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plant by 0.1% points are presented. The minimum thermal effigipenalty related to GO
capture is 2.92-3.49% points within an air factor range®@fL14 when the C&is 100%

recovered.
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1. Introduction

Coal will continue to be a dominant energy source also ingkedecades. It was responsible
for 41% of the world power generation in 2012 and is projectée around 31% in 2040[1].
Coal based power plants have been developed for more thged@0with respect to the
capacity and thermal efficiency. The plant thermakedficy has increased continuously from
around 5% to 45% in the past century[2]. Reducing cost for poweramon has always

been a motivation for efficiency improvement. The increasomcerns about G&@missions
stimulate further improvements in thermal efficiency. Iredi combustion coal to power
processes, the chemical energy of coal is converted int@hedhis heat is further converted
into power. Considerable efforts have been made to improveehadl efficiency, such as
reducing the irreversibilities in the process that cosvilae chemical energy of coal into
heat[3], maximizing power production from the heat[4] and mirimgithe losses of low
temperature heat[5]. For pulverized coal based power ptaeting-term target on thermal
efficiency is above 55% by using steam with maximum tempesanound 1073 K

(80°C)[5].

The thermodynamic principles of coal based power plants (mstiedyn cycles) have been
described in many textbooks related to thermodynamics and pesterologies[5-10].
Various measures for improving the plant performance have aésofdresented in these

books as well as in many other publications. The primary obgeofithis paper is to
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investigate the improvement potential in thermal efficyeaied the corresponding limitations
for such measures presented in literature. The paparagtension of the work by Fu et
&starts by calculating the maximum thésfiiency for a specific coal feed
in an ideal (reversible) power plant. This efficiencyl wécrease when realistic (irreversible)
unit operations are added for the combustion process, the medgtrarocess, the steam
cycle, and the flue gas treatment (Gfnission control). The thermodynamic losses
(irreversibilities) are caused by spontaneous processessuwecmbustion, as well as heat
transfer at finite (often large) temperature diffees)anixing, pressure drops, and turbo-
machinery inefficiencies. In addition, the thermal ey is limited by technical and
economic factors, such as excess air for combustion, maximunggressl temperature of
the main steam, and low temperature heat losses. Theniodluwé these limiting factors on
the thermal efficiency has been investigated. For tleearte plant, the measures for
increasing the thermal efficiency by 0.1% points are ingattd. The minimum energy
penalty with respect to thermodynamic limitations for captu£Q at various purities and
recovery rates is also studied. The results can beassadasis for evaluating the thermal
efficiency of plants where CQapture will be implemented in the future, and also the

efficiency improvement measures.

2. Methodology

A methodology for benchmarking and identifying improvement potentigisoafesses was
presented by Anantharaman *notivation for thenmethodology was to

develop a systematic and consistent way to identify impronepwential and integration
opportunities in power processes with 8@pture. To this end, three efficiencies that can be

specified for a process are[12]:
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(1) Thermodynamics limited: This is a scheme that requires#rerbdynamically lowest
possible energy input to produce the specified energy output. Sinéng efficiency is the
"ideal" efficiency that is the thermodynamically maximunaithble for such a process.
This efficiency can never be achieved in practice sinajitires perfectly reversible

processes, however, it provides a thermodynamic benchmark drftargeocess design.

(2) Technology limited: Limitations, both technological and those inttereunit
operations, prevent achieving the thermodynamic maximum efficidine thermal
efficiency attainable by employing state-of-the-art technolmn be thought of as a
technology limited efficiency, which is typically compaiedlifferent benchmarking

studies[13].

(3) Economics limited: While the technology limited efficiencydsfinition is achievable,
it may not necessarily be economical. Latest technologgesfien associated with a
premium, which makes utilizing them economically infeasiblaus the economics limited
efficiency is the efficiency of a process using technologyrésilts in a process that is

commercially viable.

Power plants with C@capture can be benchmarked with respect to the three above-
mentioned efficiencies. It must be noted that while tkeenttodynamic limited efficiency is
fixed for a given process, the technology limited and econdimdsd efficiencies are
subject to change over time. The difference between thedagnamic maximum and the
technology limited efficiencies quantifies the theoretioglrovement potential and
constitutes an additional source of information for benchmarkudies, which merits further
attention. The source(s) of this difference in efficiecay point to possible future directions

for technology development.
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The approach in this paper consists of applyingnesging thermodynamics to increase the
understanding of the fundamental losses imposedmower cycle. The first step in the
methodology is to evaluate the maximum efficiennyited by thermodynamics. This limit is
achieved by defining an ideal (reversible) procésset of non-idealities in the form of
technological limitations are added systematicallgeries to go from the thermodynamics
limited to the technology limited cases. The diéfere between the thermodynamics limited
and technology limited efficiencies can thus balaited to the different sets of

irreversibilities and quantified. This is represzhvisually in Figure 1.

Irreversibilities Irreversibilities Irreversibilities
setl set 2 set N

State-of-the-
art Process

Process 2

Effect of ' Effect of Effect of
|rrever5|b|||t|es set 1 ’ <rreversnbllltles set 2 ~irreversibilities set N

V

Nideal N1 n2 Ntech

Figure 1. Representation of the systematic mettlgyolor benchmarking

This methodology is applied to a coal fired powlanpto identify and quantify the sources

and scope for improvements.

3. Thereference plant

A 754 MWe pulverized coal based power plant has hesed as the reference for a
benchmarking study [14]. A simplified flowsheet wgxergy flow data are showrf]
The fuel is Bituminous Douglas Premium coal, areldh factor is 1.22. The main parameters
of the reference plant are presented in Table Adpéhdix). The coal characteristics and the

composition of the atmospheric air are listed ibl&a A2 and A3 respectively.
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Figure 2 The reference coal based power plant exgrgy flows

The procedure for calculating the chemical exelfgyubbstances, the exergy of process
streams and the exergy balances for process uaitdeacribed in the literature[15, 16]. The

reference state (marked as “0")Tig=15°C, po=1.01 bar (i.e. 1 atm). The standard chemical

exergy of pure substances, [kJ/mole], can be found in Szargut[16] and coraeiinto the

corresponding reference state. The chemical exefrgymaterial streank,, [kKW] is

calculated using Eq. (1).

