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Abstract

This study deals with the effects on the results of energy and exergy analyses of variations in dead-state properties, and involves two
main tasks: (i) examination of the sensitivities of energy and exergy values to the choice of the dead-state properties and (ii) analysis of
the sensitivities of the results of energy and exergy analyses of complex systems to the choice of dead-state properties. A case study of .
coal-fired electrical generating station is considered to illustrate the actual influences. The results indicate that the sensitivities af energy an
exergy values and the results of energy and exergy analyses to reasonable variations in dead-state properties are sufficiently small that th
findings, conclusions and recommendations based on such analyses usually are not significantly affected by the property variations.
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1. Introduction terials, etc.) in place of or in addition to energy analy-
sis.
Exergy is a measure of the maximum capacity of a system

Exergy analysis is a methodology for the evaluation of ; ful Kasi q ified final
the performance of devices and processes, and involves exfto perform useful work as it proceeds to a specified final state

amining the exergy at different points in a series of en- equilibrium with its surroundings. The available work

ergy conversion steps. With this information, efficiencies that can be extract'ed from an energy source depends on the
state of the source’s surroundings. The greater the difference

which are a measure of an approach to the ideal can be ; " dit di h ¢
evaluated, and the process steps having the largest losse etween the energy source and Its surroundings, the greater

(i.e., the greatest margin for improvement) can be identi- the capacity to extract work from the system.

fied. Exergy is defined as the maximum work which could . Some energy _and exergy values are dependent on the
be produced by a stream or system in a specified envi_lntenswe properties of the dead state. Consequently the

ronment, or with respect to a dead state. Although the ba- result_s O.f energy and exergy e_malyses generally are sensitive

. . to variations in these properties. Before energy and exergy
sic concepts related to exergy analysis were formulated . . ) : .

. . analyses can be applied with confidence to engineering
around the mid-to-late 1800s, most developments in the - o
) o . systems, the significance of the sensitivities of energy- and
area of practical application have occurred during the past . e :
o . “exergy-analysis results to reasonable variations in dead-state

few decades [1-9]. At present, exergy analysis is gaining

widespread acceptance in many communities. In the Iastproperues must be assessed. Only very brief discussions of

h itivities h .F le, Wepf
decade, many researchers, e.g., [L0-16] have recommendetd ese sensitivities have been reported. For example, Wepfer

. : L . and Gaggioli [11] have pointed out that exergy analyses of
that exergy analysis be used to aid decision making re- >agg [11] P . . ergy yse
: : ; chemical plants are often relatively insensitive to variations
garding the allocation of resources (capital, research and.
. ) . in Ty and Py. Many have assumed that small and reasonable
development effort, optimization, life cycle analysis, ma-

changes in dead-state properties have little effect on the
performance of a given system. In a study focussed on
* Corresponding author, aerospace appllcatlons,_ one of the aqth_ors gxamlned the
E-mail addressesmarc.rosen@uoit.ca (M.A. Rosen), impact on exergy analysis results of variations in dead-state
ibrahim.dincer@uoit.ca (I. Dincer). properties at increasing altitudes in the atmosphere [17].
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Nomenclature
Cp specific heat at constant pressure Y a variable in Eq. (10) representing either energy
h specific enthalpy; specific base enthalpy or exergy
H _enthalpy;_pase enthalpy _ Greek symbols
1 irreversibility or exergy consumption .
KE kinetic energy B exergy function= H — ToS
N moles 3 exergy
NGS Nanticoke Generating Station e thermal exergy transfer
P absolute pressure n energy efficiency
PE potential energy I chemical potential
0 heat interaction iy entropy production
R universal gas constant o sensitivity
Renergy Net station condenser energy (heat) rejection rate ¥/ exergy efficiency
Rexergy Net station condenser exergy rejection rate Subscripts
s specific entropy . . !
s entropy i zt_h cc_)nstltuent
¢ time kin kinetic component
T temperature o] environmental state; chemical exergy
% volume 00 dead_ state
14 total work done by a system ph physical component
Wner  net useful work done by a system due to change POt potential component
in its volume Superscript
Wi shaft_work. ) rate with respect to time
X a variable in Eq. (10) representing a dead-state
property

To the best of the authors’ knowledge, however, no other it is demonstrated that the main results of energy and exergy
detailed examinations of these sensitivities have appeared iranalyses are usually not significantly sensitive to reasonable
the literature. The authors believe that one requirement for variations in dead-state properties, even though energy and
continued acceptance of exergy analysis is that the effectsexergy values are dependent on these properties.
on the results of exergy analyses of variations in dead-state
properties be fully examined and understood.

Recall that the exergy of a system is the maximum 2- Modeling
amount of work that can be obtained from the system. In
order to quantify the exergy of a system, we must specify
both the system and the surroundings. €Rergy reference be found elsewhere, e.g., [18,19].

environmentis used to standardize the quantification of . . .
X ; Exergy is evaluated with respect to a reference environ-
exergy. The exergy reference environment or simply the : g
. . . . ment. The reference environment acts as an infinite system,
environment is assumed to be a large, simple compressible . : . )
. : and is a sink and source for heat and materials. It experi-
system. The temperature of the environment is assumed to

be uniform atZ.. and the pressure is assumed to be uniform ences only internally reversible processes in which its inten-
0 P sive state remains unaltered (i.e., its temperdfyypressure

at Py. Also, it is assumed that the intensive properties of the P, and the chemical potentialg;oo, for each of the com-
environment are not significantly changed by any process. ponents present remain constant).

