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Abstract  10 

The improvement in thermal efficiency for coal to power processes is increasingly important 11 

due to concerns on CO2 emissions. This paper presents a systematic study on direct 12 

combustion coal to power processes with respect to thermodynamic, technical and economic 13 

factors. Traditional exergy analysis focuses on irreversibilities in existing processes, while the 14 

new methodology investigates the thermal efficiency from its theoretical maximum to 15 

practical values by adding irreversibilities one by one. As a result of the study presented in 16 

this paper, various measures for increasing the thermal efficiency are investigated and the 17 

corresponding improvement potential is presented. For a reference power plant, the exergy of 18 

the coal feed is calculated to be 1.08 times the lower heating value, while the actual thermal 19 

efficiency is 45.5% when irreversibilities for the combustion reaction, the heat transfer 20 

between flue gas and water/ steam, the low temperature heat losses, the steam cycle, and other 21 
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factors are included. Different measures to increase the thermal efficiency of the reference 22 

plant by 0.1% points are presented. The minimum thermal efficiency penalty related to CO2 23 

capture is 2.92-3.49% points within an air factor range of 1.0-1.4 when the CO2 is 100% 24 

recovered. 25 

Keywords:  coal based power plant; benchmarking; exergy analysis; CO2 capture.   26 

1. Introduction 27 

Coal will continue to be a dominant energy source also in the next decades. It was responsible 28 

for 41% of the world power generation in 2012 and is projected to be around 31% in 2040[1]. 29 

Coal based power plants have been developed for more than 100 years with respect to the 30 

capacity and thermal efficiency. The plant thermal efficiency has increased continuously from 31 

around 5% to 45% in the past century[2]. Reducing cost for power generation has always 32 

been a motivation for efficiency improvement. The increasing concerns about CO2 emissions 33 

stimulate further improvements in thermal efficiency. In direct combustion coal to power 34 

processes, the chemical energy of coal is converted into heat and this heat is further converted 35 

into power. Considerable efforts have been made to improve the thermal efficiency, such as 36 

reducing the irreversibilities in the process that converts the chemical energy of coal into 37 

heat[3], maximizing power production from the heat[4] and minimizing the losses of low 38 

temperature heat[5]. For pulverized coal based power plants, the long-term target on thermal 39 

efficiency is above 55% by using steam with maximum temperatures around 1073 K 40 

(800oC)[5]. 41 

The thermodynamic principles of coal based power plants (mainly steam cycles) have been 42 

described in many textbooks related to thermodynamics and power technologies[5-10]. 43 

Various measures for improving the plant performance have also been presented in these 44 

books as well as in many other publications. The primary objective of this paper is to 45 



 

investigate the improvement potential in thermal efficiency and the corresponding limitations 46 

for such measures presented in literature. The paper is an extension of the work by Fu et 47 

al.[11] The study starts by calculating the maximum thermal efficiency for a specific coal feed 48 

in an ideal (reversible) power plant. This efficiency will decrease when realistic (irreversible) 49 

unit operations are added for the combustion process, the heat transfer process, the steam 50 

cycle, and the flue gas treatment (CO2 emission control). The thermodynamic losses 51 

(irreversibilities) are caused by spontaneous processes such as combustion, as well as heat 52 

transfer at finite (often large) temperature differences, mixing, pressure drops, and turbo-53 

machinery inefficiencies. In addition, the thermal efficiency is limited by technical and 54 

economic factors, such as excess air for combustion, maximum pressure and temperature of 55 

the main steam, and low temperature heat losses. The influence of these limiting factors on 56 

the thermal efficiency has been investigated. For the reference plant, the measures for 57 

increasing the thermal efficiency by 0.1% points are investigated. The minimum energy 58 

penalty with respect to thermodynamic limitations for capturing CO2 at various purities and 59 

recovery rates is also studied. The results can be used as a basis for evaluating the thermal 60 

efficiency of plants where CO2 capture will be implemented in the future, and also the 61 

efficiency improvement measures. 62 

 63 

2. Methodology 64 

A methodology for benchmarking and identifying improvement potentials of processes was 65 

presented by Anantharaman et al.[12] The motivation for the new methodology was to 66 

develop a systematic and consistent way to identify improvement potential and integration 67 

opportunities in power processes with CO2 capture. To this end, three efficiencies that can be 68 

specified for a process are[12]: 69 
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(1) Thermodynamics limited: This is a scheme that requires the thermodynamically lowest 70 

possible energy input to produce the specified energy output. The resulting efficiency is the 71 

"ideal" efficiency that is the thermodynamically maximum attainable for such a process. 72 

This efficiency can never be achieved in practice since it requires perfectly reversible 73 

processes, however, it provides a thermodynamic benchmark or target for process design. 74 

(2) Technology limited: Limitations, both technological and those inherent in unit 75 

operations, prevent achieving the thermodynamic maximum efficiency. The thermal 76 

efficiency attainable by employing state-of-the-art technology can be thought of as a 77 

technology limited efficiency, which is typically compared in different benchmarking 78 

studies[13]. 79 

(3) Economics limited: While the technology limited efficiency by definition is achievable, 80 

it may not necessarily be economical. Latest technologies are often associated with a 81 

premium, which makes utilizing them economically infeasible. Thus the economics limited 82 

efficiency is the efficiency of a process using technology that results in a process that is 83 

commercially viable. 84 

Power plants with CO2 capture can be benchmarked with respect to the three above-85 

mentioned efficiencies. It must be noted that while the thermodynamic limited efficiency is 86 

fixed for a given process, the technology limited and economics limited efficiencies are 87 

subject to change over time. The difference between the thermodynamic maximum and the 88 

technology limited efficiencies quantifies the theoretical improvement potential and 89 

constitutes an additional source of information for benchmarking studies, which merits further 90 

attention. The source(s) of this difference in efficiency can point to possible future directions 91 

for technology development.  92 



The approach in this paper consists of applying engineering thermodynamics to increase the 93 

understanding of the fundamental losses imposed on a power cycle. The first step in the 94 

methodology is to evaluate the maximum efficiency limited by thermodynamics. This limit is 95 

achieved by defining an ideal (reversible) process. A set of non-idealities in the form of 96 

technological limitations are added systematically in series to go from the thermodynamics 97 

limited to the technology limited cases. The difference between the thermodynamics limited 98 

and technology limited efficiencies can thus be attributed to the different sets of 99 

irreversibilities and quantified. This is represented visually in Figure 1. 100 

 101 

This methodology is applied to a coal fired power plant to identify and quantify the sources 102 

and scope for improvements. 103 

3. The reference plant 104 

A 754 MWe pulverized coal based power plant has been used as the reference for a 105 

benchmarking study [14]. A simplified flowsheet with exergy flow data are shown in Figure . 106 

The fuel is Bituminous Douglas Premium coal, and the air factor is 1.22. The main parameters 107 

of the reference plant are presented in Table A1 (Appendix). The coal characteristics and the 108 

composition of the atmospheric air are listed in Tables A2 and A3 respectively.  109 

 110 

 

Figure 1. Representation of the systematic methodology for benchmarking 
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 111 
 112 

The procedure for calculating the chemical exergy of substances, the exergy of process 113 

streams and the exergy balances for process units are described in the literature[15, 16]. The 114 

reference state (marked as “0”) is T0=15oC, p0=1.01 bar (i.e. 1 atm). The standard chemical 115 

exergy of pure substances, 0
che  [kJ/mole], can be found in Szargut[16] and converted into the 116 

corresponding reference state. The chemical exergy of a material stream chEɺ  [kW] is 117 

calculated using Eq. (1). 118 

 119 

0
, 0( ) ( ln )ch i ch i i i

i i

E F x e FRT x x= +∑ ∑ɺ ɺ ɺ
                                                                                           (1) 120 

where Fɺ  [mole/s] is the molar flow of the stream and ix  is the molar fraction of component i.   121 