E, =F D (x€5,) + FRT, D (x Inx) 1)
where F [mole/s] is the molar flow of the stream aKRdis the molar fraction of componeint

The physical (thermo-mechanical) exergy of a stré'q,m[k\/\/] is equal to the amount of

work arising when changing a stream reversibly frpocess conditiond (p) to the
reference conditionsT§, po), and is calculated by Eq. (2) for the generaéazamultiple

phases.
Eph = Z(FJ hj) _Z(Fo,jho,j):| _To|:Z(|iij) _Z(FOJSOJ’) (2)

Here, h [kJ/mole] ands [kJ/(moleK)] are the molar enthalpy and entropy of the streand

j is the phase index.
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The total exergy of a streaf,, [KW] at process conditiond(p) is given as:

Eq =Egq +Ey (3)
The irreversibility of a unit operation, [kW], can be calculated by:

| =E"-E™ 4)
where E"[kW] and gt [kW] are the exergy entering and exiting the unit respegtivel

The theoretical minimum work required for a unit operatidf), [kW], is equal to the

difference in exergy between the products and the feedsaarabacalculated by Eq. (5)[15].

Weo = D) BG™ - ; Ea” (5)

product

Here, EX°™ [kW] is the exergy of a product stream aBJ™ [kW] is the exergy of a feed

stream.

According to the methods described by Szargut[16], the datmxergy of the coal feed

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

e((:)h,coaj = ¢(LHV) 0 (6)
Here, (LHV)® [kJ/kg] is the lower heating value of coal at the refeeeconditionsTo, po),

and® is the ratio of the chemical exergy to the loweating value, calculated by[16]:
¢ =1.0437+ 0.1896{ ¢ ¥ 0.2498(c/ 4 0.0428(c/ 7

wherec, h, 0 andn are the mass fractions of carbon, hydrogen, oxggeinitrogen in the

ultimate analysis of coal (dry basis) respectively.
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For the reference plant, the exergy of the coal feealculated to be 1,795.1 MW and the
thermal input (LHV) is 1,655.3 MW. After combustiathe total exergy of the flue gas is
1,388.4 MW. The mass fraction of the major comptsehthe ash is: Si&20.45; ALO3-0.3;
Ca0-0.07; Fg3-0.03; S@-0.035[5]. The chemical exergy of ash is calculdtelde 330

kJ/kg, equal to 0.17% of the exergy of the coall {1 MW), and is thus negligible. The

exergy values for main streams are preserﬁ

4. Assessments on the thermal efficiency

For the coal feed, the maximum work output is etoidis chemical exergy if the coal to
power process is reversible. The chemical exerdiietoal feed is calculated to be 1.08
times the lower heating value, while the therméiteincy of the reference plant is 45.5%.
Ideal reversible processes for reaction, separatioihheat transfer are presented in the
literature[15]. Such processes are infeasible atfore with respect to limitations in
technologies, investment cost and plant lifetinrepBr driving forces are necessary and thus
causing irreversibilities. The oxidation (combusjiof coal, the heat transfer between the
flue gas and the working fluid of the power cy@ad the power cycle itself are the major
sources of irreversibilities. The following sectofiustrate how the thermal efficiency is
reduced from its theoretical maximum to practicles by thermodynamic, technical and

economic factors.

4.1. Combustion losses

The chemical energy of coal is released when theismxidized to C@and HO. Direct
combustion with air is the most common way forak&lation of coal. In the case of

complete stoichiometric combustion, the adiabdéimé temperature is calculated to be 2,332

K. The exergy destruction related to stoichiometombustion is determined to be 30.4% of
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the exergy of the coal. The chemical exergy offlilee gas, which corresponds to 3.5% of the
exergy of the coal feed, has not yet been recoveyexlirrent technologies (unless the flue
gas is further utilized as feed for other procegs&tgad of being vented), meaning that the
theoretical work that can be recovered from the fias is 66.1% of the exergy of the coal
feed. The maximum thermal efficiency that can beioled is thus 71.4% (determined as the
ratio between the theoretical work that can beved from the flue gas (physical exergy)

and the thermal input).

At temperatures higher than 1,250 K, componenth asdCQ and BO will dissociate[17].
The equilibrium temperature (the temperature whemtcal equilibrium is achieved) is
obtained as 2,229 K, around 100 K lower than theledic flame temperature of complete
combustion. The exergy destruction is the samerathé complete combustion case.
However, the chemical exergy of unburned CO apthkhe flue gas is not expected to be
recovered when the flue gas is cooled since thenidad equilibrium can not be achieved in

finite time.

4.1.1. Thermodynamic analysis of the combustion processes

i Product

Feed Combustion roduc
at T(j
o

Figure 3 An isothermal combustion process

For an isothermal combustion process as showngur&i3, the entropy balance and energy

balance can be written as:

Sgeneration: Sprodun:t_ S feecTQ./TC = AS+Q/TC (8)
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Q = ered - H product: _AH (9)

where S@,ene,atior is the entropy generation caused by combustiemeirlsibiIities,Sproduct and
S.. are the entropy of the product and the feggis the entropy difference between the
product and the feed) is the heat removed from the systéln,is the operating temperature,

H,., and Hproduct are the enthalpies of the feed and the produdtagh is the enthalpy

difference between the product and the feed.

If the process is reversiblégeneranoﬁ 0, thenT, =AH / AS. This temperature is defined as
the combustion temperature[18]. The change in Gildgsenergyy g is zero afl[19]. This

temperature ¢ ) can be understood as the one where the combustgtion can take place

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

entire combustion process. The changes in the lpgthad entropy differences between the

product and the feed with the temperature are gietg{3, 18, 19], thug, =AH,/AS,,
whereAH, and AS, are the enthalpy and entropy differences betwieeptoduct and the

feed for a reaction at ambient temperatlyeThe combustion temperature of bituminous

coal can be as high as 27,466 K[3], which is mughdr than the stoichiometric adiabatic
combustion temperature (2,332 K). In addition,ifmethermal condition is impossible to
maintain in practice. Irreversibilities will als@ lintroduced when the reactants are heated
from ambient temperature to the combustion tempegatnd the products are cooled from
combustion temperature to ambient temperature. freusreversibilities for the combustion

process (air is used as oxidant) are considerable.
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In the case of adiabatic combustion gfdthd CH, the irreversibilities are mainly caused by:
(1) combined diffusion/fuel oxidation, (2) interrtabrmal energy exchange, and (3) the
product mixing process[20]. The internal thermargry exchange is responsible for more
than 2/3 of the total losses. Similar results halge been observed for the combustion of
carbon[21], i.e. internal thermal energy exchangkthe chemical reaction (fuel oxidation)

are responsible for the major losses.

