnace 64 
sections as shown in Figure 1. 65 

3. Methodology 66 

3.1 Simulation 67 

HYSYS (2003) process simulator was used to simulate the plant and process data were obtained from the plant. The 68 
Peng-Robinson equation of state was used for the simulation. In this analysis, the following assumptions were made: 69 
the natural gas burnt in the combustor was assumed to be 87.3% methane, 6.3% ethane, 2.7% propane, 1.5% butane, 70 
0.5% pentane, 0.2% heptanes, 1% CO2, 0.7% nitrogen; the compressed air used in the combustor was standard air; 71 
unaccounted heat loss from the system due to radiation and convection was neglected; fuel undergoes complete 72 
combustion. The HYSYS model of the thermal plant is shown in Figure 2. 73 

3.2 Energy and Exergy analyses 74 

The exergy and energy calculations were done using EXCEL spreadsheet after extracting the thermodynamic data 75 
from the HYSYS simulations environment. These were calculated using the formulae given in the theory section 76 
applied to each section, sub-system and overall process of the thermal plant. 77 

3.2.1 Energy and Exergy analyses of Sections 78 

(A) The turbine-generator section 79 
 80 

 The energy and exergy of source and sink were calculated by considering all the streams entering and leaving 81 
the section.  82 
The following equations were used. 83 84 

ESESESESESESESESEin &&&&&&&&& 30292827161553 +++++++=                                                   (1) 85 

ESESESESESESESESEout &&&&&&&&& 34333231181787 +++++++=                                     (2)
 

86 

xE outxE inEsource &&& −=                                                     (3) 87 

PiE k =&sin                                                                                        (4) 88 

xE SxE SxE SxE SxE SxE SxE SxE SxE in &&&&&&&&& 30292827161553 +++++++=                   (5) 89 

xE SxE SxE SxE SxE SxE SxE SxE SxE out &&&&&&&&& 34333231181787 +++++++=                   (6) 90 
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xE outxE inxE source &&& −=                                             (7) 91 

PixE k =& sin                                                                                   (8) 92 
 93 
Where: 94 
Pi   is the power generated. 95 
 96 
(B) The condenser section 97 
 98 

The energy and exergy of source and sink the condenser were also calculated by considering all the hot and 99 
cold streams entering and leaving the section. The equations are: 100 

ESESEsource &&& 4239−=                            (9) 101 

ESESE k &&& 4041sin −=                               (10) 102 

xE SxE SxE source &&& 4239−=                           (11) 103 

xE SxE SxE k &&& 4041sin −=                          (12) 104 
 105 
(C) The regenerators section  106 
 107 

The regenerative part of the system is the heat exchangers where the heats are recovered back into the 108 
system. The energy and exergy of streams were also calculated by considering all the streams entering and leaving 109 
the section. The equations are: 110 
 111 

ESESESESESESESEin &&&&&&&& 66585648372221 ++++++=                       (13) 112 

ESESESESESESESEout &&&&&&&& 71696759574644 ++++++=                       (14) 113 

∑= E inEsource
&&                                                                                   (15) 114 

∑= E outE k &&sin                           (16) 115 

xE SxE SxE SxE SxE SxE SxE SxE in &&&&&&&& 66585648372221 ++++++=         (17) 116 

xE SxE SxE SxE SxE SxE SxE SxE out &&&&&&&& 71696759574644 ++++++=                        (18) 117 

∑= xE inxE source
&&                                                           (19) 118 

 ∑= xE outxE k && sin                                         (20) 119 

 120 
(D) The furnace-boiler section  121 
 122 

The furnace-boiler section of the thermal plant is the section where energy needed by the plant is generated. 123 
The energy and exergy balances are: 124 
 125 

ESE rxnHE inputairE infuelEinEsource &&&&&& 71+∆++=Σ=                                                    (21) 126 

E gasflueEESEoutE k &&&&& ++=Σ= 121sin                                                                     (22) 127 

=xE source& xE SxE
Ch
rxnxE inputairxE infuelxE in &&&&& 71+++=Σ                (23) 128 

 =xE k& sin xE gasfluexExE SxE out &&&& ++=Σ 121                                                                              (24) 129 

 130 
 131 
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Exergy analysis of thermal plants involves chemical reactions of various kinds including reactions of combustion. It 132 
is therefore important that the method of analysis used should offer means of dealing, without undue complication, 133 
with the chemical aspects of energy conversion [10]. The chemical exergy of the fuel due to combustion was 134 
considered along side with the physical exergy. The enthalpy and entropy values used in calculating the heat of 135 
reaction and exergy of chemical reaction were taken from literature [15]. 136 
The reaction of methane and oxygen is: 137 
             138 