The physical (thermo-mechanical) exergy of a stream phEɺ  [kW] is equal to the amount of 122 

work arising when changing a stream reversibly from process conditions (T, p) to the 123 

reference conditions (T0, p0), and is calculated by Eq. (2) for the general case of multiple 124 

phases. 125 

0, 0, 0 0, 0,( ) ( ) ( ) ( )ph j j j j j j j j
j j j j

E F h F h T F s F s
   

= − − −   
   
∑ ∑ ∑ ∑ɺ ɺ ɺ ɺ ɺ                                                          (2) 126 

Here, h  [kJ/mole] and s  [kJ/(mole·K)] are the molar enthalpy and entropy of the stream, and 127 

j is the phase index. 128 

 

Figure 2 The reference coal based power plant with exergy flows 

 

Coal Hot flue gas
Combustor

1795.1 MW 1388.4 MW

Ash 3.1 MW

Steam cycle
Power

Air

Boiler
Emissions 

control

Cold flue gas

Flue gas 

vented

754 MW

MSFinal 

feedwater

RH

in

RH

out

81.3 MW

Hot air

67.9 MW



 

The total exergy of a stream totEɺ  [kW] at process conditions (T, p) is given as: 129 

tot ch phE E E= +ɺ ɺ ɺ                                                                                                                            (3) 130 

The irreversibility of a unit operation, Iɺ  [kW], can be calculated by: 131 

in outI E E= −ɺ ɺ ɺ                                                                                                                               (4) 132 

where inEɺ [kW] and outEɺ [kW] are the exergy entering and exiting the unit respectively. 133 

The theoretical minimum work required for a unit operation, minWɺ  [kW], is equal to the 134 

difference in exergy between the products and the feeds, and can be calculated by Eq. (5)[15]. 135 

product feed
min tot tot

product feed

W E E= −∑ ∑ɺ ɺ ɺ
                                                                                                      (5) 136 

Here, product
totEɺ  [kW] is the exergy of a product stream and feed

totEɺ  [kW] is the exergy of a feed 137 

stream. 138 

According to the methods described by Szargut[16], the chemical exergy of the coal feed 139 

(Table A2) is calculated to be 27,295 kJ/kg using Eq. (6). 140 

0 0
, (LHV)ch coale ϕ=                                                                                                                                                (6) 141 

Here, 0(LHV)   [kJ/kg] is the lower heating value of coal at the reference conditions (T0, p0), 142 

and ϕ  is the ratio of the chemical exergy to the lower heating value, calculated by[16]: 143 

1.0437 0.1896( / ) 0.2499( / ) 0.0428( / )h c o c n cϕ = + + +                                                     (7) 144 

where c, h, o and n are the mass fractions of carbon, hydrogen, oxygen and nitrogen in the 145 

ultimate analysis of coal (dry basis) respectively.  146 



 

For the reference plant, the exergy of the coal feed is calculated to be 1,795.1 MW and the 147 

thermal input (LHV) is 1,655.3 MW. After combustion, the total exergy of the flue gas is 148 

1,388.4 MW. The mass fraction of the major components of the ash is: SiO2-0.45; Al2O3-0.3; 149 

CaO-0.07; Fe2O3-0.03; SO3-0.035[5]. The chemical exergy of ash is calculated to be 330 150 

kJ/kg, equal to 0.17% of the exergy of the coal feed (3.1 MW), and is thus negligible. The 151 

exergy values for main streams are presented in Figure .  152 

 153 

4. Assessments on the thermal efficiency 154 

For the coal feed, the maximum work output is equal to its chemical exergy if the coal to 155 

power process is reversible. The chemical exergy of the coal feed is calculated to be 1.08 156 

times the lower heating value, while the thermal efficiency of the reference plant is 45.5%. 157 

Ideal reversible processes for reaction, separation and heat transfer are presented in the 158 

literature[15]. Such processes are infeasible in practice with respect to limitations in 159 

technologies, investment cost and plant lifetime. Proper driving forces are necessary and thus 160 

causing irreversibilities. The oxidation (combustion) of coal, the heat transfer between the 161 

flue gas and the working fluid of the power cycle, and the power cycle itself are the major 162 

sources of irreversibilities. The following sections illustrate how the thermal efficiency is 163 

reduced from its theoretical maximum to practical values by thermodynamic, technical and 164 

economic factors.     165 

 166 

4.1. Combustion losses 167 

The chemical energy of coal is released when the coal is oxidized to CO2 and H2O. Direct 168 

combustion with air is the most common way for the oxidation of coal. In the case of 169 

complete stoichiometric combustion, the adiabatic flame temperature is calculated to be 2,332 170 

K. The exergy destruction related to stoichiometric combustion is determined to be 30.4% of 171 
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the exergy of the coal. The chemical exergy of the flue gas, which corresponds to 3.5% of the 172 

exergy of the coal feed, has not yet been recovered by current technologies (unless the flue 173 

gas is further utilized as feed for other processes instead of being vented), meaning that the 174 

theoretical work that can be recovered from the flue gas is 66.1% of the exergy of the coal 175 

feed. The maximum thermal efficiency that can be obtained is thus 71.4% (determined as the 176 

ratio between the theoretical work that can be recovered from the flue gas (physical exergy) 177 

and the thermal input). 178 

At temperatures higher than 1,250 K, components such as CO2 and H2O will dissociate[17]. 179 

The equilibrium temperature (the temperature when chemical equilibrium is achieved) is 180 

obtained as 2,229 K, around 100 K lower than the adiabatic flame temperature of complete 181 

combustion. The exergy destruction is the same as for the complete combustion case. 182 

However, the chemical exergy of unburned CO and H2 in the flue gas is not expected to be 183 

recovered when the flue gas is cooled since the chemical equilibrium can not be achieved in 184 

finite time.  185 

 186 

4.1.1. Thermodynamic analysis of the combustion processes 187 

 188 

For an isothermal combustion process as shown in Figure 3, the entropy balance and energy 189 

balance can be written as: 190 

generation product feed / /C CS S S Q T S Q T= − + = ∆ +ɺ ɺ ɺ ɺ ɺ ɺ                                                                                                 (8) 191 

 

Figure 3 An isothermal combustion process 
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 192 

feed productQ H H H= − = −∆ɺ ɺ ɺ ɺ                                                                                                                                  (9) 193 

 194 

where generationSɺ  is the entropy generation caused by combustion irreversibilities, productSɺ  and 195 

feedSɺ  are the entropy of the product and the feed, S∆ ɺ  is the entropy difference between the 196 

product and the feed, Qɺ  is the heat removed from the system, CT  is the operating temperature, 197 

feedHɺ  and productHɺ  are the enthalpies of the feed and the product, and H∆ ɺ  is the enthalpy 198 

difference between the product and the feed.  199 

If the process is reversible, generation 0S =ɺ , then /CT H S= ∆ ∆ ɺɺ . This temperature is defined as 200 

the combustion temperature[18]. The change in Gibbs free energy G∆ ɺ  is zero at CT [19]. This 201 

temperature (CT ) can be understood as the one where the combustion reaction can take place 202 

reversibly, i.e. the (practically impossible) condition is necessary to be maintained for the 203 

entire combustion process. The changes in the enthalpy and entropy differences between the 204 

product and the feed with the temperature are negligible[3, 18, 19], thus 0 0/CT H S≈ ∆ ∆ ɺɺ , 205 

where 0H∆ ɺ  and 0S∆ ɺ  are the enthalpy and entropy differences between the product and the 206 

feed for a reaction at ambient temperature 0T . The combustion temperature of bituminous 207 

coal can be as high as 27,466 K[3], which is much higher than the stoichiometric adiabatic 208 

combustion temperature (2,332 K). In addition, the isothermal condition is impossible to 209 

maintain in practice. Irreversibilities will also be introduced when the reactants are heated 210 

from ambient temperature to the combustion temperature and the products are cooled from 211 

combustion temperature to ambient temperature. Thus the irreversibilities for the combustion 212 

process (air is used as oxidant) are considerable. 213 



 