4.1.2. Reducing combustion irreversibilities

The following options are available to reduce tbmbustion irreversibilities:

(1) Converting coal into syngas by gasification (CO and H,). The gasification process has
lower exergy destruction than the combustion prgj@d43. The syngas is further converted
into H, that can be oxidized in fuel cells. The fuel celis achieve a high thermal
efficiency at a much lower temperature comparduett engines[19]. However, current
gasification processes are not competitive to dcembustion with respect to economic
considerations. Large scale implementation of éadk is also indeed a technical

challenge.

(2) Sifting direct combustion processes to chemical looping combustion (CLC). Metal
oxides can be used as the oxidant. The combustiopdraturd. of CLC processes can be
reduced to feasible levels (e.g. lower than 1,0§8]Kthus the irreversibilities related to
the reaction are reduced. The irreversibilitiessealby internal thermal energy exchange
and product mixing can also be reduced. Furthémi@ogy developments are required to

implement the CLC technology and much researchgeimg[22].

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

related to combustion is lower at higher operatérgperatures. Theoretically, very high
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operating temperatures can be achieved by prebehatmair feed. However, the
temperature is limited by materials of constructionaddition, the dissociation of G@nd
H,0 increases at high temperature. The CO ancbH not be completely oxidized into

CGO, and HO when the flue gas is cooling down due to limtiete for heat exchange.

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

preheating of air can reduce such losses.

(5) Reducing the exergy destruction related to product mixing. Such losses are small, but can
still be reduced by reducing the air factor (ddfilas the ratio of the actual air feed to the
stoichiometric air feed) or using pure @ metal oxides. Lower air factors, however, can

result in incomplete combustion of coal.

The possible change in the irreversibilities ofesthnits should also be taken into
consideration when the combustion irreversibiliaes reduced. For the reference power
plant, the following three practical measures avestigated: (i) preheating the air (referred
to items (3) and (4) above), (ii) reducing thefaator (referred to items (4) and (5) above)

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

Figure 4 shows the exergy destruction of the comdouprocess (as percentage of the exergy
of the coal feed) and the adiabatic flame tempezaitidifferent air feed temperatures and air
factors (referred to the numbers for each curterfigure). The results are obtained using

two models: (1) complete combustion and (2) chehagailibrium. The exergy destruction is
almost the same for the two combustion models. iBrexplained by relatively low. for

CO and H (3,276.5 K and 5,454 K respectively accordingterature[3]). The adiabatic
flame temperature is not far away frokg, thus the exergy destruction is very small if the

unburned CO and Hdetermined by the equilibrium model) are burnechpletely.
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However, the chemical exergy of the unburned COHythay be lost in the stack if the CO

and H have not been oxidized when the flue gas is cooled

357 Complete combustion model

33 1 Equilibri del [ 3000
quilibrium mode 11 3
T 31 - ® Reference plan - L 2800 @
2 : S
*g —-\4 1.0 | 2600 8_
2 27 - " = - - 1.1 e
g EXCEZZZ2225 |, o
2 251 S “adiabatic 1.4 400 o
> D -~ adiabatic 1 =
5 T ks
C 232 0 T8 Z_ SN temperature =
< - T -2 - 2200 8
L - 3 ~ ~3 14 @©
; exergy 12 L 2000 T
19 - destruction i <

17 T T —- 1800

273 473 673 873 1073 1273 1473
Air feed temperature, [K]

Figure 4 Exergy destruction due to combustion [%hefexergy of the coal]

Preheating of air can reduce the losses causettdiyal thermal energy exchange and
combustion reactions. The exergy destruction iaged from 30.4% to 20.0% when the air is
preheated from 288 K to 1,288 K in the case othiometric combustion. Without any
preheating of air, the exergy destruction incre&ses 30.4% to 35.0% when the air factor
increases from 1.0 to 1.4. The excess air redieeadiabatic flame temperature, thus
increases the exergy destruction caused by conobustactions. The exergy destruction
related to mixing and the internal thermal energghange also increases. When the air is
preheated, the influence of the air factor on tkexgy destruction is reduced. When the air
factor is 1.22 (the reference plant) in the casaoopreheating, the exergy of the combustion
product is 67.0% of the exergy of the coal feedenelthe physical exergy and the chemical

exergy contribute 63.0% and 4.0% respectively.
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When pure @is used for combustion (oxy-combustion), the exelgstruction related to the
combustion reaction, mixing gNis not present) and internal thermal energy exgbdno
heating of N) is reduced. In case of stoichiometric combustwithout preheating of air, the
exergy destruction for the combustion processlmutated to be 20.5% of the coal feed.
However, the extremely high adiabatic flame temjpeea(5,495 K) requires dilution. In
addition, the production of pure,@troduces air separation units and thus new f34&ken

CO, capture is included, however, oxy-combustion psamising alternative[23].

4.2. Low temperature heat losses

In the reference power plant, the exhaust fluetgiaperature is 393 K. The physical exergy
of the flue gas is calculated to be 0.96% of tkerttal input. The reduction in low
temperature heat wasted or recovery of this heat important way to improve the thermal
efficiency. The low temperature heat losses camladsreduced by decreasing the air factor
and the flue gas temperature. Organic Rankine €E@&Cs) and some other cycles have
been proposed for recovering low temperature héptfais topic is, however, not discussed

in detail in this paper.

The influence of the air factor (denotedflppn low temperature heat losses can be explained
using Figure 5. The energy balance is assumed satigfied for the case of stoichiometric
combustionfE1), and is represented by the streams in solesliNote that the heat losses
related to surface radiation and convection andtibam losses due to boiler blowdown and
surface blowoff for impurity removal, and any otlségam losses are neglected. The heat loss

caused by the ash is also neglected. If the dioifancreases from 1 o more coal (', ) is

burned in order to heat the additional flue gé&&.{) from ambient temperature to the flue

gas temperature. The dashed lines show the corabusftihe additional coal. Note that the

flue gas represented by dashed lines includesrtitipts of the combustion of the additional



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

300 by Eg. (10).

301 ! ! — ! ! 10
m coal+ m air — m FG+ m ast ( )

302 Herem',, is the mass flow of the additional air to be uséd, = fwn' + (f —Lwh

coal coal’

303 wherew is the stoichiometric ratiocg=8.8122 for the coal feed)n’_, is the mass flow of

ash

304 the additional ash produced, thiins,, = 0.1415n |

coal

(according to Table A2). Eqg. (10) can

305 be rearranged as:

306 ', =(0.8585+ 8.8122 i+ 8.8122(- i, (11)

cc;al
307 According to the definition of the lower heatindwe (LHV), the following energy balance

308 can be obtained:

309 Mp(LHV) =i (W' g —h' o) (12)
310 whereh';; andh'y, are the specific enthalpies of the additional fjas at exhaust

311 temperatureT_,) and ambient temperaturg,.