The dead state is normally selected to be as similar to°  the dead state is a state of a system in which it is at
the accessible natural environment as possible. Uswlly  gquilibrium with its surroundings. When a system is at the
and 7, are selected to be 100 kPa and 273.15xKo < same temperature, pressure, elevation, velocity and chemical
32315 K, and the chemical composition is taken to be composition as its surroundings, there is no opportunity to
similar to that of the accessible region of the crust of the construct a heat engine or other device to extract work, to
earth. operate a piston, to raise a weight or turn a turbine. No

The primary objective of this paper is to examine the potential differences exist in such instances that would allow
sensitivities to reasonable variations in dead-state propertieghe extraction of useful work.
of several energy and exergy values, and the results of energy The exergy of a stream or system is zero when it is in
and exergy analyses of a complex device. Through this work, equilibrium with the reference environment. The reference

A key discussion of the relevant theory of exergy analysis
is presented here. Further information and discussion may
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environment is in stable equilibrium. All parts are at rest 379

relative to one another. The exergy associated with shaft 2l

work W, is by definition W,. The term “shaft work”

includes all forms of work that can be used to raise a 14 AT,
weight (i.e., mechanical work, electrical work, etc.) net of To
any work done by a system due to change its volume. The —t + t + + {
exergy transfer associated with work done by a system due -4 -3 -2 1 2 3 4
to volume change is the net usable work due to the volume -1t

change, and is denoted b¥eT. Thus for a process in time

intervalr to 12, 21

WNeT =W — Po(V2— V1) (1) -3+

where W is the work done by the system due to volume Fig. 1. Variation of sensitivity of exergy consumption (irreversibility),
change V> — V1). Po(V2 — V1) is the displacement work — with To.
necessary to change the volume against the constant pressure

P, exerted by the environment. Exergy consumption
The flow of exergy associated with heat transfeiat a The only dead-state property on which exergy consump-
constant temperaturg is tion, I (= ToIT), and exergy-consumption rate(= ToIT),
Q_1_ are dependent i%,. The sensitivity of/ to a variation inT,
e¥=(1-To/T)Q ) is given by Eq. (10) withy = I andX = To:
The exergy of a flowing stream of matter,is | (To+ ATYI —Toll AT, a1
& = ¢&ph+ €o + Ekin + Epot ) B Toll - To
where Similarly for I, o = AT/ To. Fig. 1 plotso for I against
ATo/To. A variation in T, causes a proportional variation
epot= PE (4) in 7. For the narrow range df, values normally used, the
skin = KE (5) sensitivity of/ to variations inTy is relatively insignificant.
=Eo= io — Wioo) Ni 6
fo==o Xi:(“’o Hioo)Ni ©) Energy and exergy of work
e —B_B 7 The energy and exergy values associated with shaft work,
ph= © W, and the work done by a system due to volume change,
and where the flow exergy functioB, is defined as W, are independent of dead-state properties. (The net usable
ork, , due to volume change is dependentRy:
B—H_T,s (8) wi WNET, du volu geis dep N

The terms on the right side of Eq. (3) represent respectively Thermal energy and thermal exergy

the physical, chemical, kinetic and potential components of ~ Values of thermal energy), are independent of the dead

the exergy of a flowing stream of matter. state, while values of thermal exergy? = (1 — 7o/T) O,
The exergy consumptiory,, is the difference between and thermal exergy flow rateQ = (1 — To/T)Q, are

the useful work obtainable from reversible and irreversible dependent only off,. The sensitivity ofsQ to a variation

processes, and is given by in Ty is given by Eq. (10) withr = ¢Q andX = T:
I =Toll 9) _ Q[1— (To+ ATo)/T]— Q[1—To/T]
Q[1-To/T]
2.1. Sensitivities of several energy and exergy values to AT,
variations in dead-state properties = To—T (12)
For the present investigations, the authors define the Similarly for é€9, o = ATo/(To — T). Fig. 2 plotso for £?
sensitivity o of a general quantity’ to a variationAX in againstATo/ To for arange off'/ 7o valueso is small when
a quantityX as follows: ¢Q is large (i.e.,T < T, or T > To), and large when®
is small (i.e.,T is nearT,). However the large sensitivity
= YX+AX) = ¥(X) (10) whenT = T, is normally not significant because of the small
Y (X) magnitude o&Q.

where o is a non-dimensional measure of the fractional

change inY due to a perturbation X in X. For the present  Physical energy and physical exergy

discussionsy represents energy or exergy, akida dead- The physical energy and exergy associated with flowing
state property. streams of matter are generally dependerifpand P,. The



124 M.A. Rosen, I. Dincer / International Journal of Thermal Sciences 43 (2004) 121-133

sensitivities are examined here for two common flows: an

ideal gas and water.
For an ideal gas,

and
S_S(J:Cpln(T/To)—Rln(P/Po) (14)

where specific heats are assumed to be constant. Thus,

eph="h — hg — To(s — so)
= cp[T —To— Toln(T/ To)] — RIn(P/Po) (15)

_ Toln(1+ ATo/To) — ATo(1+In(T/ To + ATo))
B T —To — ToIN(T/ To)
IN(L+ AT)) — AT}1+In(T"/(1+ ATY)]
- T'—1—InT’
where ATy = ATy/To and T’ = T/T,. The sensitivity
of eph, for T = Ty, to a variation inPy is given by Eq. (10)
with Y = gph andX = Po:

