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Objectives

Examine the performance of engineering devices in light
of the second law of thermodynamics.

Define exergy, which is the maximum useful work that
could be obtained from the system at a given state in a
specified environment.

Define reversible work, which is the maximum useful
work that can be obtained as a system undergoes a
process between two specified states.

Define the exergy destruction, which is the wasted work
potential during a process as a result of irreversibilities.

Define the second-law efficiency.
Develop the exergy balance relation.

Apply exergy balance to closed systems and control
volumes.



EXERGY: WORK POTENTIAL OF ENERGY

The useful work potential of a given amount of energy at some
specified state is called exergy, which is also called the availability or

available energy.
A system is said to be in the dead state when it is in thermodynamic

equilibrium with the environment it is in.

il

AIR At the dead state, the useful

25°C work potential (exergy) of a
101 kPa Th=25°C system is zero.

V=0 Py=101 kPa

z=0

A system that is in equilibrium with its
environment is said to be at the dead

State.



A system delivers the maximum possible work as it undergoes a reversible

process from the specified initial state to the state of its environment, that is,
the dead state.

This represents the useful work potential of the system at the specified state
and is called exergy.

Exergy represents the upper limit on the amount of work a device can deliver
without violating any thermodynamic laws.
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Immediate” " ———————

surroundings ?SOC

Environment
The immediate surroundings of a hot
potato are simply the temperature
gradient zone of the air next to the
potato.

The atmosphere contains a
tremendous amount of energy, but
no exergy.



Exergy (Work Potential) Associated with Kinetic and
Potential Energy

Exergy of kinetic energy: \ s :
Xpe = P& = &2 (kJ/kg)
Exergy of potential energy: i
gy orp ; 9y The work
V2 : e :
Yo =ke=—  (k/kg) Potentialor S .
- 2 (k)/ke) exergy of A /\ e
. potential energy Ja e b

'I[_he (_axergclles il is equal to the e P alaeh

netic an : potential energy | 6 25 00 o7 \
potential energies :
are equal to seff
themselves, and Unavailable

they are entirely cnergy

: Unavailable energy is
available for work. gy

the portion of energy
that cannot be
converted to work by Total
even a reversible heat chergy
engine.




REVERSIBLE WORK AND IRREVERSIBILITY

War = Po(V2 = V) Reversible work W,,,: The maximum amount of
W=W-W,=W- P“(\/j - V) useful work that can be produced (or the
-=< ' - minimum work that needs to be supplied) as a
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system undergoes a process between the

Atmospheric e g e el .
- ) specified initial and final states.

air
Fo //‘ As a closed [ = LVYI‘C\-',OIII o L{/Z’I.Ol]t
] l__l_l_i_l_' system expands,
| some work needs I'=W,in = Wevin
to be done to push .
SYSTEM | the atmospheric Inifial

V, air out of the way Stati Actual process

(Wsurr)' N\ Wl‘l = Wrev

The difference between
reversible work and
actual useful work is the

irreversibility. Ravdiaibis

process

Final state

For constant-volume
systems, the total
actual and useful

» works are identical

e i e e ]

(W, =W).



SECOND-LAW EFFICIENCY, n,

My :
Ny = —— (heat engines)
Mih.rev
W, . .
Ny = W (work-producing devices)
rev
Wiev . .
Ny = W (work-consuming devices)
14
COP (refii dh )
= — refrigerators and heat pumps
= cop : pumy

ev

My = 30%
» 60%
in Mrev = 50% ’

Second-law efficiency is a
measure of the performance of a
device relative to its performance
under reversible conditions.

Source
1000 K

Sink
300 K

Two heat engines that have
the same thermal efficiency,
but different maximum
thermal efficiencies.



Exergy recovered

Exergy destroyed - General definition of

p— - l a
T Exergy supplied

Source
1000 K

M Wz 70%

Y -
N\ /'/

Sin
300 K

> 100%

Second-law efficiency of all
reversible devices is 100%.

Exergy supplied ~exergy efficiency

————y
/

< i

Heat
Hot =

water \7‘

80°C Atmosphere
23°C

‘\ ____/
The second-law efficiency of
naturally occurring processes is

zero if none of the work potential is
recovered.