In the case of adiabatic combustion of H2 and CH4, the irreversibilities are mainly caused by: 214 

(1) combined diffusion/fuel oxidation, (2) internal thermal energy exchange, and (3) the 215 

product mixing process[20]. The internal thermal energy exchange is responsible for more 216 

than 2/3 of the total losses. Similar results have also been observed for the combustion of 217 

carbon[21], i.e. internal thermal energy exchange and the chemical reaction (fuel oxidation) 218 

are responsible for the major losses.  219 

 220 

4.1.2. Reducing combustion irreversibilities  221 

The following options are available to reduce the combustion irreversibilities: 222 

(1) Converting coal into syngas by gasification (CO and H2). The gasification process has 223 

lower exergy destruction than the combustion process[21]. The syngas is further converted 224 

into H2 that can be oxidized in fuel cells. The fuel cells can achieve a high thermal 225 

efficiency at a much lower temperature compared to heat engines[19]. However, current 226 

gasification processes are not competitive to direct combustion with respect to economic 227 

considerations. Large scale implementation of fuel cells is also indeed a technical 228 

challenge.  229 

(2) Shifting direct combustion processes to chemical looping combustion (CLC). Metal 230 

oxides can be used as the oxidant. The combustion temperature �� of CLC processes can be 231 

reduced to feasible levels (e.g. lower than 1,000 K)[3], thus the irreversibilities related to 232 

the reaction are reduced. The irreversibilities caused by internal thermal energy exchange 233 

and product mixing can also be reduced. Further technology developments are required to 234 

implement the CLC technology and much research is ongoing[22]. 235 

(3) Increasing the operating temperature (adiabatic temperature). The exergy destruction 236 

related to combustion is lower at higher operating temperatures. Theoretically, very high 237 



 

operating temperatures can be achieved by preheating the air feed. However, the 238 

temperature is limited by materials of construction. In addition, the dissociation of CO2 and 239 

H2O increases at high temperature. The CO and H2 can not be completely oxidized into 240 

CO2 and H2O when the flue gas is cooling down due to limited time for heat exchange. 241 

(4) Reducing the exergy destruction related to internal thermal energy exchange. The 242 

preheating of air can reduce such losses.  243 

(5) Reducing the exergy destruction related to product mixing. Such losses are small, but can 244 

still be reduced by reducing the air factor (defined as the ratio of the actual air feed to the 245 

stoichiometric air feed) or using pure O2 or metal oxides. Lower air factors, however, can  246 

result in incomplete combustion of coal.   247 

The possible change in the irreversibilities of other units should also be taken into 248 

consideration when the combustion irreversibilities are reduced. For the reference power 249 

plant, the following three practical measures are investigated: (i) preheating the air (referred 250 

to items (3) and (4) above), (ii) reducing the air factor (referred to items (4) and (5) above) 251 

and (iii) using pure O2 (referred to items (3), (4) and (5) above). 252 

Figure 4 shows the exergy destruction of the combustion process (as percentage of the exergy 253 

of the coal feed) and the adiabatic flame temperature at different air feed temperatures and air 254 

factors (referred to the numbers for each curve in the figure). The results are obtained using 255 

two models: (1) complete combustion and (2) chemical equilibrium. The exergy destruction is 256 

almost the same for the two combustion models. This is explained by relatively low CT  for 257 

CO and H2 (3,276.5 K and 5,454 K respectively according to literature[3]). The adiabatic 258 

flame temperature is not far away from CT , thus the exergy destruction is very small if the 259 

unburned CO and H2 (determined by the equilibrium model) are burned completely. 260 



However, the chemical exergy of the unburned CO and H2 may be lost in the stack if the CO 261 

and H2 have not been oxidized when the flue gas is cooled.  262 

 263 

Preheating of air can reduce the losses caused by internal thermal energy exchange and 264 

combustion reactions. The exergy destruction is reduced from 30.4% to 20.0% when the air is 265 

preheated from 288 K to 1,288 K in the case of stoichiometric combustion. Without any 266 

preheating of air, the exergy destruction increases from 30.4% to 35.0% when the air factor 267 

increases from 1.0 to 1.4. The excess air reduces the adiabatic flame temperature, thus 268 

increases the exergy destruction caused by combustion reactions. The exergy destruction 269 

related to mixing and the internal thermal energy exchange also increases. When the air is 270 

preheated, the influence of the air factor on the exergy destruction is reduced. When the air 271 

factor is 1.22 (the reference plant) in the case of no preheating, the exergy of the combustion 272 

product is 67.0% of the exergy of the coal feed, where the physical exergy and the chemical 273 

exergy contribute 63.0% and 4.0% respectively.  274 

 
Figure 4 Exergy destruction due to combustion [% of the exergy of the coal] 
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When pure O2 is used for combustion (oxy-combustion), the exergy destruction related to the 275 

combustion reaction, mixing (N2 is not present) and internal thermal energy exchange (no 276 

heating of N2) is reduced. In case of stoichiometric combustion without preheating of air, the 277 

exergy destruction for the combustion process is calculated to be 20.5% of the coal feed. 278 

However, the extremely high adiabatic flame temperature (5,495 K) requires dilution. In 279 

addition, the production of pure O2 introduces air separation units and thus new losses. When 280 

CO2 capture is included, however, oxy-combustion is a promising alternative[23].  281 

4.2.  Low temperature heat losses 282 

In the reference power plant, the exhaust flue gas temperature is 393 K. The physical exergy 283 

of the flue gas is calculated to be 0.96% of the thermal input. The reduction in low 284 

temperature heat wasted or recovery of this heat is an important way to improve the thermal 285 

efficiency. The low temperature heat losses can also be reduced by decreasing the air factor 286 

and the flue gas temperature. Organic Rankine Cycles (ORCs) and some other cycles have 287 

been proposed for recovering low temperature heat[24]. This topic is, however, not discussed 288 

in detail in this paper.  289 

The influence of the air factor (denoted by f) on low temperature heat losses can be explained 290 

using Figure 5. The energy balance is assumed to be satisfied for the case of stoichiometric 291 

combustion (f=1), and is represented by the streams in solid lines. Note that the heat losses 292 

related to surface radiation and convection and the steam losses due to boiler blowdown and 293 

surface blowoff for impurity removal, and any other steam losses are neglected. The heat loss 294 

caused by the ash is also neglected. If the air factor increases from 1 to f, more coal ( coal'mɺ ) is 295 

burned in order to heat the additional flue gas (FG'mɺ ) from ambient temperature to the flue 296 

gas temperature. The dashed lines show the combustion of the additional coal. Note that the 297 

flue gas represented by dashed lines includes the products of the combustion of the additional 298 



 

coal and the excess air. The mass balance should be satisfied for the dashed streams, as shown 299 

by Eq. (10). 300 

coal air FG ash' ' ' 'm m m m+ = +ɺ ɺ ɺ ɺ
                                                                                                      (10) 301 

Here air'mɺ  is the mass flow of the additional air to be used, air coal coal' ' ( 1)m f m f mω ω= + −ɺ ɺ ɺ , 302 

where ω  is the stoichiometric  ratio ( 8.8122ω =  for the coal feed). ash'mɺ  is the mass flow of 303 

the additional ash produced, thus ash coal' 0.1415 'm m=ɺ ɺ  (according to Table A2). Eq. (10) can 304 

be rearranged as: 305 

FG coal coal' (0.8585 8.8122 ) ' 8.8122( 1)m f m f m= + + −ɺ ɺ ɺ                                                                         (11) 306 