(17)

—RINP/(Po+ APo) + RIN(P/Po)
o= —RIN(P/Po)
IN(L+ A Po/ Po)
T In(Po/P)

(18)

The termh — ho can be thought of as the specific physical Egs. (17) and (18) indicate that the sensitivity ©f to
energy associated with a flowing stream of matter. For an variations inT; and Py, is small wherep is large, and large

ideal gash — ho is dependent only offy, and the sensitivity
of h — ho to a variation inTy is given by Eq. (10) with
Y=h—hoandX =Ty:
Cp(T — To - ATQ) - Cp(T - To) ATO
o = =
cp(T —To) To—T

(16)

A comparison of Egs. (16) and (12) reveals that ko for
an ideal gas and? are equally sensitive to variations 1.
The sensitivity ofepn, for P = Py, to a variation inTg is
given by Eq. (10) with’ = epn andX = To:
o ={cp[T —To— ATo — (To+ ATo) IN(T/(To + ATy))]
—cp|T — To — ToIN(T/ To) |}

x {ep[T = To — ToIN(T/T)]} "

3170

Fig. 2. Variation of thermal exergyQ, with T, for a range off'/ T, values.

wheneph is small.

For flowing streams of liquid and vapor water, the values
of h — ho and epn depend on botlf, and Py. The values
of h — ho and epp for several conditions for reasonable
variations inT, and P, are presented in Table 1. The values
were generated with the EXCEM code, a code for the
simulation and analysis of engineering systems [18,20,21].
The values generated by the code for the present analysis
were based on properties of water contained in the ASME
Steam Tables. The reference values usedZfprand P,
were 298.15 K and 101 kPa, respectively, and variations
considered were-10 K and+20 K for T,, and+5 kPa and
410 kPaforP,. Water in the liquid phase was taken to be the
stable form in the environment. The sensitivitieshof hq
andeph to the larger variations iffy, and P, were evaluated
using Eq. (10) withY = h — ho andY = eph, andX = Ty
or X = Py, and are plotted for selected cases in Fig. 3. The
sensitivities are small except when the magnitudés-efi,
andepp are small (i.e., the stream is n&fyand Po).

Chemical exergy and base enthalpy

The sensitivities of values of chemical exergy and base
enthalpy to variations in dead-state properties are not ex-
amined in depth in this paper. However, in order to provide
some insights into these sensitivities and to indicate the need
for further examination of them, several points are discussed.

For several chemical species, Table 2 lists specific chem-
ical exergies evaluated by several researchers relative to the
range of chemical reference environments they propose. For

Table 1
Values ofepp(in kJ-kg~1) for water at several states for a rangeTgfvalues and fo?o = 0.101 MPa
State of water To [°C]

T [°C] P [MPa] Phase B 150 250 350 450
25.0 0.101 liquid 287 071 00 0.69 274
250 0.0032 vapor 166 824 -0.19 —814 —1613
99.9 0.101 vapor 62% 5576 4870 4178 3499

5.0 0101 liquid Qo0 0.75 294 654 1150

3000 8.00 vapor 1178 11190 10640 10100 9580

5000 500 vapor 1493 14250 13580 12930 12280

600.0 100 vapor 17030 16360 15690 15050 14420

10000 1000 liquid 16670 16170 165920 15230 14780
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Table 1(b)
Values ofepp, (in kJ~kg‘1) for water at several states for a rangePgfvalues and foffy = 25.0°C
State of water Po [MPa]

T [°C] P [MPa] Phase 91 Q096 Q101 Q106 0111
250 0.101 liquid Q013 Q006 Qo —0.006 —0.013
250 0.0032 vapor —0.180 —-0.187 —0.193 —0.199 —0.206
99.9 0.101 vapor 4868 48697 48696 48696 48695

5.0 0.101 liquid 296 295 294 294 293

3000 8.00 vapor 1064 106373 106373 106372 106371

5000 5.00 vapor 13502 135790 135790 135789 135789

6000 100 vapor 156919 156948 156948 156947 156946

10000 1000 liquid 156926 156925 156924 156924 156923
Table 1(c)
Values ofh — ho (in kd-kg™1) for water at several states for a rangefgfvalues and for?, = 0.101 MPa

State of water To [°C]

T [°C] P [MPa] Phase D 150 250 350 450
250 0.101 liquid 837 418 0.0 —41.8 —832
250 0.0032 vapor 2520 24840 24420 24000 23580
99.9 0.101 vapor 2650 26120 25710 25290 24870

5.0 0.101 liquid Qo —419 —837 —1255 —167.3

3000 8.00 vapor 2769 27230 26810 26400 25980

5000 5.00 vapor 341D 33700 33280 33270 32450

6000 100 vapor 36010 35590 35170 34750 34340

10000 1000 liquid 30600 30180 29770 29350 28930

Table 1(d)
Values ofh — ho (in kJ: kg—l) for water at several states for a rangePgfvalues and foffp = 25.0°C
State of water Po [MPa]

T [°C] P [MPa] Phase m91 Q096 0101 Q106 0111
250 0.101 liquid Q009 Q005 Qo —0.005 Q009
250 0.0032 vapor 24422 244201 244201 244200 244200
99.9 0.101 vapor 25756 257056 257055 257055 257054