EXERGY CHANGE OF A SYSTEM

Exergy of a Fixed Mass: Nonflow
(or Closed System) Exergy

8Ein o é’\Eout = dEsyslem

Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, etc., energies

— 80 — W = dU

SW=PdV= (P — Py)dV + Py dV = W, + Po dV

80 =80 — (—T,dS) —

8vvtmaluseful = éH“VHE + Sm,’usefu] = _dU - PO d'v‘ -+ ?E,dS

VQ

X=(U-=Uy) + Py(V—=Vy) —To(S — Sy + m-—- + mgz

Exergy of a closed system

P
N &7
v 8VVI),us.cfuI

HEAT
ENGINE

e
// \

// 4 T _v~\

-
The exergy of a specified mass
at a specified state is the useful
work that can be produced as
the mass undergoes a
reversible process to the state
of the environment.
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V.‘
b= (u—uy) + Py(v—v,) — Tp(s — s5) + - T Closed system
- exergy per unit

= ("-’ —¢y) + P(}(V — V) — 7;1(-" — 5) mass
AX =X, = Xy = m(d, — b)) = (E, — Ey) + Po(V, = V) = TH(S, — $))
V:— V? Exergy
= (U, = U)) + Py(V, = V)) = TH(S, — §)) + f”% + ”33‘(3: — 1) change of
- a closed
Vi- V? system
Adp =, = by = (uy—uy) + Py(va = v) = Ty(s, = 5y) + _7 I + (22— 7)) 4
= (e =€) + Py(va = v) = To(s, — sy) Atmosphere

TO = 250C

When the properties of a system are _\‘ L
//

not uniform, the exergy of the system is \
* * CEAT AN\ Work

Xsyslcm = l Qb om = (f)p v
: v ENGINE 77—/ output

The exergy of a cold
medium is also a \J
positive quantity since e
work can be produced £ cold medium

by transferring heat to it. Ti=32E



Exergy of a Flow Stream: Flow (or Stream) Exergy

'}‘l“lmx-'ing fluid — ¥ nonflowing fluid + Xhow

"

~

V
= (u — uy) + Po(v—vy) — To(s — sp) + 5 +gz+ (P — Py)v

I

+ g2
St

= (H + PU) - (”(] + P(]V()) - 7—'()(.5' - S()) + Exergy Of fIOW energy
V2 Xpow = PV — Pyv = (P — Py)Vv
= (h = hy) = To(s — s9) + 5 + g2 ! 0 ( 0)

Flow V>
= (h - hu) - 7;)(-* - -*n) + 5t 82
exergy 2
V- v?
Exergy change of flow Ay =, — v, = (h, — n) + Ty(s, — 5,) + —— + g(z, — 2,)

Imaginary piston
(represents the The exergy

fluid downstream) gssociated with
flow energy is the

Flowing useful work that
fluid ’ shatt - would be
delivered by an
Atmospheric !magmary piston
air displaced in the flow

PV = PyV + Wy section. 11



The energy and
exergy contents of
(a) a fixed mass
(b) a fluid stream.
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EX E RG Y T RA N S F E R B Y MEDIUM | MEDIUM 2

HEAT, WORK, AND MASS " i
Exergy by Heat Transfer, Q &
7, Exergy Py “
Xheat — (l — T)Q transfer by transfer > Q Q V>
heat
TO When Entropy
Xhear = J =" ) 0C temperature is s
not constant | z
Entropy > Q ‘f,
HEAT SOURCE transfer T, o

The transfer and
destruction of exergy

Temperature: T

Energy transferred: I during a heat transfer :l\l:oifd
Exergy =(1 -%)E process through a finite = SRR
temperature difference. l'";‘m‘,:r 2) }
: 3o | | 0o
T, 7