312
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Figure 5 Mass and energy balances for investigatiagnfluence of the air factof) (

For a givenT.;, the influence of the air factor on the therméicegncy can be investigated

based on Egs. (11) and (12). Similarly, the infaeenf the exhaust flue gas temperature on

the thermal efficiency can also be investigatedufé 6 shows the mass and energy balances
when the flue gas temperature changes figgn(the box in solid lines) t@., (the box in

dashed lines). Note that the flue gas representdideodashed lines includes the gas products
resulting from the burning of the two portions ogtfeed (h,,, andm'_,). More (or less)

coal is consumed when the flue gas temperatureasess (or decreases) in order to maintain

the energy balance. The following energy balanceeasily be obtained from Figure 6.

LHV (M'sq) = Mg ~heer,) ~Medh ra, = ea,) (13)

FG T

whereh,; . andh.. . are the specific enthalpies of the flue gas aaeshtemperatureT; )

and ambient temperaturé,(). For a giverf, the influence of the flue gas temperature on the

thermal efficiency can then be determined.
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Figure 6 Mass and energy balances for investigatiagnfluence of the flue gas
temperature

The results are illustrated in Figure 7. When the §as temperature is 393 K (the reference
plant), the thermal efficiency increases from 4512%45.9% when the air factor is reduced
from 1.4 to 1.0. The thermal efficiency increasg®d % points on average when the air
factor is reduced by 0.057. When the air factdr.®2 (the reference plant), the thermal
efficiency increases from 45.5% to 46.6% if theefgas temperature decreases from 393 K to
345 K. Such reduction in flue gas temperature @adhieved by using flue gas as heat
source in air preheaters that can withstand thee@rrosion[5]. The spread and distribution

of the flue gas from the stack limits the flue ¢a®mperature to 345 K[5]. If the flue gas could
be further cooled to 308 K (this temperature igtia by the temperature driving forces of
heat exchangers), the thermal efficiency wouldease to 47.4%. It is found that for every
reduction of 4.5 K in flue gas temperature, thertted efficiency increases by ~0.1% points.
The air factor has negligible influence on the th&refficiency when the flue gas is cooled to
ambient temperature. This is reasonable sincedhtlbsses are very small when the flue gas

exits at around ambient temperatures.



342 |t should be noted that the thermal efficiency éases by around 2% points (according to
343 Figure 7) when the low temperature heat is comiyleezovered in the boiler system, but by
@ - maximum of 0.96% points (corresponding to thespia}l exergy of the flue gagiillED
345 d This difference is explained by
346 the very low quality (exergy) of the low temperatimeat and thus the very low efficiency of
347 ORCs. When the low temperature heat is recupenatéx® boiler system, less coal is burnt
348 and thus the irreversibilities are reduced. Thetahgost is also a considerable challenge for
349 implementing ORCs. Thus, it is reasonable to platresf into reducing low temperature heat
350 |osses from the boiler system before using ORGsedover work from the low temperature
351 heat. This can be implemented simply by increasiegsize of the air preheater (reducing the

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

353 temperature heat being recirculated into the b@
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Figure 7 Influence of the air factor and flue gamperature on thermal efficiency
354
355

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

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

358 engines is limited by the Carnot efficiency. Anatlevorking fluid receives heat from the flue


Evidenzia

Nota
Is it possible to quantify this efficiency?

Nota
I agree with the Authors. In addition, an ORC unit could be really difficult to manage if the thermal unit is subjected to frequent load changes.
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gas with small temperature differences and rejetosthe ambient environment (normally to
cooling water). Such a process is illustrated guFeé 8(a) and explained as following: the
fluid is reversibly heated by the flue gas (2-3gabeing isentropically compressed (1-2), and
then reversibly cooled (4-1) at ambient temperadfiter being isentropically expanded (3-4).
In the case of reversible heat transfer, the maxinuork output is equal to the changes in

exergy for the flue gas between the adiabatic fleengperatureT,,) and the exhaust

ithe reference plant, the physical exergyefftue gas is 63.0% of the

exergy of the coal, thus the maximum thermal edficy (referred to LHV) is 68.3%.
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Figure 8 Ideal heat engine: (a) T-s diagram, (grimal efficiency

If the heat capacities of the flue gas and the mgrRuid are assumed to be constant, and
assumingl, =T, =T, and T,; =308.15 K, the plant thermal efficiency is determined by the
temperature difference in the hot eddll(=T_, —T,). Figure 8(b) illustrates the influence of
AT on the thermal efficiency. The thermal efficieruscreases from 66.5% to 44.8% when
AT increases from 0 Kto 1,150 K. FAT =1150 K, T, is equal to 878.6 K. This is very
close to the main steam temperature (873 K) imeference plant, the thermal efficiency of
which is 45.5%. Wher; is 1,073 K (80€C, corresponding to ultra-supercritical steam

cycles), the thermal efficiency is 51.0%.
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In order to reduce the exergy destruction causedteby transfer, it is useful to explore an
ideal working fluid for the cycle “1-2-3-4-1". Suehorking fluids are, however, not available.
One alternative is to use a mixture of componestha working fluid (e.g. the Kalina
cycle[25]). The boiling points are not constanKedina cycles, thus the exergy destruction
related to heat transfer can be reduced. Anotlenmnalive is to use a combination of several
cycles: liquid metal such as potassium and mensumged for the high temperature range[4];
water is used for the medium temperature rang@nicgsubstances or G@re used for the
low temperature range. Gas turbine combined cyakesnore commonly used, where the
air/exhaust flue gas is used as working fluid e higher temperature range, and water is

used for the lower temperature range.

4.4. Thermal efficiency improvement for the steam cycle

Steam Rankine cycles are most commonly used inbasad power plants. The heat transfer
between the flue gas and the steam causes cordalera@rgy destructions due to large
temperature differences. Other irreversibilities @used by the inefficiencies of steam
turbines, pumps, and the heat transfer with fir@teperature differences in the regenerative

feedwater preheaters and the condenser.