5.0 0.101 liquid —83.73 —8373 —83.74 —8374 —83.75

3000 8.00 vapor 26816 268146 268145 268145 268144

5000 5.00 vapor 33224 332824 332823 332823 332823

6000 100 vapor 351724 351724 351723 351723 351722

10000 1000 liquid 297669 297668 297668 297667 297667

Table 2

Specific chemical exergies (in4-1-mol~1) proposed by various researchers for selected species

Species Gaggioli and Petit Baehr and Schmidt Szargut Wadsley Ahrendts Sussman

05 (9) 3.947 3953 3973 3914 3951 Qo

N2 (g) 0.691 0692 Q718 06524 0639 Qo

CO» (9) 20108 20108 20189 1991 14174 Qo

H20 (g) 8668 8595 11758 1031 8636 8593

H>0 (1) 0.0 0.0 3168 1716 Q045 Qo

SO,(9) 2876 - 3043 3015 240633 Qo

C(s) 411 411 411 404 405 394

H> (9) 235 235 238 237 235 2

H>S (g) 795 - 805 805 800 -

CHy (9) 830 830 837 833 824 818

C7H16(9) 4759 4757 4783 4776 4716 4667

CH3OH (1) 717 717 723 720 711 T®

NH3 (g) 337 336 340 3338 337 33%

* Compiled from data in Wadsley [37]. Values are fgr= 29815 K and P, = 0.101 MPa.
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Fig. 3. Variations of sensitivities of specific physical energy and exergy values for water at several stalgswit?, values. States of water considered are:
0.101 MPa and saturated as indicated by (i), 30@&nd 8 MPa (ii), 500C and 5 MPa (iii), 600 C and 10 MPa (iv), 1000C and 100 MPa (v), and 25°C
and 0.101 MPa (vi). (a) Far = epp and X = To; (b) for Y = epp andX = Po; (c) for Y =h — ho and X = To; and (d) forY =4 — ho andX = Po.

reference environments which approximately simulate the here as “base enthalpies”. Base enthalpies are often used
“accessible” natural environment (those of Gaggioli and Pe- so that the results from energy and exergy analyses can
tit, Baehr and Schmidt, Szargut, and Wadsley), chemical ex- be logically compared. Since values of base enthalpy are
ergies normally vary by less than 10% for any species. For similar to values of chemical exergy for many species, it
reference environments which do not simulate the environ- can be expected that, like chemical exergies, base enthalpies
ment (those of Ahrendts and Sussman), chemical exergiesare not strongly sensitive to reasonable variations in the
can vary significantly. reference chemical environment.
When simulating different natural environments, chem-
ical exergies for most substances normally do not vary
greatly. For a gaseous mixture obNO2, CO,, CO, H,O 3. Casestudy
and SQ, for example, the chemical exergy evaluated by
Wepfer [22] relative to a reference environment havipg= 3.1. Sensitivities of energy- and exergy-analysis results for
29815, P, = 101 kPa and a composition typical of a desert a coal-fired electrical generating station to variations in
region was shown to be 6.7% higher than that evaluated todead-state temperature
a reference environment having the same temperature and
pressure and a composition typical of a moderate-climatere-  Since energy and exergy values normally are not signifi-
gion. The effects of such a difference on plant performance cantly sensitive to reasonable variations in dead-state prop-
mayor may not be significant. erties (except when the values are small), it is expected that
Enthalpies evaluated relative to the stable components ofthe main results (i.e., findings, conclusions and recommen-
the exergy-analysis reference environment are referred todations) of energy and exergy analyses generally are not sig-
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Fig. 4. Process flowsheet for a single unit of NGS. Lines exiting turbines represent flows of extraction steam. Devices are identified as A: steaangenerat
reheater, B: high-pressure turbine, C: intermediate-pressure turbine, D: low-pressure turbines, E: generator and transformer, F: corudensiépu@h
H: low-pressure heat exchangers, I: open deaerating heat exchanger, J: boiler feed pump, K: high-pressure heat exchangers.

nificantly sensitive to variations in these properties. Thisidea reheated in the combustor. Extraction steam from several
is demonstrated by the authors for a complex device, thepoints on the turbines preheats feedwater in several low-

coal-fired Nanticoke Generating Station (NGS). and high-pressure heat exchangers and one spray-type open
deaerating heat exchanger. The low-pressure turbines ex-
Process description haust to the condenser at 5 kPa.

The individual units of NGS each have net outputs of

approximately 500 MWe. A substantial base of operating Condensers. Cooling water condenses the steam exhausted
data has been obtained for NGS, which has been operatingrom the turbines. A flow rate of cooling water of 18.§4sr1
since 1981. A detailed flow diagram for a single unit of NGS is used to achieve a temperature rise of"&3n the cooling
is shown in Fig. 4. The symbols identifying the streams are water across the condenser.
described in Table 3. The main process data are summarized
below, and were compiled from data in Refs. [23-25]. Preheating heat exchangers and pump$he temperature

and pressure of the condensed steam are increased €253
Steam generators.Eight pulverized-coal-fired natural cir- and 16.89 MPa in a series of pumps and heat exchangers.
culation steam generators each produce 453.§ kgteam
at 16.89 MPa and 53&, and 411.3 kg~ ! of reheat steam  Modelling, simulation and analysis
at 4.00 MPa and 538C. Coal is consumed at full load at To simplify the modelling, simulation and analysis pro-
a rate of 47.9 kg~L. Air is supplied to the furnace by two  cedures, coal was modelled as pure graphite (C) and air as
1080 kW 600-rpm motor-driven forced draft fans. Regen- 79% nitrogen and 21% oxygen by volume. In addition, it
erative air preheaters are used. The flue gas passes througlvas assumed that (i) the turbines have isentropic and me-
an electrostatic precipitator rated at 99.5% collection effi- chanical efficiencies of 80% and 95%, respectively, and (ii)
ciency, and exits the plant at 1200 through two multi- the generators and transformers are each 99% efficient and
flued, 198 m high chimneys. heat losses from the surfaces occur at@gi.e., Tp).

