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Readings and Handouts

1. Ch.2 “Thermodynamics Revisited” Jakob
de Swaan Arons

2. Ch.10 "Exergy” Norio Sato

3. Appendix, tables of standard chemical
exergy, Szargut

4. Derivation of Mixing Entropy



Why available work?

. rigorous framework
. based on 2" |aw (lost Vs transformed)

. can account for materials energy
potential (credit)

. allows combined accounting of fuel and
non-fuel materials

. other advantages when dealing with
waste heat (quality of waste heat)



Outline

Thermodynamics Review
Exergy & Exergy Accounting
Physical Exergy

— hot & cold water mixing
Chemical Exergy

— chemical reactions; burning carbon, and
oxidizing aluminum

— Iron ore processing

5 Homeworks Q&



Energy from 1st Law

U = internal energy of molecules and atoms

e E= U+KE. +P.E. = U+%mv?+mgz

« “isolated” systems AE=0, or AU=0 (v=const, z=const)
« “closed” system AU = Q,— W, ,

* “open system” can exchange energy and mass



The 1st Law

AU = Qin _Wout
du = @in B d/Vo
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Availability

“The First Law states that in every cyclic
process either work is converted into heat
or heat is converted into work. In this
sense it makes no distinction between
work and heat except to indicate a means
of measuring each in terms of equivalent
units. Once this technique of
measurement is established, work and
heat become entirely equivalent for all
applications of the First Law.”

Keenan, 1941



Availability

“The Second Law, on the other hand,
marks the distinction between these two
guantities by stating that heat from a
single source whose temperature is
uniform cannot be completely converted
iInto work in any cyclic process, whereas
work from a single source can always be
completely converted into heat.”

Keenan, 1941



Availability

“The efforts of the engineer are very largely
directed toward the control of processes
so as to produce the maximum amount of
work, or so as to consume the minimum
amount of it. The success of these efforts
can be measured by comparing the
amount of work produced in a given
process with the maximum possible
amount of work that could be produced in
the course of a change of state identical

with that which occurs in the process.”
Keenan, 1941



State Variables
2
§dU =0 qu&: G —-q
1

§O'T_Q:o fdU +PV)=0



State Variables

\

T = temperature

> intensive variables

P = pressure

\
V = volume

extensive

and
> intensive

H = enthalpy (H = U + PV) variables
S = entropy

U = internal energy




Enthalpy H=U+PV
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Fig. 4-4 Consiant-Pressure Heat Addition

Here the Work done is W=P\V,-V,)
The First Law can be written as Q = (U+PV), — (U + PV),
The quantity in parenthesis is Enthalpy H=U+PV

The First Law can be written as Q,=AH <«

Constant Pressure Equilibrium Process



Open flow system
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Figure 1 Changes in steady-state flow.



Energy Balance for an Open
System

ldttJi Cvzznlm(h-k/u;/-i_ :
_Ozu;mj (hj+/u22/+}zj/f

+ ZQin _ZQout + Zwsh,in _Zwsh,out

Eq 1



The Second Law

[\

AW and AQ are not equivalent
* something gets lost



Heat Engine
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The Second Law

Wout — Qin B Qout Qin — Qout
Qin Qi TH TL
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Entropy: State Variable

ds = IR
-

§ dS — O Reversible process
§ ds >0 Real process



Entropy Balance for an Open
System

&) =Xms-Xms

out

T Z Qk Z QI generated

out

Eq 2



Consider the Work

W

—>p,T

Q

...to bring the system from the reference
environment at standard conditions, T, p,
to the state at T, p



From EQ 1 & 2

2
w‘{AH + A; + gAzj ~Qu*W, =0

AS— 2o 4

generated
To

=0

0 S generated

o Au® . -
W =m AH +7+gAz -MTAS+T.S

Work to bring system from P,, T ,to P, T




Minimum Work

W._. erv =AH -TAS

min m

= (H 0T H po’To) —TO(Sp,T — Spo’To)

Minimum work to bring system from p,, T,top, T

W
pO’ TO

—_—

—>p,T

Q where (for u=0, z=0):



Exergy 1s---

W
po’To
b=Wmin_W
- - — YWhin —pn, T
Q

B=(H-T.S)-(H-T.S).