According to the definition of the lower heating value (LHV), the following energy balance 307 

can be obtained: 308 

FG 0coal FG FG, FG,' (LHV) ' ( ' ' )T Tm m h h= −ɺ ɺ                                                                                                        (12) 309 

where 
FGFG,' Th and 

0FG,' Th  are the specific enthalpies of the additional flue gas at exhaust 310 

temperature (
FGT ) and ambient temperature (

0T ).  311 

 312 



 313 

For a given FGT , the influence of the air factor on the thermal efficiency can be investigated 314 

based on Eqs. (11) and (12). Similarly, the influence of the exhaust flue gas temperature on 315 

the thermal efficiency can also be investigated. Figure 6 shows the mass and energy balances 316 

when the flue gas temperature changes from FGT  (the box in solid lines) to †FGT  (the box in 317 

dashed lines). Note that the flue gas represented by the dashed lines includes the gas products 318 

resulting from the burning of the two portions of coal feed ( coalmɺ  and coal'mɺ ). More (or less) 319 

coal is consumed when the flue gas temperature increases (or decreases) in order to maintain 320 

the energy balance. The following energy balance can easily be obtained from Figure 6.  321 

†
0 FG 0FG

† †
coal FG FG, FG FG, FG,FG,

( ' ) ( ) ( )T T TT
LHV m m h h m h h= − − −ɺ ɺ ɺ                                                                   (13) 322 

where 
FGFG,Th  and 

0FG,Th  are the specific enthalpies of the flue gas at exhaust temperature (FGT ) 323 

and ambient temperature (0T ). For a given f, the influence of the flue gas temperature on the 324 

thermal efficiency can then be determined. 325 

 
Figure 5 Mass and energy balances for investigating the influence of the air factor (f)  
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 327 

The results are illustrated in Figure 7. When the flue gas temperature is 393 K (the reference 328 

plant), the thermal efficiency increases from 45.2% to 45.9% when the air factor is reduced 329 

from 1.4 to 1.0. The thermal efficiency increases by 0.1% points on average when the air 330 

factor is reduced by 0.057. When the air factor is 1.22 (the reference plant), the thermal 331 

efficiency increases from 45.5% to 46.6% if the flue gas temperature decreases from 393 K to 332 

345 K. Such reduction in flue gas temperature can be achieved by using flue gas as heat 333 

source in air preheaters that can withstand the acid corrosion[5]. The spread and distribution 334 

of the flue gas from the stack limits the flue gas temperature to 345 K[5]. If the flue gas could 335 

be further cooled to 308 K (this temperature is limited by the temperature driving forces of 336 

heat exchangers), the thermal efficiency would increase to 47.4%. It is found that for every 337 

reduction of 4.5 K in flue gas temperature, the thermal efficiency increases by ~0.1% points. 338 

The air factor has negligible influence on the thermal efficiency when the flue gas is cooled to 339 

ambient temperature. This is reasonable since the heat losses are very small when the flue gas 340 

exits at around ambient temperatures.  341 

 
Figure 6 Mass and energy balances for investigating the influence of the flue gas 
temperature 
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It should be noted that the thermal efficiency increases by around 2% points (according to 342 

Figure 7) when the low temperature heat is completely recovered in the boiler system, but by 343 

a maximum of 0.96% points (corresponding to the physical exergy of the flue gas) if the low 344 

temperature heat is converted into work by additional ORCs. This difference is explained by 345 

the very low quality (exergy) of the low temperature heat and thus the very low efficiency of 346 

ORCs. When the low temperature heat is recuperated in the boiler system, less coal is burnt 347 

and thus the irreversibilities are reduced. The capital cost is also a considerable challenge for 348 

implementing ORCs. Thus, it is reasonable to put efforts into reducing low temperature heat 349 

losses from the boiler system before using ORCs to recover work from the low temperature 350 

heat. This can be implemented simply by increasing the size of the air preheater (reducing the 351 

temperature difference at the pinch point of the air preheater), resulting in more low 352 

temperature heat being recirculated into the burner.  353 

 354 
 355 

4.3.  Heat transfer between the flue gas and the working fluid 356 

Combustion heat is normally converted into work by heat engines. The efficiency of heat 357 

engines is limited by the Carnot efficiency. An ideal working fluid receives heat from the flue 358 

 
Figure 7 Influence of the air factor and flue gas temperature on thermal efficiency 
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gas with small temperature differences and rejects it to the ambient environment (normally to 359 

cooling water). Such a process is illustrated in Figure 8(a) and explained as following: the 360 

fluid is reversibly heated by the flue gas (2-3) after being isentropically compressed (1-2), and 361 

then reversibly cooled (4-1) at ambient temperature after being isentropically expanded (3-4). 362 

In the case of reversible heat transfer, the maximum work output is equal to the changes in 363 

exergy for the flue gas between the adiabatic flame temperature (adT ) and the exhaust 364 

temperature (FGT ) For the reference plant, the physical exergy of the flue gas is 63.0% of the 365 

exergy of the coal, thus the maximum thermal efficiency (referred to LHV) is 68.3%.  366 

 367 

 368 
 369 

If the heat capacities of the flue gas and the working fluid are assumed to be constant, and 370 

assuming 2 1 0T T T= =  and FG 308.15 KT = , the plant thermal efficiency is determined by the 371 

temperature difference in the hot end ( ad 3T T T∆ = − ). Figure 8(b) illustrates the influence of 372 

T∆  on the thermal efficiency. The thermal efficiency decreases from 66.5% to 44.8% when 373 

T∆  increases from 0 K to 1,150 K. For 1150 KT∆ = , 
3T  is equal to 878.6 K. This is very 374 

close to the main steam temperature (873 K) in the reference plant, the thermal efficiency of 375 

which is 45.5%. When 3T  is 1,073 K (800oC, corresponding to ultra-supercritical steam 376 

cycles), the thermal efficiency is 51.0%.   377 

 
(a) 

 
(b) 

Figure 8  Ideal heat engine: (a) T-s diagram, (b) Thermal efficiency 
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In order to reduce the exergy destruction caused by heat transfer, it is useful to explore an 378 

ideal working fluid for the cycle “1-2-3-4-1”. Such working fluids are, however, not available. 379 

One alternative is to use a mixture of components as the working fluid (e.g. the Kalina 380 

cycle[25]). The boiling points are not constant in Kalina cycles, thus the exergy destruction 381 

related to heat transfer can be reduced. Another alternative is to use a combination of several 382 

cycles: liquid metal such as potassium and mercury is used for the high temperature range[4]; 383 

water is used for the medium temperature range; organic substances or CO2 are used for the 384 

low temperature range. Gas turbine combined cycles are more commonly used, where the 385 

air/exhaust flue gas is used as working fluid for the higher temperature range, and water is 386 

used for the lower temperature range.   387 

 388 

4.4. Thermal efficiency improvement for the steam cycle 389 

Steam Rankine cycles are most commonly used in coal based power plants. The heat transfer 390 

between the flue gas and the steam causes considerable exergy destructions due to large 391 

temperature differences. Other irreversibilities are caused by the inefficiencies of steam 392 

turbines, pumps, and the heat transfer with finite temperature differences in  the regenerative 393 

feedwater preheaters and the condenser.  394 

The maximum temperature and pressure of the steam are mainly limited by the construction 395 

materials of steam generators and steam turbines[5]. The steam temperature is expected to 396 

reach 973 K (700oC) in the near term and 1,073 K (800oC) in the long term. With reference to 397 

Figure 5, the heat supplied to the steam cycle, 
SCQɺ , is calculated by: 398 

SC ms ms RHout RHout fw fw RHin RHinQ m h m h m h m h= + − −ɺ ɺ ɺ ɺ ɺ                                                                                   (14) 399 