The EXCEM analysis code was developed by the authors

Turbine generators and transformersThe steam produced  for the simulation and analysis of engineering systems. The
in the steam generators is passed through a series of turcode is based on the EXCEM analysis methodology, which
bine generators and a transformer. The net power outputis described in Refs. [18,20,26]. EXCEM is an acronym
is 505 MW. Each unit has a 3600-rpm, tandem-compound, for exergy, cost, energy and mass. The basic rationale
impulse-reaction turbine generator containing one single- underlying an EXCEM analysis is that an understanding of
flow high-pressure cylinder, one double-flow intermediate- the performance of a system requires an examination of the
pressure cylinder and two double-flow low-pressure cylin- flows of each of the quantities represented by EXCEM into,
ders. Steam exhausted from the high-pressure cylinder isout of and at all points within a system. Of the quantities
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Table 3
Stream data for unit in Nanticoke Generating Station
Stream Flow rafe Temperature Pressure Vapor fraction Energy Exergy
[kg-s1] [°C] [N-m~2] (MW) (MW)
S1 4174 15.00 101x 10° SOLID 136758 142673
S2 66841 15.00 101x 10° 1.0 0.00 000
s3* 71015 167359 101x 10° 1.0 136800 98285
S4 71015« 11944 101x 10° 1.0 74.39 6227
S5A 45359 53800 162x 107 1.0 158528 71874
S8 4284 32336 365x 100 1.0 13544 5181
S10 36785 3563 450x 103 0.0 3652 120
S11 36785 3573 100x 10° 0.0 37.09 170
S12 5882 18833 121x 10° 0.0 5028 1111
S13 186380 1500 101x 10° 0.0 0.00 000
S14 186380 2330 101x 10° 0.0 74595 1054
S15 41075 32336 365x 100 1.0 129859 49681
S20 36785 36050 103x 10° 1.0 121105 41116
S21 41075 53800 400x 10° 1.0 149416 61642
S22 1598 42323 172x 10° 1.0 5454 2002
S25 2692 3605 103x 100 1.0 8864 3009
S33 30962 3563 450% 103 0.93 77470 5407
S34 1047 25322 379x 10° 1.0 3231 924
S35 2388 20993 241x 10° 1.0 7173 1882
S36 1272 10832 689x 10% 1.0 3577 712
S37 1116 6Q47 345x 10% 1.0 3040 503
S38 5823 5556 133x 10% 0.0 1137 073
S39 36785 12486 100x 10° 0.0 19594 3041
S40 45359 16586 100x 10° 0.0 33486 6652
S41 45359 16928 162x 10 0.0 34705 7757
S42 45359 22824 162x 107 0.0 48675 13193
Q5 5.34 0.00
Q6 5.29 000
P1 0.57 057
P8 52368 52368
P15 1219 1219

* The composition of all streams is 100%®l, except for indicated streams. On a volume basis, the composition of S1 is 100% carbon, of S2 is 79% N
and 21% @, and of both S3 and S4 are 79% N% Oy, 15% CG.
* S3is not shown in Fig. 4. It represents the hot product gases for adiabatic combustion.

represented by EXCEM, only mass and energy are subjectcomposition of atmospheric air saturated withQHat 7, =

to conservation laws. Cost increases or remains constant15°C and P, = 1 atm and the following condensed phases:

while exergy decreases or remains constant. Balances canvater, limestone and gypsum. This is similar to the model

be written for each of the EXCEM quantities. The EXCEM used by Gaggioli and Petit [9]. An environment temperature

code was developed by enhancing a process-simulation cod@f 15°C was used because that is the approximate mean

for EXCEM analysis. Aspen Plus, a state-of-the-art process temperature of the lake cooling water.

simulator, was used as the foundation of the EXCEM

code. The code development is detailed in Refs. [18,20, .

26]. The code has been used to analyze several engineerinff€Sults of base case analysis

processes. Processes traditionally assciated with mechanical Simulation results (e.g., flows, temperatures, pressures,

engineering (coal-fired and nuclear power generation), andetc.) are summarized in Table 3 for the main process

processes more often associated with chemical engineeringtreams identified in Fig. 4. Detailed results are given in

(hydrogen and hydrogen-derived fuel production) have beenAppendix B of Ref. [21]. Energy and exergy values for

considered. These applications are reported elsewhere, e.gthe streams identified in Fig. 4 are given in Table 3 and

[18,20,26-33]. presented graphically in Fig. 5. The results were examined
The simulations and analyses were performed using and compared and found to be in broad agreement with the

the EXCEM code as mentioned above. The computer literature for analyses of similar processes [34-37]. Many

files used in the analyses are given in Appendix B of of the numerical values in subsequent discussions are not

Rosen [16]. The reference-environment model used has therounded off so that comparisons of different values can be

following characteristics7, = 15°C; P, = 101 kPa; anda  made.
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Fig. 5. Detailed flowsheets for a single unit of NGS indicating flow rates of energy (values not in parentheses) and exergy (positive values iespdoenthes
streams, and exergy consumption rates (negative values in parentheses) for devices. All values in MW.