The Carnot efficiency n.=1-T, /T represents the
fraction of the energy transferred from a heat source
at temperature T that can be converted to work in an

environment at temperature T,,. -



Exergy Transfer by Work, W
v {W — W (for boundary work)

work 14 (for other forms of work)
Wsurr - PO( V2 o Vl)
Exergy Transfer by Mass, m
X

mass ]'}’H!)' (II — (/2 — /?{}) o T{}(S - -"‘{}) +

Xmass = J’ i’.'["rpVFI dA(‘ Xl]k1SS = J’ i?f; 8!‘” = J’ XIDRSS dr
A,

| Control volume

h : mh

o5}
=

|
|
|
|
|
|
|
|
| exergy transfer.
|

Po /Weightless

i piston

e R = 1

| I

: P |
|

: ‘i Heat

I

| I— |

There is no useful work
transfer associated with
boundary work when the
pressure of the system is
maintained constant at
atmospheric pressure.

e Mass contains energy,

entropy, and exergy, and
thus mass flow into or out of
a system is accompanied
by energy, entropy, and

14



THE DECREASE OF EXERGY PRINCIPLE

AND EXERGY DESTRUCTION

/‘IO /'OI
Energy balance: E{ = Ej = AEym—0=E,—E,

0
Entropy balance: Sl = Seat + Sgen = ASiysem = Sgen = 52 — S
Multiplying the second relation by 7, and subtracting it from the first one
gives

From Eq. 8-17 we have

0
7 , ,
X, — X, :(EE_E])+PD(V2_ V]) _TO(*SE_‘S])

= (B, — Ey) — To(S; — S))

(8-30)

since V, = V, for an isolated system (it cannot involve any moving bound-
ary and thus any boundary work). Combining Eqgs. 8-29 and 8-30 gives

_T{JSgen = X2 - X] =0 (8-31)

since T, is the thermodynamic temperature of the environment and thus a

positive quantity, Sy, = 0. and thus 7S,., = 0. Then we conclude that

A‘)(l\'lJl'.ﬂ{'l_l = [){:' - ‘XI)JHIJ[{I[{'L] =0 (8_32)

No heat, work
or mass transfer

AN

Isolated system

AXCE W<

isolate

(or X destroyed 20)

The isolated system
considered in the
development of the
decrease of exergy
principle.

The exergy of an isolated system during a process always decreases ofr, in
the limiting case of a reversible process, remains constant. In other words, it
never increases and exergy is destroyed during an actual process. This is

known as the decrease of exergy principle.
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Exergy Destruction

X =T.S.. =0 sundine

destroyed gen

> 0 Irreversible process
Xesoyed § = 0 Reversible process

< 0 Impossible process

Exergy destroyed is a positive quantity for
any actual process and becomes zero for a
reversible process.

Exergy destroyed represents the lost work
potential and is also called the
irreversibility or lost work.

= = i

Can the exergy change The exergy change of a system
of a system during a can be negative, but the exergy
process be negative? destruction cannot.

Consider heat transfer from a system to its surroundings. How do you
compare exergy changes of the system and the surroundings?

16



EXERGY BALANCE: CLOSED SYSTEMS

Total Total
exergy | — | exergy
entering leaving

General: X

11

N—
Net exergy transfer

by heat, w

)

The exergy change
of a system during
a process is equal
to the difference
between the net
exergy transfer
through the system

Total
exergy

Change in the
total exergy

)-(

— ‘/X’

|

= AX system

S

destroyed of the system

- X (kJ)

out destroyed

Change
in exergy

Exergy

ork, and mass destruction

General, rate form: Xm — XUU[ — thl.uw = dX ygem/ Al (kW) boundary and the
Rate of net g&u'};}_- transfer Ia.lilk\ug\ Rate 1I change exergy destroyed
by heat. work. and mass destruction In exergy S
. o . . within the system
Xheat = (] o TO/T)Q Xwork = Wuseful’ and Xmass = J".EH,{I boundaries as a
: result of
General, unit-mass basis:  (Xi; — Xout) — Xdestroved = AXgvsier kl/kg) | . o epe
(X ) estroved et (kl/ke) irreversibilities.
thc.\lm}ul - 7;}5‘}__'-1'[] or ‘)"/Llur-;ll'u‘\'cd - {}Sg'gril
X. X
L System e
Mass Mass
AXsystem
Heat Heat
Mechanisms Work a Work
destroyed
of exergy
transfer.