OHCOOCH 2 222 24 ++ →
                (25) 139 

  

 140 
  

141 

The specific exergy of chemical reaction (kJ/kg) can be written as: 142 
 

143 

 144 
  (26) 145 
 146 
  147 
     148 

    149 
This gives the exergy rate of chemical reaction entering the plant as: 150 
 151 

en
ChChCh rxn
inChn

xxmixE in && =                                          (27) 152 

           153 

Where:    m
Ch

in&
  is the mass flow rate of chemical substance at the inlet, 154 

nCh
    is the mass fraction of chemical substance. 155 

 156 
 157 

3.3  Energy and Exergy Balances on the Sub-systems and  Overall System  158 
 159 

For the purpose of studying coupling (interaction) effects among sections, the whole thermal plant was 160 
grouped into sub-systems as shown in Figure 1. For full understanding of these balances the HYSYS model of the 161 
plant has to be compared with process flow diagram of the plant. 162 
 163 
(A) The turbine-generator as sub-system 1 (Base Case) 164 
 165 

The turbine-generator section was also chosen as the base case sub-system 1. Therefore, the energy and 166 
exergy balance equations of plant section 1 given in 3.2.1(A) are applicable here. 167 

  168 
(B)  Coupling of turbine-generator and the condenser (sub-system 2) 169 
 170 

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

 173 

4030292827161553 SESESESESESESESESEinE &&&&&&&&&& ++++++++=         (28) 174 

4241343332181787 SESESESESESESESESEoutE &&&&&&&&&& ++++++++=        (29)  175 

iPkE =sin
&                (30)   176 

outEinEsourceE &&& Σ−Σ=              (31)    177 

4030292827161553 SxESxESxESxESxESxESxESxESxEinxE &&&&&&&&&& ++++++++=          (32) 178 

4241343332181787 SxESxESxESxESxESxESxESxESxEoutxE &&&&&&&&&& ++++++++=          (33) 179 
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iPkxE =sin
&                (34)   180 

outxEinxEsourcexE &&& Σ−Σ=              (35)   181 
 182 
(C)  Coupling of turbine-generator, condenser and the regenerators (sub-system 3) 183 
 184 
The regenerative part of the system are the heat exchangers where the heats are recovered back into the system. The 185 
efficiencies (energetic and exergetic) were also calculated by considering all the streams entering and leaving the 186 
sub-system. Such as: 187 

188 
 189 

=Esource& EEEE SSSin &&&& 40132
++=Σ                         (36) 190 

=E k&sin EEEE SSSout &&&& 714111
++=                         (37) 191 

=xE source& xExExExE SSSin
&&&&

40132
++=                         (38) 192 

=xE k& sin xExExExE SSSout
&&&&

424111
++=                        (39) 193 

 194 
(D)  Coupling of the 4 sections (the overall system)  195 
 196 
In calculating the overall efficiency and overall irreversibility of the thermal plant, the streams of material entering 197 
and leaving the entire plant were considered. 198 

  199 
The overall energy and exergy balances are: 200 
 201 

inwatercoolingHinputairinfuelinsource EEEEEE &&&&&& +++=Σ= ∆                     (40) 202 

inwatercoolinggasflueoutk EEEE &&&& +=Σ=sin                                     (41)  203 

inwatercooling
Ch
rxninputairinfuelinsource xExExExExExE &&&&&& +++=Σ=                    (42) 204 

inwatercoolinggasflueoutk EEEE &&&& +=Σ=sin                        (43) 205 
 206 
 207 
The total irreversibility of the Thermal Plant by Kotas, (1980): 208 
 209 

outin xExEI &&& Σ−Σ=                                        (44) 210 
 211 
The net power generated in the plant Pnet

 was obtained by subtracting the auxiliary power used by the plant such as 212 

power used by the pumps ),( BEPCEP PP , compressors and the furnace-boiler from the total power generated. The 213 
auxiliary power was assumed to be 5% of the total power generated. The relationship is given by: 214 
 215 

Aux
Tnet PPP −=                       (45) 216 

                                                  217 
The overall energetic ( )η  and exergetic ( )ψ  efficiencies [11, 17] are given by: 218 

 