The maximum temperature and pressure of the steamainly limited by the construction
materials of steam generators and steam turbinélg] steam temperature is expected to
reach 973 K (70C) in the near term and 1,073 K (800 in the long term. With reference to

Figure 5, the heat supplied to the steam cygle, is calculated by:

Qsc =M et M ol reo M A = M gl e (14)
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wherem,, , m.,, My, andm,., are the mass flows of boiler feedwater, main steznta

reheating steam and hot reheating stelam; h, ., h,,, andhg,,, are the corresponding

specific enthalpies of the streams. According eodhata presented in Table Al for the

reference plant and steam properti®s, is calculated to be 1,567.6 MW. The boiler

efficiency (the ratio ofQ.. to the thermal input of the coal feed) is thus794.

The maximum work that can be produced from thensteycle, W, , is calculated by:

Wsc = mmsems+ m RHol® RHoul™ m 7 m RHfT RHi (15)

whereeg,,, €., €, ande,,,,, are the specific exergies of boiler feedwater,ms&am, cold
reheating steam and hot reheating stéagp.is calculated to be 916.9 MW for the reference

plant. Thus, the theoretical maximum thermal efficy of the steam cycle (cycle efficiency)
for the given parameter values for feedwater a@dmstis 58.5%. The maximum thermal
efficiency of the entire plant is then calculatedé 55.4% (by including the boiler
efficiency). This value is higher than the valué.8%o) predicted in Figure 8(b), since the
boiler feedwater and the reheating steam are feshgieratures much higher than ambient,

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

4.4.1. Influence of main steam parameterson thermal efficiency

By considering Eq. (14), and assuming that rehgasimot applied, the mass flow of the main
steam is determined by the parameters (temperatar@ressure) of the boiler feedwater and
the main steam. The maximum work output from tlearst cycle is calculated by Eq. (15).
Thus, the maximum thermal efficiency of the engitant can be calculated. The influence of
the main steam parameters on the thermal efficiensliown in Figure 9. Two feedwater

temperatures are investigated: 308 K (corresporiditige outlet temperature of the
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condenser in the reference plant; representedebgiabhed lines) and 581 K (corresponding
to the final feedwater temperature, FFWT, in tHenence plant; represented by the solid
lines). Since the benchmarking methodology in plaiger is to evaluate the thermal efficiency
by stepwise investigation from theoretical to picadtvalues, the condensate from the
condenser is assumed to be reversibly broughh#b fieedwater conditions. The work
calculated by the exergy difference between thal feedwater and the condensate is

included in the calculation of thermal efficiendjhe pressure losses are neglected.

61 - ----FFWT=308 K =~ ——FFWT=581 K ‘é%% %";'r
60 - 300 bar
59 - 560 bar

150 bar

400 bar
= ,_4 350 bar
-—2300 bar

Thermal efficiency [%]
[8)]
=
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Main steam temperature, [K]

Figure 9 Influence of the main steam parameteitherthermal efficiency

The results in Figure 9 clearly illustrate the fa@rfieom feedwater preheating that is today
commonly applied in steam power plants. It can Bisooticed that the effect of pressure is
that the thermal efficiency decreases with increapressure. This can be explained by the
smaller changes in specific entropy with pressttegher pressures. Eq. (16) shows how

specific entropies of the main steam and boiled\ieder (5, and s, ) affect the physical

(thermo-mechanical) exergy. The heat transferrdbddasteam cycle is fixed,



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

Qsc =M, (. —hy,), thus the exergy transferred to the steam C¥Ele, is mainly

influenced by the entropy differences of the magas and the feedwater.

ESC:mmsems_mfvng:mm[(h ms_hf\)_Tgs mS_Sf)l] (16)

When the feedwater temperature is 308 K (dashed ImFigure 9) and the steam
temperature is about 773 K, the steam pressuredggible influence on the thermal
efficiency in the case that the pressure exceed$8&0 The thermal efficiency increases
almost linearly with temperature when the feedwtgsperature is 581 K (solid lines in
Figure 9). It increases from 54.1% to 60.0% whensteam temperature increases from 773
Kto 1,273 K for a pressure of 300 bar. An averagesase of 0.1% points in thermal
efficiency is obtained for every increment of 8rkithe steam temperature. The thermal
efficiency increases from 52.8% to 56.2% when tlesgure increases from 150 bar to 400
bar for a steam temperature of 873 K. The therffigiency increases by approximately

0.1% points for every increment of 10 bar in thessure range of 250-350 bar.

The thermal efficiency is 56.6-57.1% in the presgange of 300-350 bar when the steam
temperature is 973 K. This is the common targéténvery near future based on the
development of nickel-based alloys[24]. If the stedamperature reaches around 1,073 K, the
thermal efficiency is 57.8-58.2% for the same pressange. The thermal efficiency
achievable is 60.9% at 400 bar and a steam tenuperatt 1,273 K (the very long-term

target). However, the thermal efficiency preseimteligure 9 is theheoretical maximum
efficiency without reheating. In practice the steiaom the last stages of the low pressure
(LP) turbine should neither be too wet nor too Adius the temperature and pressure of the

main steam should be matched with each other.

4.4.2. Final feedwater temperature
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Figure 9 shows the established fact that the fevtemperature has a significant influence
on the thermal efficiency. Higher feedwater tempemincreases the mean temperature of
heat addition from the flue gas to the steam cyldbermal efficiency of Rankine cycles
increases when the average temperature of heaioeddi higher. However, when the amount
of heat from the flue gas and the main steam teatyer are fixed, the mass flow of the
feedwater and thus the size and capital cost dpewnt increases. High feedwater
temperature is normally achieved by regeneratieehgating. The final feedwater
temperature (FFWT) should be optimized with respethe thermal efficiency and
investment cost. For subcritical cycles, the maxm~FWT is the boiling point of the main
steam. The maximum thermal efficiency is obtaing@timizing the heat loads of each
feedwater. An infinite number of heaters is reqiit@ achieve the maximum thermal
efficiency when the feedwater is supplied at thiéirgppoint[26]. For supercritical and ultra-
supercritical cycles, there is no transition betweapor and liquid. The maximum feasible
FFWT is limited by the pinch temperature differenioé the economizer and the air preheater,

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

inlet temperaturd; . and the flue gas exhaust temperaflirg) are fixed, the FFWT is

limited by the pinch temperature differences oféhenomizer AT, ) and the preheater (

co

ATpre )
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Figure 10 Pinch temperatures of the preheater emclognizer
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Figure 11 Influenceof pinch temperatures for thehpater and economizer on
the FFWT

For the reference plant.; =393 K, T, .=288 K and’=1.22. The influence oAAT_., and
AT . on the FFWT can then be investigated when assuotingtant specific heat capacities

pre

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

both AT,, and AT, are 0 K. This temperature is far beyond the marintemperature of

the superheated steam limited by materials of cocisdon. WhenAT,, and AT, are fixed, a
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higher FFWT will increase the flue gas exhaust terafure ), thus the low temperature

heat losses will increase.
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Figure 12 Influence of FFWT on the thermal effiaggn