17



Closed system:

1;
Closed system: E (l — %)Q;\- —[W—=Py(V, = V))] = T, S,y = X, — X,
k

dvsyslcm T 9 —
dt b

T\ . .
Rate form: >, (1 - ?‘))Qk - (W — P,
k

thal - X\\"Ul‘l\' -

X,

destroyed — AXS}-"SICI]]

’ system

The heat transfer to

Q, Is the heat transfer through the boundary at temperature T, at location k.

system
destroyed

that =X

work X destroyed

=AX

Exergy
balance for
a closed
system
when heat
transfer is
to the
system and
the work is
from the
system SyStem.

a system and work
done by the system
are taken to be
positive quantities.

Exergy
destroyed
outside system
boundaries can
be accounted for
by writing an
exergy balance
on the extended
system that
includes the
system and its
immediate

surroundings. .

DUNAINES

18



EXAMPLES

Brick
Exergy balance for heat conduction 27°C el 0°C
. . . 0 (steady) -
il = Xout o Xclesn'oyec_l - dXsystem/dr / =0 Q l
Rate of net exergy transfer Rate of exergy Rate of change
by heat, work, and mass destruction in exergy

. P . T .
Q(l - 7) o Q(l _ ?) o Xdestroyed =0 / \
in out 20°C 5°C

Exergy balance for expansion of steam

Py= 100 kPa
Ty = 25°C

B

Steam

P, =200 kPa
T, = 150°C

State 1 State 2

30.cm

The exergy balance applied on the extended
system (system + immediate surroundings)
whose boundary is at the environment
temperature of T, gives

Xin — Xnul — an:slmycd - AXs;ysln:m
\_V—/ ,
Net exergy transfer Exergy Change
by heat, work, and mass destruction in exergy

0

_X\x-'ork,ﬂul - thal.nul/{ - an:slmycd = X2 - XI

Xdcslmycd - XI - X2 — Wu,nul

19




Exergy balance for an air tank -
Xin o Xout o Xdestroyed)rO(revemible) = A}(sys.tv.:m 20°C —54°C
[ — y _—
Net exergy transfer Exergy Change
by heat, work, and mass destruction in exergy
Weevin = X2 — X
/,O 20.6 kJ
= (E; — Ey) + Py(V, = Vi) —Ty(S, — S))
— (UZ - Ul) B TO(SQ - Sl) =1kJ ) Wietin= 1 kJ
Reversible . —
TO =20°C pr,m:AU:ZO.G k\J heat pump
e | Wrev,in =1kJ
AIR | 196k
m = 1 kg |
|

Ambient air

|
|

|

|

l | C : 20°C

l P, =140 kPa

| ! ( The same effect on the insulated
| Tl = 20°C | \/

|

|

tank system can be accomplished by
a reversible heat pump that
consumes only 1 kJ of work.

=

pw

20



EXERGY BALANCE: CONTROL VOLUMES

thal - me‘k + Xmass\in - Xmass.uul - Xdcslm}-'cd = (X" - XI)CV

1;
E (l - %)Qk o [H_ P + E}HU o E'JHL d stroyed (Xl _XI)(_"\-’
k

in out

" dX cy
3 (1710 = (0= A GY) + Sk St =

in out ' (!r

The rate of exergy change within the
control volume during a process is
equal to the rate of net exergy transfer Control )"' %
through the control volume boundary
by heat, work, and mass flow minus the
rate of exergy destruction within the
boundaries of the control volume.

Exergy is transferred into or out
of a control volume by mass as
well as heat and work transfer.

21



Exergy Balance for Steady-Flow Systems

Most control volumes encountered in practice such as turbines, compressors, nozzles,
diffusers, heat exchangers, pipes, and ducts operate steadily, and thus they experience
no changes in their mass, energy, entropy, and exergy contents as well as their volumes.
Therefore, dV,/dt = 0 and dXc,/dt = O for such systems.