 400 



 

where fwmɺ , msmɺ , RHinmɺ  and RHoutmɺ  are the mass flows of boiler feedwater, main steam, cold 401 

reheating steam and hot reheating steam; fwh , msh , RHinh  and RHouth  are the corresponding 402 

specific enthalpies of the streams. According to the data presented in Table A1 for the 403 

reference plant and steam properties, SCQɺ  is calculated to be 1,567.6 MW. The boiler 404 

efficiency (the ratio of SCQɺ  to the thermal input of the coal feed) is thus 94.7%.  405 

The maximum work that can be produced from the steam cycle, SCWɺ , is calculated by:  406 

SC ms ms RHout RHout fw fw RHin RHinW m e m e m e m e= + − −ɺ ɺ ɺ ɺ ɺ                                                                                   (15) 407 

 408 

where fwe , mse , RHine  and RHoute  are the specific exergies of boiler feedwater, main steam, cold 409 

reheating steam and hot reheating steam. SCWɺ  is calculated to be 916.9 MW for the reference 410 

plant. Thus, the theoretical maximum thermal efficiency of the steam cycle (cycle efficiency) 411 

for the given parameter values for feedwater and steam is 58.5%. The maximum thermal 412 

efficiency of the entire plant is then calculated to be 55.4% (by including the boiler 413 

efficiency). This value is higher than the value (44.8%) predicted in Figure 8(b), since the 414 

boiler feedwater and the reheating steam are fed at temperatures much higher than ambient, 415 

while the boiler feedwater is fed at ambient temperature for the case shown in Figure 8.  416 

4.4.1. Influence of main steam parameters on thermal efficiency 417 

By considering Eq. (14), and assuming that reheating is not applied, the mass flow of the main 418 

steam is determined by the parameters (temperature and pressure) of the boiler feedwater and 419 

the main steam. The maximum work output from the steam cycle is calculated by Eq. (15). 420 

Thus, the maximum thermal efficiency of the entire plant can be calculated. The influence of 421 

the main steam parameters on the thermal efficiency is shown in Figure 9. Two feedwater 422 

temperatures are investigated: 308 K (corresponding to the outlet temperature of the 423 



condenser in the reference plant; represented by the dashed lines) and 581 K (corresponding 424 

to the final feedwater temperature, FFWT, in the reference plant; represented by the solid 425 

lines). Since the benchmarking methodology in this paper is to evaluate the thermal efficiency 426 

by stepwise investigation from theoretical to practical values, the condensate from the 427 

condenser is assumed to be reversibly brought to final feedwater conditions. The work 428 

calculated by the exergy difference between the final feedwater and the condensate is 429 

included in the calculation of thermal efficiency. The pressure losses are neglected.  430 

 431 

 432 

The results in Figure 9 clearly illustrate the benefit from feedwater preheating that is today 433 

commonly applied in steam power plants. It can also be noticed that the effect of pressure is 434 

that the thermal efficiency decreases with increasing pressure. This can be explained by the 435 

smaller changes in specific entropy with pressure at higher pressures. Eq. (16) shows how 436 

specific entropies of the main steam and boiler feedwater ( mss and fws  ) affect the physical 437 

(thermo-mechanical) exergy. The heat transferred to the steam cycle is fixed, 438 

 
Figure 9 Influence of the main steam parameters on the thermal efficiency 
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SC ms( )ms fwQ m h h= −ɺ ɺ , thus the exergy transferred to the steam cycle, SCEɺ , is mainly 439 

influenced by the entropy differences of the main steam and the feedwater.  440 

SC ms ms fw fw ms ms fw 0 ms fw[( ) ( )]E m e m e m h h T s s= − = − − −ɺ ɺ ɺ ɺ                                                                       (16) 441 

 442 

When the feedwater temperature is 308 K (dashed lines in Figure 9) and the steam 443 

temperature is about 773 K, the steam pressure has negligible influence on the thermal 444 

efficiency in the case that the pressure exceeds 300 bar. The thermal efficiency increases 445 

almost linearly with temperature when the feedwater temperature is 581 K (solid lines in 446 

Figure 9). It increases from 54.1% to 60.0% when the steam temperature increases from 773 447 

K to 1,273 K for a pressure of 300 bar. An average increase of 0.1% points in thermal 448 

efficiency is obtained for every increment of 8 K in the steam temperature. The thermal 449 

efficiency increases from 52.8% to 56.2% when the pressure increases from 150 bar to 400 450 

bar for a steam temperature of 873 K. The thermal efficiency increases by approximately 451 

0.1% points for every increment of 10 bar in the pressure range of 250-350 bar. 452 

The thermal efficiency is 56.6-57.1% in the pressure range of 300-350 bar when the steam 453 

temperature is 973 K. This is the common target in the very near future based on the 454 

development of nickel-based alloys[24]. If the steam temperature reaches around 1,073 K, the 455 

thermal efficiency is 57.8-58.2% for the same pressure range. The thermal efficiency 456 

achievable is 60.9% at 400 bar and a steam temperature of 1,273 K (the very long-term 457 

target). However, the thermal efficiency presented in Figure 9 is the theoretical maximum 458 

efficiency without reheating. In practice the steam from the last stages of the low pressure 459 

(LP) turbine should neither be too wet nor too hot. Thus the temperature and pressure of the 460 

main steam should be matched with each other.  461 

4.4.2. Final feedwater temperature  462 



 

Figure 9 shows the established fact that the feedwater temperature has a significant influence 463 

on the thermal efficiency. Higher feedwater temperature increases the mean temperature of 464 

heat addition from the flue gas to the steam cycle. Thermal efficiency of Rankine cycles 465 

increases when the average temperature of heat addition is higher. However, when the amount 466 

of heat from the flue gas and the main steam temperature are fixed, the mass flow of the 467 

feedwater and thus the size and capital cost of equipment increases. High feedwater 468 

temperature is normally achieved by regenerative pre-heating. The final feedwater 469 

temperature (FFWT) should be optimized with respect to the thermal efficiency and 470 

investment cost.  For subcritical cycles, the maximum FFWT is the boiling point of the main 471 

steam. The maximum thermal efficiency is obtained by optimizing the heat loads of each 472 

feedwater. An infinite number of heaters is required to achieve the maximum thermal 473 

efficiency when the feedwater is supplied at the boiling point[26]. For supercritical and ultra-474 

supercritical cycles, there is no transition between vapor and liquid. The maximum feasible 475 

FFWT is limited by the pinch temperature differences of the economizer and the air preheater, 476 

as illustrated in Figure 10. When the temperatures in the cold end of the preheater (the air 477 

inlet temperature air,cT  and the flue gas exhaust temperature FGT ) are fixed, the FFWT is 478 

limited by the pinch temperature differences of the economizer ( ecoT∆ ) and the preheater (479 

preT∆ ).  480 



 481 

 482 

 483 

For the reference plant, FGT =393 K, air,cT =288 K and f=1.22. The influence of ecoT∆  and 484 

preT∆  on the FFWT can then be investigated when assuming constant specific heat capacities 485 

of the air and the flue gas, as illustrated in Figure 11. The maximum FFWT is 1,443 K when 486 

both ecoT∆  and preT∆  are 0 K. This temperature is far beyond the maximum temperature of 487 

the superheated steam limited by materials of construction. When ecoT∆  and preT∆  are fixed, a 488 

 
Figure 11 Influenceof pinch temperatures for the preheater and economizer on 
the FFWT 
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Figure 10 Pinch temperatures of the preheater and economizer  
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higher FFWT will increase the flue gas exhaust temperature ( FGT ), thus the low temperature 489 

heat losses will increase.  490 

 491 

Similar to the investigation on the influences of steam main parameters presented in Section 492 