Similar to the investigation on the influences t&fagn main parameters presented in Section
4.4.1, the maximum work output is calculated by @&), and the energy consumption for
the feedwater heating process is calculated bgxbegy differences between the final
feedwater and the condensate. The net work praduatid thus thermal efficiency can then
be determined when the FFWT and steam parameteigiawn. Figure 12 shows the
influence of the FFWT on the thermal efficiencytioé entire plant for typical main steam
parameters (without reheating). The dashed lingsgoove each curve represent the Carnot
efficiency (the mass flow of the main steam isniitély large). When the FFWT gets close to
the main steam temperature, the thermal efficiencjose to the Carnot efficiency. However,
the high FFWT increases the mass flow of boiledfester and also the number of feedwater

heaters. The capital cost thus considerably inesedashe improvement is economics limited.
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The FFWT is typically around 500-600 K[27]. Forghange, the thermal efficiency increases
almost linearly by 0.1% points for an average inwat of 5 K in FFWT. Beyond this range

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

4.4.3. Reheating and turbine efficiency

Flue gas

Steam turbiens

v
q_ Y

Boiler é Condenser

A

| Regenerative
| feedwater heating,
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—

11

Coal  Air

Figure 13 A steam Rankine cycle with reheating

The main steam can be reheated against the flu@e ¢jaes boiler area before it is expanded to
the condenser pressure, as illustrated in Figur&&Beating is applied in steam cycles for
two reasons: (i) reducing the moisture contenh@last stages of the turbine and (ii)
increasing the mean temperature of heat additieheRting with more than two stages has
been less discussed in literature since the additiovestment cost and the complexity are
not expected to be justified by the gain in thergféitiency. Without considering the
investment cost, an infinite number of reheatirages can be imagined. Then the reheating
process is an isothermal expansion process, agdted by process 2-3 in Figure 14(a). The
boiler feedwater (BFW; 1) is heated to the maimusteondition (2). The steam is expanded
to state 3 at constant maximum temperature. Pdiiais3he same entropy as the saturated
vapor at the condenser pressure (4; 0.048 bar)piideess 3-4 is an isentropic expansion

process. The steam is then condensed (4-5), puanukbeated to the feedwater conditions



522 (5-1). The process 5-1 is assumed to be reversthis,the work consumed in this process is
523 calculated by the exergy difference of the twoestaNo steam is extracted for regenerative

524 preheating. The cycle efficiency is calculated ly @7).

525 17 = (Why + W, =W, ) /(Q,+Q ) (7)

526 whereW andQ are the work and heat for the processes.

527 For the reference power plant, the influence ofatibet pressure from the isothermal

528  expansion p;) on the cycle efficiency is shown in Figure 14(bho reheating is applied,

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

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

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

532 condensation process is reversible (all of the ensdtion heat can be recovered as equivalent
533 work), the cycle efficiency is calculated to beZ%8. The corresponding thermal efficiency is
534 55.1% (by including a boiler efficiency of 94.7%)hich is the same as the value obtained in
535 Figure 12 (FFWT = 581 K). Thus the irreversible gdensation process has reduced the

536 thermal efficiency by 4.6% points (0.551-0.505).
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Figure 14 Isothermal expansion: (a) T-s diagrdahCycle efficiency

537
538 If the main steam is isothermally expanded to 4Bamd then isentropically expanded to

539  0.048 bar, the steam at the outlet of the lasestdighe turbine is saturated. The cycle
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efficiency is 58.8%. However, this is not the madimefficiency that can be achieved.

Instead the main steam can be isothermally expaiad@g, and then isentropically expanded

to p;. In this case, superheated steam (7) is condemskd condenser. Such a process is
shown by dashed lines in Figure 14(a). This prosesgases the temperature of heat
dissipation but also increases the temperatureaif &ddition. An optimap; can be obtained
by iteration when the cycle efficiency is equattie efficiency of a Carnot cycle operating
between the two temperatur€sandT,, i.e. (1-T, / T,). For the given process conditions,

the optimal pressure is 2.0 bar and the correspgrdicle efficiency is 59.0%. The
temperature of the steam from the last turbineeste@71 K. The observation is useful for the

optimization of the reheating pressures if the emseér can withstand superheated steam.

The isothermal expansion process can not be impiesteén practice which is a practical
irreversibility of the steam power cycle. A oneg&gaeheating process is shown in Figure
15(a). Assuming that regenerative preheating isisetl (the process 5-1 is reversible), the

near optimal reheating pressure is obtained bysitsgty analysis. Figure 15(b) shows how

the cycle efficiency varies with the ratio betweka reheating pressur®{,,) and the main

steam pressure;). The solid lines represent the cases in whichieheating temperature is

equal to the main steam temperature. The dashesldire for the cases in which the reheating

temperature is 20 K higher than the main steaméeatpre. The numbers on the lines are the
isentropic efficiencies/f,) for the steam turbines (assumed to be the sanadl fioirbine

stages). The following conclusions can be observed:

(1) The maximum cycle efficiency increases by arou2d@points when the reheating
temperature is 20 K higher than the main steam eéeatpre for various turbine

efficiencies.
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(2) The cycle efficiency could be smaller than the gakithout reheating if the reheating
pressure is too low, since the mean temperatutteediieat addition for the reheating

process in such cases is too low.

(3) Without reheating, the cycle efficiency is reduéemn 53.4% to 46.0% if the turbine
isentropic efficiency decreases from 1.0 to 0.% Tbrresponding drop in the thermal

efficiency of the plant is 7.01% points.