219 

∑ ∑−
=

EoutEin

generatedpowerNet

&&

η                     (46) 220 

 221 
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fuelthebygeneratedenergyHeat

generatedpowerNet
=η                  (47) 222 

 223 
And  224 
 225 

∑ ∑−
=

xE outxE in

generatedpowerNet

&&

ψ                 (48) 226 

             227 

fuelthebygeneratedexergyHeat

generatedpowerNet
=ψ              (49) 228 

 229 
 230 
4. Results and Discussion 231 
 232 
4.1     Sections Energetic and Exergetic Efficiencies 233 
 234 
The results of sections of the thermal plant on stand alone basis are presented in Tables 1. It was observed that the 235 
sections energetic efficiencies for all the throughputs were approximately an average of 100% for the turbine-236 
generator and the condenser sections, 67% for the regenerators section, and 63% for the furnace-boiler section. The 237 
sections exergetic efficiencies for all the throughputs were an average of 81.5% for the turbine-generator section, 238 
24% for the condenser section, 43% for the regenerators section, and 39% for the furnace-boiler section. The results 239 
showed that the furnace-boiler and the condenser sections have the least exergetic efficiencies while the energetic 240 
efficiencies of the regenerators and furnace-boiler were the least. The low exergetic efficiencies in the furnace-boiler 241 
and condenser sections were as a result of the rate of chemical reaction taking place in the furnace-boiler section and 242 
the heat lost to cooling water in the condenser section of the thermal plant.    243 
 244 
4.2 Coupled Sections (Sub-Systems) and Overall System Energetic and Exergetic Efficiencies  245 
 246 
The results of energetic and exergetic efficiencies of coupling the sections are presented in Tables 2 - 4. For the 247 
coupling of turbine-generator and condenser as a sub-system shown in Table 2, the energetic efficiencies were 100% 248 
for all the throughputs but the average exergetic efficiencies were 72.3%. This showed that coupling of turbine-249 
generator and condenser had no effect on the energetic efficiency but had effect on the exergetic efficiency. For the 250 
coupling of turbine-generator, condenser and regenerators as a sub-system shown in Table 3, the energetic 251 
efficiencies dropped to an average value of 78% for all the throughputs and the exergetic efficiency also dropped to 252 
an average value of 64.3% for all the throughputs. This showed that coupling of regenerators to turbine-generator 253 
and condenser had appreciable effect on both energetic and exergetic efficiencies of the sub-system. It was also 254 
observed that as the sections were coupled together, the energetic and exergetic efficiencies of the coupled sub-255 
systems dropped and that throughput did not have much effect on the efficiencies of the coupled sub-systems.  256 
 257 
For the overall system (coupling of turbine-generator, condenser, regenerator and furnace-boiler), shown in Table 4, 258 
both energetic and exergetic efficiencies dropped sharply to an average of 20.2% and 11.7% for all the throughputs, 259 
respectively. This showed that the closed loop topology of the thermal plant made the highest contribution in 260 
determining the overall process efficiencies. The results further showed that the overall second-law efficiency of the 261 
plant was lower than the overall energy efficiency as was expected. The results of a coal-based thermal plant 262 
analysis [20] showed that the energy and exergy efficiencies were 32% and 28%, respectively, and are higher in 263 
values compared to the results from this study due to the formulae used in calculating the efficiencies.  The overall 264 
energetic and exergetic efficiencies at different throughputs showed further that thermal plants must be 265 
complimented with economic analysis to optimize the operation of the plant. 266 
 267 
 268 
 269 
 270 
 271 
 272 
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 273 
 274 
 275 

 276 
Table 1: The Energetic and Exergetic Efficiencies of  the Turbine-generator, Condenser, Regenerators and 277 
Furnace-boiler Sections. 278 
 279 
 280 

 281 
 282 
Table 2:  Energetic and Exergetic Efficiencies of the Turbine-generator and Condenser Sub-system 283 

 284 

Throughputs 

Energetic 
Efficiencies 

(%) 

Exergetic 
Efficiencies 

(%) 

At 50% 100 74.61 

At 75% 100 70.01 

At 100% 100 72.31 

At 110% 100 71.45 
 285 
 286 
Table 3:  Energetic and Exergetic Efficiencies of the Turbine-generator, Condenser and the  Regenerators 287 
Sub-system 288 

 289 

Throughputs 

Energetic 
Efficiencies    

(%) 
Exergetic 

Efficiencies (%) 

At 50% 79.59 66.22 

At 75% 79.46 65.51 

Throughputs 

Turbine-generator Condenser Regenerators Furnace-boiler 

Energetic 
efficiencies 

Exergetic 
efficiencies 

Energetic 
efficiencies 

Exergetic 
efficiencies 

Energetic 
efficiencies 

Exergetic 
efficiencies 

Energetic 
efficiencies 

Exergetic 
efficiencies 

(%) (%) (%) (%) (%) (%) (%) (%) 