4.4.1, the maximum work output is calculated by Eq. (15), and the energy consumption for 493 

the feedwater heating process is calculated by the exergy differences between the final 494 

feedwater and the condensate. The net work production and thus thermal efficiency can then 495 

be determined when the FFWT and steam parameters are known. Figure 12 shows the 496 

influence of the FFWT on the thermal efficiency of the entire plant for typical main steam 497 

parameters (without reheating). The dashed lines just above each curve represent the Carnot 498 

efficiency (the mass flow of the main steam is infinitely large). When the FFWT gets close to 499 

the main steam temperature, the thermal efficiency is close to the Carnot efficiency. However, 500 

the high FFWT increases the mass flow of boiler feedwater and also the number of feedwater 501 

heaters. The capital cost thus considerably increases. The improvement is economics limited. 502 

 
Figure 12 Influence of FFWT on the thermal efficiency  

 

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

500 600 700 800 900 1000 1100

T
he

rm
a

l e
ffi

ci
e

nc
y 

[%
]

FFWT, [K]

270 bar, 873 K

350 bar, 973 K

400 bar, 1073 K



The FFWT is typically around 500-600 K[27]. For this range, the thermal efficiency increases 503 

almost linearly by 0.1% points for an average increment of 5 K in FFWT. Beyond this range 504 

(FFWT>600K), evaporation may take place, thus the curves are non-linear.  505 

 506 

4.4.3. Reheating and turbine efficiency  507 

 508 

 509 

The main steam can be reheated against the flue gas in the boiler area before it is expanded to 510 

the condenser pressure, as illustrated in Figure 13. Reheating is applied in steam cycles for 511 

two reasons: (i) reducing the moisture content in the last stages of the turbine and (ii) 512 

increasing the mean temperature of heat addition. Reheating with more than two stages has 513 

been less discussed in literature since the additional investment cost and the complexity are 514 

not expected to be justified by the gain in thermal efficiency. Without considering the 515 

investment cost, an infinite number of reheating stages can be imagined. Then the reheating 516 

process is an isothermal expansion process, as illustrated by process 2-3 in Figure 14(a). The 517 

boiler feedwater (BFW; 1) is heated to the main steam condition (2). The steam is expanded 518 

to state 3 at constant maximum temperature. Point 3 has the same entropy as the saturated 519 

vapor at the condenser pressure (4; 0.048 bar). The process 3-4 is an isentropic expansion 520 

process. The steam is then condensed (4-5), pumped and heated to the feedwater conditions 521 

 

Figure 13  A steam Rankine cycle with reheating 
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(5-1). The process 5-1 is assumed to be reversible, thus the work consumed in this process is 522 

calculated by the exergy difference of the two states. No steam is extracted for regenerative 523 

preheating. The cycle efficiency is calculated by Eq. (17). 524 

23 34 51 12 23( ) / ( )W W W Q Qη = + − +ɺ ɺɺ ɺ ɺ                                                                                                              (17) 525 

where Wɺ  and Qɺ  are the work and heat for the processes.  526 

For the reference power plant, the influence of the outlet pressure from the isothermal 527 

expansion ( 3p ) on the cycle efficiency is shown in Figure 14(b). If no reheating is applied, 528 

3 2 270p p= =  bar, the cycle efficiency is 53.4%. In this case, the steam quality is 0.736 at the 529 

outlet of the last stage of the turbine. The thermal efficiency is calculated to be 50.5% by 530 

including the boiler efficiency previously calculated to be 94.7%. Note that if the 531 

condensation process is reversible (all of the condensation heat can be recovered as equivalent 532 

work), the cycle efficiency is calculated to be 58.2%. The corresponding thermal efficiency is 533 

55.1% (by including a boiler efficiency of 94.7%), which is the same as the value obtained in 534 

Figure 12 (FFWT = 581 K). Thus the irreversible condensation process has reduced the 535 

thermal efficiency by 4.6% points (0.551-0.505). 536 

 537 

If the main steam is isothermally expanded to 4.3 bar and then isentropically expanded to 538 

0.048 bar, the steam at the outlet of the last stage of the turbine is saturated. The cycle 539 

 
(a) 

 
 (b) 

Figure 14   Isothermal expansion: (a) T-s diagram, (b) Cycle efficiency 
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efficiency is 58.8%. However, this is not the maximum efficiency that can be achieved. 540 

Instead the main steam can be isothermally expanded to 6p , and then isentropically expanded 541 

to 7p . In this case, superheated steam (7) is condensed in the condenser. Such a process is 542 

shown by dashed lines in Figure 14(a). This process increases the temperature of heat 543 

dissipation but also increases the temperature of heat addition. An optimal 6p  can be obtained 544 

by iteration when the cycle efficiency is equal to the efficiency of a Carnot cycle operating 545 

between the two temperatures 6T  and 7T , i.e. 7 6(1 / T )T− . For the given process conditions, 546 

the optimal pressure is 2.0 bar and the corresponding cycle efficiency is 59.0%. The 547 

temperature of the steam from the last turbine stage is 371 K. The observation is useful for the 548 

optimization of the reheating pressures if the condenser can withstand superheated steam. 549 

The isothermal expansion process can not be implemented in practice which is a practical 550 

irreversibility of the steam power cycle. A one-stage reheating process is shown in Figure 551 

15(a). Assuming that regenerative preheating is not used (the process 5-1 is reversible), the 552 

near optimal reheating pressure is obtained by a sensitivity analysis. Figure 15(b) shows how 553 

the cycle efficiency varies with the ratio between the reheating pressure (RH1p ) and the main 554 

steam pressure (2p ). The solid lines represent the cases in which the reheating temperature is 555 

equal to the main steam temperature. The dashed lines are for the cases in which the reheating 556 

temperature is 20 K higher than the main steam temperature. The numbers on the lines are the 557 

isentropic efficiencies (isη ) for the steam turbines (assumed to be the same for all turbine 558 

stages). The following conclusions can be observed: 559 

(1) The maximum cycle efficiency increases by around 0.2% points when the reheating 560 

temperature is 20 K higher than the main steam temperature for various turbine 561 

efficiencies.  562 



(2) The cycle efficiency could be smaller than the value without reheating if the reheating 563 

pressure is too low, since the mean temperature of the heat addition for the reheating 564 

process in such cases is too low. 565 

(3) Without reheating, the cycle efficiency is reduced from 53.4% to 46.0% if the turbine 566 

isentropic efficiency decreases from 1.0 to 0.9. The corresponding drop in the thermal 567 

efficiency of the plant is 7.01% points. 568 

(4) When the turbine isentropic efficiency is 0.90 (close to state-of-the-art technology), the 569 

optimal pressure ratio between the reheating pressure and the main steam pressure is 0.24. 570 

This optimal value is almost equal to the value (0.237) in the reference plant where 571 

regenerative feedwater preheating is used[5].  572 

 573 

 574 

 
(a) 

 
(b) 

Figure 15 One-stage reheating process: (a) T-s diagram, (b) Cycle efficiency 
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 575 
 576 

Figure 16 shows the influence of the number of reheating stages on the cycle efficiency for 577 

different turbine efficiencies. The efficiencies for all the stages are assumed to be the same. 578 

The reheating temperatures are assumed to be the same as the main steam temperature. The 579 

cycle efficiencies are obtained by sensitivity analysis and are thus near optimal values. When 580 

more than one-stage reheating is applied, the steam from the last stage of the turbine is 581 

superheated for some cases (marked as ‘S’ on the bars) in order to get the maximum 582 

efficiency. The numbers above each bar in the reheating cases (with finite stages) are the 583 

optimal ratio of the reheating pressure to the inlet pressure of the upstream turbine. 584 

Obviously, the improvement in cycle efficiency diminishes with an increasing number of 585 

reheating stages. When the turbine efficiency is 0.9, the cycle efficiency increases 2.3% points 586 

by one-stage reheating, 1.6% points by a second reheating stage and 1.2% points by a third 587 

reheating stage. The improvement in cycle efficiency with increasing number of reheating 588 

stages is more notable with lower turbine efficiencies. 589 

 590 

4.4.4. Other practical limitations on the thermal efficiency  591 

 