(4) When the turbine isentropic efficiency is 0.90 ¢gdo state-of-the-art technology), the
optimal pressure ratio between the reheating pressd the main steam pressure is 0.24.
This optimal value is almost equal to the valu23@) in the reference plant where

regenerative feedwater preheating is used[5].
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Figure 15 One-stage reheating processT{ayliagram, (b) Cycle efficiency
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Figure 16 Influence of number of reheating stagethe steam cycle efficiency

Figure 16 shows the influence of the number of atihg stages on the cycle efficiency for
different turbine efficiencies. The efficiencies &l the stages are assumed to be the same.
The reheating temperatures are assumed to bertfeeasathe main steam temperature. The
cycle efficiencies are obtained by sensitivity s and are thus near optimal values. When
more than one-stage reheating is applied, the seamthe last stage of the turbine is
superheated for some cases (marked as ‘S’ on tegihaorder to get the maximum
efficiency. The numbers above each bar in the tetfgeaases (with finite stages) are the
optimal ratio of the reheating pressure to thetipiessure of the upstream turbine.
Obviously, the improvement in cycle efficiency dmsihes with an increasing number of
reheating stages. When the turbine efficiency9stbe cycle efficiency increases 2.3% points
by one-stage reheating, 1.6% points by a secoraitigly stage and 1.2% points by a third
reheating stage. The improvement in cycle efficganith increasing number of reheating

stages is more notable with lower turbine efficieac

4.4.4. Other practical limitations on the ther mal efficiency
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In the previous sections, the condensate is asstortereversibly brought to the final
feedwater conditions. In practice, regenerativaihgand pumping are used to lift the
temperature and pressure. For modern steam cgeldsfeedwater heaters are commonly
used, resulting in very small irreversibilities.€Tinreversibilities in the feedwater heaters (the
deaerator included) and pumps are reported todponsible for around 1.2% of the thermal
input[28, 29]. The same value is assumed for tfexeace power plant. The steam extraction
reduces the irreversibilities in the turbines dmel¢ondenser. The condensate flow is around
75% of the main steam flow[28, 29]. Thus the irrsilities in the condenser can be reduced
by 1.15% of the thermal input compared to the valasented in Section 4.4.3 (4.6%). Table
1 shows the changes in thermal efficiency. Whethallcomponents are included, the thermal
efficiency is very close to the value for the refeze power plant (45.5% as presented in

Table Al).

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

Turbine efficiency 1.0 0.95 0.9

Cycle efficiency for one-stage reheating (refefFigure 13) 54.7 51.5 48.3
Reheating temperature is 20 K above the main stearperature  54.9 51.7 48.5
Cycle efficiency is converted into thermal effiobgrn(by a factor 52.0 49.0 45.9
of boiler efficiency, 94.7%)

Irreversibilities for the feedwater heating and jpimg included 50.8 47.8 44.7
Irreversibilities in the condenser is reduced dustéam extraction 52.0 49.0 45.9
Auxiliary power is included (1.7% of the thermapirt[5]) 51.3 47.3 44.2

5. Emissions control: CO; capture

Technologies for the control of SOx, NOx and p#etan thermal power plants are relatively
mature. For the reference plant, both low NOx brgiaed a selective catalytic reduction
(SCR) DeNOx plant are used for the control of N@xssions. The flue gas desulphurization
(FGD) unit is assumed to remove 98% of SOx in the §as an finally the electrostatic

precipitator (ESP) is used for the removal of péet[5]. The corresponding energy
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consumption for the control of SOx, NOx and pagtscis small and included in the auxiliary

power in Table 1.

The control of C@emissions from thermal power plants is a possii#asure to mitigate
climate change. Various approaches for,C@pture are under investigation. They are
normally classified into three categories: post-bastion, pre-combustion and oxy-
combustion[30]. For post-combustion, the {®separated directly from the flue gas, thus the
main separation is between &hd CQ. For pre-combustion, the fuel is converted intogas
(CO and H) by gasification or reforming, then the CO is hatt converted into C{by the

water gas shift reaction, and finally €@ separated from 4prior to combustion. Thus the
main separation in pre-combustion is betweemmtl CQ. The key idea of oxy-combustion is
to use pure @or other oxidants such as metal oxides (CLC[3}aad of air for the
combustion, resulting in concentrated G@the flue gas, thus the main separation is betwe

O, and N.

The capture of C&from coal based power plants causes considerfadtenal efficiency
penalties, typically varying from 6.5 to 15% poif@sergy consumption for G@ompression
is included) depending on the technology pathwdys33]. There is a minimum energy
penalty which is limited by thermodynamics. Whepracess is assumed to be
thermodynamically reversible, the minimum work aamption (or production) is equal to the
difference between the exergy of the product steeand the exergy of the feed streams. In
the case of reversible removal of £f&om the reference plant, the €® assumed to be
directly separated from the flue gas at ambienpeature and is then isothermally
compressed to transportation presspfgsportation =110 bar, according to literature[5]), as

shown in Figure 17. Both separation and compregsiocesses are assumed to be reversible.
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The minimum work for the separation and compressifad@O, can be calculated[12], thus the

thermal efficiency including CQcapture can be obtained.

Gases vented
. T >
Flue gas Reversible o Po
T separation CO, Reversible CO,
05 Po > . T EE——
TO’ Po compression TO, ptransponation

Figure 17 A reversible C{rapture process

Figure 18(a) shows the thermal efficiency for vasi&€Q recovery rates (referred to the
numbers for each curve on the figure) at diffeegntactors for the reference power plant.
The purity of the captured G@ assumed to be 1.0. The dashed curves represssd when
only CQ, separation work is included, while the solid cervepresent cases when both,CO
separation work and compression work are includuen the C@recovery rate is zero, the
thermal efficiency is actually equal to the valueew CQ capture is not applied (the
temperature of the flue gas vented is 393 K). Tewing conclusions can be observed from

Figure 18(a):

(1) Within the given range of air factor for a ¢f@covery rate of 1.0, the thermal efficiency
penalty related to CQOrapture is 2.92-3.49% points, where the reversieparation of CO

contributes 1.24-1.55% points (around 43% of thal fpenalty).

(2) Not very surprisingly, an obvious reduction in ef#ncy penalty can be observed when
the CQ recovery rate is reduced. For the reference plaete the air factor is 1.22, the
efficiency penalty related to G@apture reduces from 3.31 to 1.81% points wherCibe
recovery rate decreases from 1.0 to 0.6. The peredted to C@separation reduces from
1.43 to 0.69% points. Thus, partial capture o, @power plants may be attractive when
the investment cost of equipment is taken into iclemation[32]. This will depend on the

future cost of emitting C©
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(3) The changes in efficiency penalty (also in workszonption which is not shown in the
figure) with the CQrecovery rate become smaller when the recoveeydetreases. The
more the recovery rate is decreased, the loweethéve efficiency gain will be. Thus
energy saving by reducing the recovery rate shprdterably be implemented at high

recovery rates.

Figure 18(b) shows the thermal efficiency for diiet CQ purities (mole fraction: 0.9, 0.95
and 1.0). Since the main separation is betweeand CQ, the impurity in the captured GO
is assumed to be,NTwo recovery rates are investigated: 0.9 andThe.following two

conclusions can be made:

(1) The thermal efficiency does not change much wighptrity of CQ. For a recovery rate
of 1.0, the thermal efficiency increases about @ Jints at various air factors when the

purity of CQ increases from 0.9 to 1.0.