For the overall plant, energy efficiency) and exergy generators are significant. Exergy consumptions in the steam

efficiency(yr) values were evaluated as follows: generators are responsible for:
net rate of energy output with electricit I
n = gy outp L (]V_OO(V() . Isteam generators _ (100%
net rate of energy input Ecoal — (Wgross output— Z Wpumps)
52368—- 1276
=220 —2 (1009 = 37.359% (19) _ 659 (100% = 72%
1367.58 142673— (52368— 12.76)

of the total exergy losses. Of the 659 MW of exergy
consumed in the steam generators, 444 MW was shown to
be due to combustion, and 215 MW to heat transfer.
- w(mo% —35811% (20) Inthe condensers, a large quantity of energy enters (about
142673 775 MW for each unit), of which close to 100% is rejected;
The net rate of electricity output is the difference between and a small quantity of exergy enters (about 54 MW for each
gross output and total pump input. Coal is the only input unit), of which about 25% is rejected and 75% internally
source of energy or exergy. Although the overall energy consumed. The characteristics of condensers can be seen
and exergy efficiencies were found to be similar, there are more clearly by evaluating the net station condenser heat
many devices in the station for which these efficiencies differ (energy) rejection rate,
markedly. heat rejected by condenser

In the steam generators, the energy and exergy efficien-Renergy= - .
. A d . net electrical energy produced by station
cies were evaluated, considering the increase in energy or

net rate of exergy output with electricit
_ gy outp X (_)(00%
net rate of exergy input

exergy of the water as the product, as follows: — ﬂ —1.46 (21)
52368—12.76

(158528 486.75) + (149416 129859) 100%
= 136758 ( R _exergy rejected by condenser

=94.627% Y™ et exergy produced by station

1054
— — =——— =0.0206 22

v (71874 13191331 ;; (7631642 496.81) (100% 55368_ 1276 (22)

 49513% The R values indicate that the exergy rejected by the

condensers is about 2% of the net exergy produced, while

The steam generators appear significantly more efficientthe energy rejected is approximately 150% of the net energy
on an energy basis than on an exergy basis. Physically, thisproduced. Thus energy analyses lead to the conclusion that
discrepancy implies that although 95% of the input energy almost all plant losses are associated with the heat rejected
is transferred to the preheated water, the energy is degradedby the condensers. But exergy analyses demonstrate that
as it is transferred. The exergy consumptions in the steamthe condensers are not responsible for large losses. This
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Exergy values (W) of streams in NGS for several valuegpf

Stream Base case Unaltered simulation Altered simulation
To = 28815 K To=27815K To =29815 K To=27815K To = 29815 K

S1 0142673x 1010 0.142672x 1010 0.142674x 1010 0.143453x 1010 0.141897x 1010
S2 Q000000x 10° 0.119030x 100 0.116335x 100 0.000000x 10P 0.000000x 10°
S3 0982848x 10° 0.998136x 10° 0.967804x 10° 0.997529x 10° 0.968502x 10°
S4 0622694x 10° 0.645947x 108 0.601886x 108 0.649489x 1P 0.598614x 108
S5A 0.718735x 10° 0.749192x 10° 0.689037x 10° 0.749192x 10° 0.689037x 10°
S8 0518142x 108 0.547525x 108 0.489476x 108 0.547525x 108 0.489476x 108
S10 0120188x 107 0.273955x 107 0.280530x 106 0.273955x 107 0.280530x 100
S11 0169604x 107 0.323632x 107 0.772081x 10P 0.323632x 107 0.772081x 100
S12 0111060x 108 0.125154x 108 0.979522x 107 0.125154x 108 0.979522x 107
S13 0000000x 1P 0.158034x 108 0.154199x 108 0.000000x 10P 0.000000x 10°
S14 0105387x 108 0.518638x 108 0.436886x 10P 0.234973x 108 0.117218x 1P
s15 0496806x 10° 0.524980x 10° 0.469321x 10° 0.524980x 10° 0.469321x 10°
S20 0411156x 10° 0.439227x 10° 0.383700x 10° 0.439227x 10° 0.383700x 10°
S21 0616415x 10° 0.647225x 10° 0.586294x 10° 0.647225x 10° 0.586294x 10°
S22 0200234x 108 0.212350x 108 0.188385x 108 0.212350x 108 0.188385x 108
S25 0300932x 108 0.321478x 108 0.280837x 108 0.321478x 108 0.280837x 108
S33 0540663x 108 0.793372x 108 0.293133x 108 0.793372x 108 0.293133x 108
S34 0924260x 107 0.100520x 108 0.845072x 107 0.100520x 108 0.845072x 107
S35 0188192x 108 0.206758x 108 0.170026x 108 0.206758x 108 0.170026x 108
S36 0711577x 107 0.812111x 107 0.613174x 107 0.812111x 107 0.613174x 107
S37 0502829x 107 0.591821x 107 0.415706x 107 0.591821x 107 0.415706x 107
S38 0725296x 106 0.114398x 107 0.404174x 108 0.114398x 107 0.404174x 100
S39 0304140x 108 0.364703x 108 0.249739x 108 0.364703x 108 0.249739x 108
S40 0665154x 108 0.762126x 108 0.575781x 108 0.762126x 108 0.575781x 108
S41 Q775709x 108 0.873075x 108 0.685942x 108 0.873075x 108 0.685942x 108
S42 0131931x 10° 0.144630x 10° 0.119993x 10° 0.144630x 10° 0.119993x 10°
Q5 0.000000x 10° 0.000000x 100 0.000000x 10° 0.000000x 10P 0.000000x 100
Q6 0.000000x 10° 0.000000x 10° 0.000000x 10° 0.000000x 10° 0.000000x 10°
P1 0568770x 10° 0.568770x 100 0.568770x 10P 0.568770x 10P 0.568770x 100
P8 0523680x 10° 0.523680x 10° 0.523680x 10° 0.523680x 10° 0.523680x 10°
P15 0121910x 108 0.121910x 108 0.121910x 108 0.121910x 108 0.121910x 108