Figure 16 Influence of number of reheating stages on the steam cycle efficiency 
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In the previous sections, the condensate is assumed to be reversibly brought to the final 592 

feedwater conditions. In practice, regenerative heating and pumping are used to lift the 593 

temperature and pressure. For modern steam cycles, 8-10 feedwater heaters are commonly 594 

used, resulting in very small irreversibilities. The irreversibilities in the feedwater heaters (the 595 

deaerator included) and pumps are reported to be responsible for around 1.2% of the thermal 596 

input[28, 29]. The same value is assumed for the reference power plant. The steam extraction 597 

reduces the irreversibilities in the turbines and the condenser. The condensate flow is around 598 

75% of the main steam flow[28, 29]. Thus the irreversibilities in the condenser can be reduced 599 

by 1.15% of the thermal input compared to the value presented in Section 4.4.3 (4.6%). Table 600 

1 shows the changes in thermal efficiency. When all the components are included, the thermal 601 

efficiency is very close to the value for the reference power plant (45.5% as presented in 602 

Table A1).  603 

Table 1.  Consequent changes in plant thermal efficiency (%) 604 

Turbine efficiency 1.0 0.95 0.9 
Cycle efficiency for one-stage reheating (refer to Figure 13)  54.7 51.5 48.3 
Reheating temperature is 20 K above the main steam temperature 54.9 51.7 48.5 
Cycle efficiency is converted into thermal efficiency (by a factor 
of boiler efficiency, 94.7%)  

52.0 49.0 45.9 

Irreversibilities for the feedwater heating and pumping included 50.8 47.8 44.7 
Irreversibilities in the condenser is reduced due to steam extraction 52.0 49.0 45.9 
Auxiliary power is included (1.7% of the thermal input[5]) 51.3 47.3 44.2 
 605 

 606 

5. Emissions control: CO2 capture 607 

Technologies for the control of SOx, NOx and particles in thermal power plants are relatively 608 

mature. For the reference plant, both low NOx burners and a selective catalytic reduction 609 

(SCR) DeNOx plant are used for the control of NOx emissions. The flue gas desulphurization 610 

(FGD) unit is assumed to remove 98% of SOx in the flue gas an finally the electrostatic 611 

precipitator (ESP) is used for the removal of particles[5]. The corresponding energy 612 



 

consumption for the control of SOx, NOx and particles is small and included in the auxiliary 613 

power in Table 1. 614 

The control of CO2 emissions from thermal power plants is a possible measure to mitigate 615 

climate change. Various approaches for CO2 capture are under investigation. They are 616 

normally classified into three categories: post-combustion, pre-combustion and oxy-617 

combustion[30]. For post-combustion, the CO2 is separated directly from the flue gas, thus the 618 

main separation is between N2 and CO2. For pre-combustion, the fuel is converted into syngas 619 

(CO and H2) by gasification or reforming, then the CO is further converted into CO2 by the 620 

water gas shift reaction, and finally CO2 is separated from H2 prior to combustion. Thus the 621 

main separation in pre-combustion is between H2 and CO2. The key idea of oxy-combustion is 622 

to use pure O2 or other oxidants such as metal oxides (CLC[3]) instead of air for the 623 

combustion, resulting in concentrated CO2 in the flue gas, thus the main separation is between 624 

O2 and N2. 625 

The capture of CO2 from coal based power plants causes considerable thermal efficiency 626 

penalties, typically varying from 6.5 to 15% points (energy consumption for CO2 compression 627 

is included) depending on the technology pathways[30, 31]. There is a minimum energy 628 

penalty which is limited by thermodynamics. When a process is assumed to be 629 

thermodynamically reversible, the minimum work consumption (or production) is equal to the 630 

difference between the exergy of the product streams and the exergy of the feed streams. In 631 

the case of reversible removal of CO2 from the reference plant, the CO2 is assumed to be 632 

directly separated from the flue gas at ambient temperature and is then isothermally 633 

compressed to transportation pressure (��	
��
�	�
���� =110 bar, according to literature[5]), as 634 

shown in Figure 17. Both separation and compression processes are assumed to be reversible. 635 



The minimum work for the separation and compression of CO2 can be calculated[12], thus the 636 

thermal efficiency including CO2 capture can be obtained. 637 

 638 
 639 

Figure 18(a) shows the thermal efficiency for various CO2 recovery rates (referred to the 640 

numbers for each curve on the figure) at different air factors for the reference power plant. 641 

The purity of the captured CO2 is assumed to be 1.0. The dashed curves represent cases when 642 

only CO2 separation work is included, while the solid curves represent cases when both CO2 643 

separation work and compression work are included. When the CO2 recovery rate is zero, the 644 

thermal efficiency is actually equal to the value when CO2 capture is not applied (the 645 

temperature of the flue gas vented is 393 K). The following conclusions can be observed from 646 

Figure 18(a): 647 

(1) Within the given range of air factor for a CO2 recovery rate of 1.0, the thermal efficiency 648 

penalty related to CO2 capture is 2.92-3.49% points, where the reversible separation of CO2 649 

contributes 1.24-1.55% points (around 43% of the total penalty).  650 

(2) Not very surprisingly, an obvious reduction in efficiency penalty can be observed when 651 

the CO2 recovery rate is reduced. For the reference plant where the air factor is 1.22, the 652 

efficiency penalty related to CO2 capture reduces from 3.31 to 1.81% points when the CO2 653 

recovery rate decreases from 1.0 to 0.6. The penalty related to CO2 separation reduces from 654 

1.43 to 0.69% points. Thus, partial capture of CO2 in power plants may be attractive when 655 

the investment cost of equipment is taken into consideration[32]. This will depend on the 656 

future cost of emitting CO2. 657 

 

Figure 17  A reversible CO2 capture process 



 

(3) The changes in efficiency penalty (also in work consumption which is not shown in the 658 

figure) with the CO2 recovery rate become smaller when the recovery rate decreases. The 659 

more the recovery rate is decreased, the lower the relative efficiency gain will be. Thus 660 

energy saving by reducing the recovery rate should preferably be implemented at high 661 

recovery rates. 662 

 663 

Figure 18(b) shows the thermal efficiency for different CO2 purities (mole fraction: 0.9, 0.95 664 

and 1.0). Since the main separation is between N2 and CO2, the impurity in the captured CO2 665 

is assumed to be N2. Two recovery rates are investigated: 0.9 and 1.0. The following two 666 

conclusions can be made: 667 

(1) The thermal efficiency does not change much with the purity of CO2. For a recovery rate 668 

of 1.0, the thermal efficiency increases about 0.15% points at various air factors when the 669 

purity of CO2 increases from 0.9 to 1.0. 670 

(2) The separation work increases when the purity of CO2 increases, however, the 671 

compression work decreases since fewer impurities are compressed. According to Figure 672 

18(a), the compression work contributes more to the total efficiency penalty than the 673 

separation work, thus the total efficiency penalty related to CO2 capture decreases. 674 

Therefore it is more favorable in the reversible case to capture CO2 with high purity.  675 



 676 

   677 

The above observations from Figures 18(a) and 18(b) are based on the assumption that the 678 

capture processes are reversible. The thermal efficiency shown in the two figures are thus 679 

theoretical maximum values. Reversible processes are difficult to realize in practice, however, 680 

the observations can somewhat guide practical improvement measures of CO2 capture 681 

processes, e.g. the improvement potential by developing advanced solvents such as ion liquids 682 

 
(a) 

  
(b) 

Figure 18 Thermal efficiency including ideal CO2 capture processes: (a) various CO2 
recovery rates when the CO2 purity =1, (b) various CO2 purities when the CO2 recovery 
rate = 1 (curves in green color) and 0.9 (curves in black color).  