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 37.65 

110% 99.98 82.94 99.97 22.23 77.41 46.95 63.17 37.85 
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At 100% 76.86 63.30 

At 110% 75.92 61.97 
 290 
 291 
Table 4:  Energetic and Exergetic Efficiencies of 292 
the Whole Thermal Plant 293 
 294 

 295 
 296 

Throughputs 

Energetic 
Efficiencies 

(%) 

Exergetic 
Efficiencies 

(%) 

At 50% 18.17 10.26 

At 75% 19.79 11.22 

At 100% 21.42 11.58 

At 110% 21.45 11.61 
 297 
 298 
 4.3 The Relevance of the Irreversibilities on the Thermal Plant  299 
 300 
Table 5 shows the irreversibilities at different throughputs in the sections of the thermal plant. The trend showed that 301 
the irreversibilities depend on the fuel input, that is, the higher the fuel input the higher the irreversibilities. The 302 
exergy of destruction in the plant which brought about the useful energy in the furnace-boiler was used to heat up the 303 
massive tonnes of water to steam of required temperature and pressure and this resulted in high irreversibilities 304 
within the plant. It was also observed that about 85.6% of the total irreversibilities occurred at the furnace-boiler 305 
section of the thermal plant for all the throughputs and this brought about a great reduction in the energetic and 306 
exergetic efficiencies of the overall thermal plant as shown in Table 4. The increase in irreversibilities was caused as 307 
a result of heat transfer through a finite temperature difference, chemical reactions, friction, and mixing in the boiler-308 
furnace section of the thermal plant.  309 
 310 
Table 6 shows the irreversibilities of the coupled sub-systems and the overall thermal plant. The overall thermal 311 
plant irreversibilities have reduced values as shown in Table 6, because great amount of heat generated at the 312 
furnace-boiler was absorbed within the plant.  313 
 314 
 315 
 316 
Table 5:  The Irreversibilities of the Sections 317 
 318 
 319 

Through-
put 

Turbine-
generator Condenser Regenerators 

Furnace-
Boiler 

50% 116 127 129 1018 

75% 168 188 201 1397 
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100% 219 250 272 1840 

110% 233 270 296 1980 
 320 
 321 
 322 
 323 
 324 
 325 
Table 6: The Irreversibilities of the Coupled Sub-systems and the Overall Thermal Plant 326 
 327 

Through-
put 

Turbine-
generator 

Turbine-
generator 

& 
Condenser 

Turbine-generator, 
Condenser & 
Regenerators 

Overall 
System 

50% 116 127 157 187 

75% 168 188 233 239 

100% 219 250 322 351 

110% 233 270 352 381 
 328 
 329 
 330 
 331 
5.         Conclusions 332 
 333 
In this work, the  energetic and exergetic analyses were performed on a thermal power plant to study sections, sub-334 
systems and overall system efficiencies and irreversibilities at various throughputs. It was found that the sub-systems 335 
energetic and exergetic efficiencies were sensitive to plant throughputs but the overall thermal plant energetic and 336 
exergetic efficiencies were not  sensitive to changes in plant throughput. The overall exergetic efficiency was lower 337 
than the overall energetic efficiency as was expected because of proper accounting of different types of process 338 
exergies of material, heat and work in the plant and the irreversibilties of the thermal plant increased as the 339 
throughputs increased. 340 
      341 
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 394 

Figure 1:  Process flow diagram of the plant showing the subsystems and overall system 395 

Sub-system 1:                   ;    Sub-system 2                       ;    Subsystem 3                           ;      Sub-system 4/Overall system                              . 396 

 397 PSH-Primary Superheater, SSH-Secondary Superheater, RH-Reheater, E-Economizer, AP-Air Preheater, HPT-High Pressure Turbine, IPT- Intermediate Pressure 
Turbine, LPT- Low Pressure Turbine, C-Condenser, CP-Condenser Pump, AE- Aerator Ejector, GC- Grand Condenser, DC- Drain Cooler, LPH-Low Pressure 
Heater, DRTR-Deaerator, BFP- Boiler Feed Pump, HPH- High Pressure Heater, C1, C2,...Combustors, a1, a2,... air streams, 1, 2,... Process streams, f1, f2,...Natural 
Gas, fg1, fg2,....flue gas streams.  
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 399 
                      Figure 2:  HYSYS model of the thermal plant 400 
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