discrepancy arises because heat is rejected by the condensers For the altered simulations, material and energy balances
at a temperature very near that of the environment. were achieved using the process simulation code. However,
In other plant devices energy losses were found to be only rough modifications to plant components were consid-

very small (about 10 MW total) and exergy losses were ered. The optimal design for the plant under the new value

found to be moderately small (about 150 MW total). The of 7o was not determined.

exergy losses are almost completely associated with internal Energy and exergy values respectively for streams in

consumptions. NGS (see Fig. 4) are listed in Table 4(a) and (b). The
computer-generated values in Table 4(a) and (b) were not
rounded off to fewer digits so that comparisons between

Results of the sensitivity analysis _ _the different values could be made. The variations for most
The base case analysis of NGS in the previous sectiongnergy and exergy values are less than 10%.

used7, = 28815 K. To determine the effects of varying In general, since most of the material flows are 100%
dead-state temperature on energy- and exergy-analysis reg,0, the exergy analysis results are relatively insensitive
sults, NGS was re-analyzed, again with the EXCEM code, tg the composition of the reference environment. Since the
for 7o = 27815 K and7, = 29815 K. flows of coal and stack gas are the only flows for which the
For each new value df, two sets of energy and exergy  composition are not 100% 4@, it is only for these flows
values were obtained. The first set of values was obtainedthat one would expect exergy values to depend strongly on
using the new value df, with the process simulated exactly  the choice of the chemical composition of the environment.
as in base case. The second set was obtained using the new The numerical results in Table 4 were used to develop
values of Ty, but with the base case simulation modified diagrams, of the type illustrated in Fig. 5, for each of the
by setting the temperatures of streams entering from thetwo modified7, values considered, and for both the altered
environment (S1, S2, S13, S16, S18) to the appropriate valueand unaltered simulations. Although the diagrams allow
of Tp. component irreversibilities and efficiencies to be visualized
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Table 4(b)
Energy values (W) of stream in NGS for several valuegpf
Stream Base case Unaltered simulation Altered simulation

To = 28815 K To=27815K To =29815 K To=27815K To = 29815 K
S1 0136758x 1010 0.136730x 1010 0.136787x 100 0.137504x 1010 0.136017x 1010
S2 Q000000x 10° 0.677958x 107 —0.678194x 107 0.000000x 10P 0.000000x 10°
S3 0136850x 1010 0.137553x 1010 0.136145x 100 0.137598x 1010 0.136108x 1010
S4 0743925x 10° 0.814280x 108 0.673419x 108 0.818746x 1P 0.669759x 108
S5A 0.158528x 1010 0.160720x 100 0.156341x 1010 0.160720x 100 0.156341x 1010
S8 Q135436x 10° 0.137506x 10° 0.133370x 10° 0.137506x 10° 0.133370x 10°
S10 0365212x 108 0.542968x 108 0.187836x 108 0.542968x 108 0.187836x 108
S11 0370905x 108 0.548662x 108 0.193529x 108 0.548662x 108 0.193529x 108
S12 0502791x 108 0.531213x 108 0.474429x 108 0.531213x 108 0.474429x 108
S13 0000000x 1P 0.900528x 10° —0.898601x 10° 0.000000x 10P 0.000000x 10°
S14 0745946x 10° 0.164647x 1010 —0.152655x 10° 0.745946x 1010 —0.409578x 10°
s15 0129859x 1010 0.131844x 1010 0.127878x 100 0.131844x 1010 0.127878x 1010
S20 0121105x 1010 0.122882x 1010 0.119331x 1010 0.122882x 1010 0.119331x 1010
S21 0149416x 1010 0.151401x 1010 0.147435x 1010 0.151401x 1010 0.147435x 1010
S22 0545449x 108 0.553170x 108 0.537744x 108 0.553170x 108 0.537744x 108
S25 0886386x 108 0.899397x 108 0.873404x 108 0.899397x 108 0.873404x 108
S33 Q774703x 10° 0.789664x 10° 0.759773x 10° 0.789664x 10° 0.759773x 10°
S34 0323101x 108 0.328160x 108 0.318053x 108 0.328160x 108 0.318053x 108
S35 0717336x 108 0.728875x 108 0.705821x 108 0.728875x 108 0.705821x 108
S36 0357739x 108 0.363885x 108 0.351605x 108 0.363885x 108 0.351605x 108
S37 0303987x 108 0.309382x 108 0.298604x 108 0.309382x 108 0.298604x 108
S38 0113669x 108 0.141808x 108 0.855892x 107 0.141808x 108 0.855892x 107
S39 0195940x 10° 0.213715x 10° 0.178202x 10° 0.213715x 10° 0.178202x 10°
S40 0334857x 10° 0.356776x 10° 0.312985x 10° 0.356776x 10° 0.312985x 10°
S41 0347048x 10° 0.368967x 10° 0.325176x 10° 0.368967x 10° 0.325176x 10°
S42 0486750x 10° 0.508669x 107 0.464878x 10° 0.508669x 10° 0.464878x 10°
Q5 0534310x 107 0.534310x 107 0.534310x 107 0.534310x 107 0.534310x 107
Q6 0528970x 107 0.528970x 10’ 0.528970x 107 0.528970x 107 0.528970x 10’
P1 0568770x 10° 0.568770x 100 0.568770x 10P 0.568770x 10P 0.568770x 100
P8 0523680x 10° 0.523680x 10° 0.523680x 10° 0.523680x 10° 0.523680x 10°
P15 0121910x 108 0.121910x 108 0.121910x 108 0.121910x 108 0.121910x 108