41.5

42.0

42.5

43.0

43.5

44.0

44.5

45.0

45.5

46.0

46.5

1.0 1.1 1.2 1.3 1.4

T
he

rm
a

l e
ffi

ci
en

cy
 [%

]

Air factor

1.0

0.9

0.8

0.7

0.6

0.7
0.6

0.8
0.9
1.0

0.0

41.5

42.0

42.5

43.0

43.5

44.0

44.5

45.0

45.5

1.0 1.1 1.2 1.3 1.4

T
h

er
m

al
 e

ffi
ci

e
n

cy
 [%

]

Air factor

Purity=0.9 Purity=0.95 Purity=1



is limited by the minimum energy penalty. For the reference power plant[5], the thermal 683 

efficiency penalty is 11.7% points when a monoethanolamine (MEA) based solvent is used 684 

for capturing CO2. This value is more than 3 times the theoretical minimum (thermodynamics 685 

limited). The difference is mainly caused by the technology route for CO2 capture. 686 

 687 

 688 
 689 

A summary on the decrease of thermal efficiency from theoretical maximum to pratical values 690 

for the reference plant is shown in Figure 19. The thermal efficiency is reduced by adding 691 

limitations in each unit operation. The dominant factors are listed on the figure and are 692 

classified into thermodynamic, technical and economic categories. The potential for 693 

improvement on in each unit can easily be determined without detailed exergy analysis on the 694 

entire power plant. Figure 19 shows that adiabatic combustion of coal is the most inefficient 695 

process and thus a technology shift from adiabatic combustion to new oxidation routes such 696 

as chemical looping combustion and fuel cells is necessary for significant efficiency 697 

improvements. It can also be observed that the technical factors are more dominant than 698 

 

Figure 19  Decrease of the plant thermal efficiency caused by various factors 
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economic factors, thus efforts should focus more on technology development such as reducing 699 

air factors for combustion, developing more efficient steam turbines, and exploring advanced 700 

separation routes for CO2 capture. Note that the MEA capture of CO2 causes the second 701 

largest loss of efficiency after combustion irreversibilities. The final boiler feedwater 702 

temperature has also caused a considerable reduction in thermal efficiency. This temperature 703 

is economics limited that determines the average temperature of heat addition to the steam 704 

cycle.   705 

6. Conclusions 706 

A systematic methodology has been presented in this paper for the assessment in efficiency 707 

losses for direct combustion coal to power processes step by step and potential means of 708 

reducing these losses. The thermal efficiency was decreased to practical values by adding 709 

limitations such as thermodynamic, technical and economic factors. The primary advantage of 710 

the methodology is that all possible improvement measures can be covered and the 711 

improvement potential can be quickly predicted without knowing process details. As an 712 

illustrative example, in order to increase the thermal efficiency by 0.1% points for the 713 

reference power plant, the following measures can be implemented: (1) reducing the air factor 714 

by 0.057, (2) reducing the flue gas temperature by 4.5 K, (3) increasing the final feedwater 715 

temperature by 4 K, (4) increasing the main steam temperature by 8 K, and (5) increasing the 716 

main steam pressure by 10 bar. 717 

The following four observations are directly derived when applying the methodology: (1) the 718 

low temperature heat of the flue gas should primarily be recovered by the boiler system before 719 

using Organic Rankine Cycles to recover work; (2) when reheating is implemented 720 

(particularly for two or more stages), higher thermal efficiency may be achieved if the steam 721 

at the outlet of the last turbine stage is superheated; (3) it is concluded that as turbine 722 

isentropic efficiency improves, the gain in thermal efficiency from reheating decreases; and 723 



 

(4) the second largest loss after combustion in a coal based power plant with MEA capture of 724 

CO2 is caused by this capture. Hence, the tremendous efforts being spent on developing 725 

improved CO2 capture technologies are indeed justified.  726 

The minimum thermal efficiency penalty related to direct CO2 capture from the flue gas is 727 

calculated to be 2.92-3.49% points, where the separation and the compression of CO2 728 

contribute about 43% and 57% respectively. Considerable energy savings can be achieved by 729 

decreasing the CO2 recovery rate, particularly at high recovery rates. The CO2 is preferably 730 

captured at higher purities. Practical limitations on CO2 capture are subject to further 731 

investigations. 732 
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 739 

NOMENCLATURE 740 

��  exergy, kW 

e specific exergy, kJ/kg or kJ/mole 

��  molar flow, mole/s 

f air factor 

��  Gibbs free energy, kW 

��  enthalpy, kW 

h specific enthalpy, kJ/kg or kJ/mole 

�� irreversibility, kW 



 

��  mass flow, kg/s 

p pressure, bar 

��  heat, kW 

�� universal gas constant, kJ/(mole·K) 

�� total entropy, kW/K 

s specific enthropy, kJ/(kg·K) 

T temperature, K or oC 

��  work, kW 

x molar fraction 

Geek Letters  

∆ symbol of differences 

η efficiency 

ϕ  ratio of the chemical exergy to the lower heating value 

ω stoichiometric ratio for combustion 

Sub and superscripts 

0 reference state 

ad adiabatic 

C combustion; cold end 

ch chemical  

eco economizer 

FG flue gas 

fw feed water 

H hot end 

i component index 

is isentropic 

j phase index 

min minimum 

mix mixing 

ms main steam 



 

ph physical 

pre preheater 

RH reheating steam 

SC steam cycle 

tot total 

Abbreviations  

BFW boiler feedwater 

CLC chemical looping combustion 

ESP electrostatic precipitator 

FFWT final feedwater temperature 

FGD flue gas desulphurization 

HHV higher heating value 

HP high pressure 

LHV lower heating value 

LP low pressure 

MS main steam 

ORC organic Rankine cycle 

RH reheating 

S superheated 

SCR selective catalytic reduction 

 741 

Appendix 742 

Table A1. Main parameters of the reference plant [14] 743 

Parameters Values 
Ambient conditions 288.15 K, 1.01 bar and 60% relative humidity 
Main steam (MS) 600.0 kg/s, 270 bar, 873 K 
One-stage reheating (RH) steam 485.2 kg/s, 60 bar, 893 K 
Feedwater heaters 5 LP heaters and 3 HP heaters 
Final feedwater 320 bar, 581 K 
Exhaust flue gas 393 K 



 

Condenser pressure 0.048 bar 
Gross electrical output 819 MW 
Auxiliary power consumption (feedwater 
pumping is included) 

65 MW 

Coal feed 65.765 kg/s 
Lower heating value (LHV) of coal 25,170 kJ/kg 
Thermal input (LHV) 1,655.3 MW 
Thermal efficiency (LHV) 45.5% 

 744 

 745 

Table A2. Coal characteristics [14] 746 

  As received Dry 

Proximate analysis, %   

Moisture 8.00 0 

Volatile matter 22.90 24.9 

Ash 14.15 15.4 

Fixed carbon 54.90 59.7 

Total sulphur 0.52 0.56 

Ultimate analysis, %   

Carbon (C) 66.52 72.31 

Hydrogen (H) 3.78 4.11 

Nitrogen (N) 1.56 1.70 

Sulfur (S) 0.52 0.56 

Chlorine (Cl) 0.01 0.01 

Ash 14.15 15.38 

Moisture (H2O) 8.00 0 

Oxygen (O) 5.46 5.93 

High heating value (HHV), kJ/kg 26,230 28,500 

Low heating value (LHV), kJ/kg 25,170 27,573 

Chemical exergy, kJ/kg 27,295 

Stoichiometric air/coal ratio 8.8122 

 747 

Table A3. Compositions of atmospheric air 748 

Component Volume fraction (dry) Volume fraction at 60% 
relative humidity 

N2 78.09 77.3 
CO2 0.03 0.03 



 

H2O 0 1.01 
Ar 0.93 0.92 
O2 20.95 20.74 

 749 

 750 
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