1,
‘Svr(:}a(h‘-f](ﬂ'i',' 2 ( | — ?)()K W + 2 H“}f - 2 Hr' i'r'f)' - le‘wlll yed =0

k in out

Single-stream: 2 | — ? O, — W+, — ¥y) = Xesiroyed = 0
k

by =y = (hy — hy) = To(s) — s5) + — 5 T 8z — 22)

Per-unit 0
2 (l - _)qk —w+ (l!;I o JIQ) — Xdestroyed — 0

mdass.

Steady flow

system
Heat Heat The exergy transfer to a
X, ) Work Work> Xou steady-flow system is
Mass sy equal to the exergy

transfer from it plus the
exergy destruction
within the system. 29

X

destroyed



Reversible Work, W/,

The exergy balance relations presented above can be used to
determine the reversible work W, by setting the exergy destroyed

equal to zero. The work W in that case becomes the reversible work.

General: W= W, when X . royea = 0
Single stream: W., = m(p, — ) + E ( | — ) ). (KW)
Adiabatic, single stream: W., = m(p, — )

The exergy destroyed is zero only for a reversible process, and
reversible work represents the maximum work output for work-
producing devices such as turbines and the minimum work input for
work-consuming devices such as compressors.
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Second-Law Efficiency of Steady-Flow Devices, n,

The second-law efficiency of various steady-flow devices can be determined from
its general definition, n,, = (Exergy recovered)/(Exergy supplied). When the changes
in kinetic and potential energies are negligible and the devices are adiabatic:

w h 1 hz TE) Sgen .
nll,turb — W — ',l/ o 'lf or nll.turb — 1 o 'lf o ',lf Turblne
‘rev | 2 1 2
Sﬁen — SZ o Sl
1 . Wiev.in . dfz _ ll/] or — 7'Elsgen -
I,comp ~— _ Il.c _ o
P Wi hy — h, o h, — h, Compressor
N . rhcold(d/él o df?) Heat T()
ILHX — .
My (Y — 2) exchanger — |
. | | 2
3 |
1 7'El‘sgcn Hot —|——':—I\/WW\/—P_|_>
Thipx — I — . stream | |
mhot(dfl - d’z) | :
4 | 3
. . B . . ' | I
Sgen o n?'l]ot(S2 Sl) + rncold(sf—’t SB) ‘-'_T_/\M/\N\’_:—H (i()ld
stream
; e e S |
T]II mix n13"l/3 MIXIng
' mp; + myp, chamber A heat exchanger with two unmixed
; fluid streams.
7El‘sgcn
nII,mix — o

my, + oy, Sgen = Fil3Sy — Hl,$, — 11,8,
24



EXAMPLES

Exergy analysis of a steam turbine

= m[(h, — hy) — Ty(s, — 5,) — Ake” — Ape” ]

. 0 (reversible) P 0 (steady)
Xm o Xout o Xdeslm)ed - S)slem/d -
\*/—j e

Rate of net exergy transfer Rate of exergy Rate of change
by heat, work, and mass destruction in exergy
Xin - Xoul ¢ — out
0 Ty
rev,out
!?’LL!II _ re\ .out + Xheal + !?11,[!2
VVre\ out =m ((p] — (pz) Xdeslroyed = Wre\-‘.out - Woul
0 0

Exergy balance for a charging process

P 0 (reversible) A
Xin o Xout - Xdestroyed - Xsystem
Net exergy transfer Exergy Change
by heat, work, and mass destruction in exergy

V=200 m?
100 kPa — 1 MPa

Xin _Xout =X2 _X] _______

A0 A0
7
Wievin T mb{ = myp, — m]d’(

Wre\-'.in - mQ(bZ

Compressor




Summary
Exergy: Work potential of energy

v' Exergy (work potential) associated with kinetic and potential energy
Reversible work and irreversibility
Second-law efficiency
Exergy change of a system

v' Exergy of a fixed mass: Nonflow (or closed system) exergy
v' Exergy of a flow stream: Flow (or stream) exergy

Exergy transfer by heat, work, and mass
The decrease of exergy principle and exergy destruction
Exergy balance: Closed systems
Exergy balance: Control volumes
v Exergy balance for steady-flow systems

v' Reversible work
v' Second-law efficiency of steady-flow devices
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