Table 5

Comparison of some energy and exergy efficiencies for NGS for several valligs of

Base case Unaltered simulation Altered simulation
To = 28815 K To=27815K To=29815K To=27815K To=29815K
Overall plant
n 37.359 37367 37352 37157 37563
v 35.8106 358108 358103 35616 36006
Steam generators
n 94.627 94646 94607 94114 95143
¥ 49,513 50943 48083 50665 48346

conveniently for each of the four non-base cases, they are not The efficiencies for the overall plant and for the steam
included here due to space limitations. However, some of the generators are summarized in Table 5 for all cases consid-
main results observed from examinations of these diagramsered in the sensitivity analyses. The efficiencies are evalu-
are discussed. ated following the definitions in Egs. (19) and (20) and the
For the unaltered simulations, the variationgycaused descriptions provided earlier, but with the values for the al-
the absolute values of the component irreversibilities to tered simulations used in place of those for the unaltered
change, but left the relative component irreversibilities (as simulations.
a fraction of the total plant irreversibility) unchanged. For It is evident from the sensitivity analyses that the main
the altered simulations, the irreversibilities are redistributed results derived from the base case analysis are not sig-
among the various components, as both the absolute andificantly affected by the variations ifi, considered. The
relative component irreversibilities are changed. findings, conclusions and recommendations, which were
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demonstrated for the base case and which have been wellAlso, the steam-generator efficiencies are calculated to be
understood for years, remain _valld for the variations in the (1607.20— 50867) + (151401 — 131844)
values ofT, considered. That is, most of the energy losses = (100%
were shown to be associated with emissions (mainly heat o 136730
rejected by condensers) and most of the exergy losses with = 94.646%
consumptions (mainly in the boilers), and the exergy losses gnd
associated with cooling water and stack gases were shown to
9 g _ (74919— 14463) + (647.23— 52498)

be small. 1009
o (100%
It should be noted that although the variations Zig 142672
considered do not significantly affect the overall results, = 90.943% for7o=27815K, and
these variations are important in determining the optimal
operation point for a given plant design. _ (156341—46488) + (147435—127878)
n= (100%
136787
=94.607%
4. Conclusions and
It has been demonstrated that, although energy and ,  (68904— 11999)+(58623—469.32)(100%
exergy values are dependent on the intensive properties” 142674

of the dead state, the main results of energy and exergy =48.083% for7, =29815K
analyses are usually not significantly sensitive to reasonable . . L
variations in these properties. In some extreme cases, such as For the altered simulations, the overall plant efficiencies
a rocket taking off from the ground level and flying to space, were found to be

the evaluation of accurate energy and exergy values requires, _ 52368— 1276(100% 371579

care because the variations in dead-state properties are large. 137504

For realistic dead-state properties, efficiencies which are gng

a rational measure of an approach to an ideal and the 52368_ 1276

major causes of process inefficiencies are only determinedy, = ~———__~——_~(100%
: : ; 143453
consistently with exergy analysis.
=35616% forT,=27815K, and
Acknowledgements — 23681276 100% = 37.563%
136017  (100%0 =37.563%
The authors acknowledge the support provided by their and
universities, and the Natural Sciences and Engineering
Research Council of Canada. = %(100%

=36.006% for7p=29815K

Appendix A. Efficiency calculations Also, the steam-generator efficiencies are calculated to be

The evaluations of the efficiencies summarizedin Table5  (1607.20—50867) + (151401 — 131844)

0
are explained to avoid potential confusion. n 137504 (100%
For the unaltered simulations, the overall plant efficien- =94.114%
cies are calculated to be and
52368—12.76
= "3s730 (100% = 37.367% v (74919— 144.63) + (647.23— 524.98) (100%
and N 143453
52368_ 1276 =50.665% forT,=27815K, and
=—————— (100%
142672
—358108% forTp=27815K, and p— (196341~ 4648%20(137435_ 127879 100%
= w(looo@ = 37.352% =95143%
1367.87 '
and and
_ (68904—11999) + (586.23— 46932

52368— 12.76
__Teerr et 1009
T 142674 (100% v 141897 (100%

—358103% forT, = 29815 K =48346% forT, =29815K
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