(2) The separation work increases when the purity of @&eases, however, the
compression work decreases since fewer impurites@mpressed. According to Figure
18(a), the compression work contributes more tddted efficiency penalty than the
separation work, thus the total efficiency penadtated to CQcapture decreases.

Therefore it is more favorable in the reversibleecto capture CQOwith high purity.
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Figure 18 Thermal efficiency including ideal €€apture processes: (a) various,CO

recovery rates when the G@urity =1, (b) various C@purities when the C{recovery

rate = 1 (curves in areen color) and 0.9 (curvesack color).
The above observations from Figures 18(a) and kBépased on the assumption that the
capture processes are reversible. The thermaiesflig shown in the two figures are thus
theoretical maximum values. Reversible processedlificult to realize in practice, however,

the observations can somewhat guide practical imgmn@nt measures of GO@apture

processes, e.g. the improvement potential by dpirelaadvanced solvents such as ion liquids
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is limited by the minimum energy penalty. For teéerence power plant[5], the thermal

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

for capturing CQ. This value is more than 3 times the theoretidaimum (thermodynamics

limited). The difference is mainly caused by thehteology route for C@capture.
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Figure 19 Decrease of the plant thermal efficieceysed by various factors

A summary on the decrease of thermal efficiencynftbeoretical maximum to pratical values

for the reference plant is shown in Figure 19. Tte¥mal efficiency is reduced by adding

limitations in each unit operation. The dominarttéas are listed on the figure and are

classified into thermodynamic, technical and ecdnarategorie_)@

improvement on in each unit can easily be deterdiithout detailed exergy analysis on the
EGlSIREEEs . Figure 19 shows that adialtiobustion of coal is the most inefficient

process and thus a technology shift from adialzatcbustion to new oxidation routes such

as chemical looping combustion and fuel cells isessary for significant efficiency

improvements. It can also be observed that thenteahfactors are more dominant than
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economic factors, thus efforts should focus moréchnology development such as reducing
air factors for combustion, developing more efiitisteam turbines, and exploring advanced
separation routes for G@apture. Note that the MEA capture of 8fauses the second

largest loss of efficiency after combustion irresieilities. The final boiler feedwater
temperature has also caused a considerable remlirctioermal efficiency. This temperature

is economics limited that determines the averagpézature of heat addition to the steam

cycle.

6. Conclusions

A systematic methodology has been presented ipépsr for the assessment in efficiency
losses for direct combustion coal to power procestsp by step and potential means of
reducing these losses. The thermal efficiency veasadised to practical values by adding
limitations such as thermodynamic, technical arahemic factors. The primary advantage of
the methodology is that all possible improvemenasuees can be covered and the
improvement potential can be quickly predicted withknowing process details. As an
illustrative example, in order to increase thenierefficiency by 0.1% points for the
reference power plant, the following measures @amiplemented: (1) reducing the air factor
by 0.057, (2) reducing the flue gas temperaturd.byK, (3) increasing the final feedwater
temperature by 4 K, (4) increasing the main steamperature by 8 K, and (5) increasing the

main steam pressure by 10 bar.

The following four observations are directly dedwehen applying the methodology: (1) the
low temperature heat of the flue gas should primae recovered by the boiler system before
using Organic Rankine Cycles to recover work; (Rgwreheating is implemented
(particularly for two or more stages), higher thatefficiency may be achieved if the steam
at the outlet of the last turbine stage is supeeuoked3) it is concluded that as turbine

isentropic efficiency improves, the gain in therretiiciency from reheating decreases; and
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(4) the second largest loss after combustion ioed lsased power plant with MEA capture of
CGO, is caused by this capture. Hence, the tremendéarssebeing spent on developing

improved CQ capture technologies are indeed justified.

The minimum thermal efficiency penalty related i@dt CQ capture from the flue gas is
calculated to be 2.92-3.49% points, where the s#iparand the compression of £€O
contribute about 43% and 57% respectively. Conalunlerenergy savings can be achieved by
decreasing the CQecovery rate, particularly at high recovery raidse CQ is preferably
captured at higher purities. Practical limitati@msCQ capture are subject to further

investigations.

Acknowledgments

This publication has been produced with suppornftbe BIGCCS Centre, performed under
the Norwegian research program Centres for Enviemirfriendly Energy Research (FME).
The authors acknowledge the following partnergtieir contributions: Gassco, Shell, Statoil,

TOTAL, GDF SUEZ and the Research Council of Nor{E3816/S60).

NOMENCLATURE

E exergy, kw

e specific exergy, kd/kg or kJ/mole
F molar flow, mole/s

f air factor

G Gibbs free energy, kW

H enthalpy, kW

h specific enthalpy, kJ/kg or kJ/mole

~.

irreversibility, kw



m mass flow, kg/s

p pressure, bar

0 heat, kW

R universal gas constant, kJ/(mddg
S total entropy, KW/K

S specific enthropy, kJ/(k)

T temperature, K ofC

w work, KW

X molar fraction

Geek Letters

A symbol of differences

n efficiency

¢ ratio of the chemical exergy to the lower heatiae
® stoichiometric ratio for combustion

Sub and super scripts

0 reference state

ad adiabatic

C combustion; cold end
ch chemical

eco economizer

FG flue gas

fw feed water

H hot end

[ component index

is isentropic

j phase index
min minimum
mix mixing

ms main steam



741

742

743

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
Appendix

Table Al. Main parameters of the reference plant [14]

Parameters

Values

Ambient conditions

Main steam (MS)

One-stage reheating (RH) steam
Feedwater heaters

Final feedwater

Exhaust flue gas

288.15 K, 1.01 bar and 60% regalhumidity
600.0 kg/s, 270 bar, 873 K
485.2 kgl/s, 6BBarK
5 LP heaters and 3 HP heaters
320 bar, 581 K
393 K



Condenser pressure 0.048 bar
Gross electrical output 819 MW
Auxiliary power consumption (feedwate65 MW
pumping is included)

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

746  Table A2. Coal characteristics [14]

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 (HO) 8.00 0
Oxygen (0O) 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 exer gy, kJ/kg 27,295
Stoichiometric air/coal ratio 8.8122

747

748  Table A3. Compositions of atmospheric air

Component Volume fraction (dry) Volume fractior6&%o
relative humidity
N2 78.09 77.3

CO 0.03 0.03
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H.O 0 1.01

Ar 0.93 0.92
O, 20.95 20.74
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