This 1s the minimum amount of work to bring the
system from the reference environment at
standard conditions, 7,, p, to the state at 7T, p

Standardref.valuesT, =298.2°K, P, =1013kPa



Exergy also i1s e

p, T

—>pO,T

o
1l
=
2
1
=

Q

B=(H-T.S)-(H-T.S),

-+ the maximum amount of work that can be

obtained from a system in reference to the
environment at standard conditions, 7,, 2,

Standard <rglal uesT, =2982°K, P, =1013kPa

See if you can derive this as a homework problem



Exergy
System State ~

Maximum work obtainable
between System and Reference

>States.

Reference State _/
R



Exergy
System State ~

Maximum work obtainable
between System and Reference

> States; or minimum work needed
to raise System from the reference
state to the System State

Reference State/



Definition of Exergy “B”

“Exergy is the amount of work obtainable
when some matter is brought to a state of
thermodynamic equilibrium with the
common components of the natural
surroundings by means of reversible
processes, involving interaction only with
the above mentioned components of
nature” [Szargut et al 1988].



n

Exergy Accounting

> — B,

> B lost

Bm - Bout = E%st




Example: mixing hot and cold

water
1 kg
100°C
2 kg
50°C
1 kg
0°C

Ist Law: H; + H, = Hy
recall; AH = Jm C, AT



Example: mixing hot and cold
water

To calculate the 2nd
law property;
AB = AH - T _AS

1kg | _
100°C 2 kg T, =25°C
1 50°C Pressure = constant
1k
0o We need to know the
temperature

dependence of
enthalpy and
entropy



temperature and pressure
dependence of H and S

dH =c,dT + v—T(a—Vj dP
P




for constant pressure

— _/
dH =c,dT +| v -T2 |op
oT )|
- |
C
ds="v a1 -[ N }ap



calculating AH-T,AS

373.2
-T,5 =C,(75)-298.2C, In =8.1C
5 =C,(79) " 2982 i

273.2
H,-T.,S,=C,(~25)-298.2C, In =11C
=TS, =Cy(-25) " 2982 i

323.2
H,-T,S, = 2C,(25)-2x298.2C, In Nogs - 2C



B.

N

o Bout = BIost

aost = (HZ _TOSZ)+ (Hl _Tosl)_ (H3 _Toss)

B, =(8.1+1.1-2)C =7.2C



50 «C

Mixing 2kg's

0C
1 kg/s S —

Figure 2 Flow diagram for the mixing of a hot and a cold stream.

Ex, Mixing + Ex, 84kls
34.02 kifs Heat
Exchange Eilu'ﬂ
10,28 kl/s
4,66 klfs

Figure 3 Exergy flow diagram or Grassmann diagram for the example of Fig. 2.

Ref Sussmann ‘80 and de Swaan Arons ‘04



Physical and Chemical Exergy

° B = Bph + BCh
* B (T=T,, p=p,) =0

— this is the “restricted dead state”

° BCh (IL[:ILIO) — 0
e when B = Brh + Bch = (
— this is the “dead state”



Chemical Reaction
nR; + n, Ry = niyll,

/'W

1 — >

SO

-

e H, +H,-H,-W-Q =0 Q

H=h-Ts, AG’ =nsls—nHy —N; s

W - - AGOf_ TSgen

W, = -AG% = B, +B,-B,

ideal




Chemical Reactions

stolchiometric mass balance
VR, +V,R +.... - viIT, +v [T, +...

exergy " balance"

Vubg +Vpbg +...—viby =V, =B

whereexergy bisgivenin kJJmole



Example: Burning Carbon
C + 0, > CO,

Bc + Bop - Beo, = 4B
410.3 kJ + 3.97kd - 199kJ = 394.4kJ
mole mole mole

The maximum work you can get out of one mole of carbon is
394.4 kJ = 329 MJ
mole of carbon kg




66 Combustion

TABLE 11.7. Values of enthalpy, Gibhs free energy, and entropy of combustion of
fuels at standard temperature, T, = 25°C, and pressure, p, = | am."

% M AN A A %
= Fuel Formula ._.EE. i, E .5 %
g kmuol kg kg kg K
~ Hydrogen H, 2016 —1200 -—1135 =210 +5.8
ng Carbon (graphite) C 12011 -328 -319 0.2 =02
Methane CH, 16043 500 —499 —.3 1.2
N Acetylene C,H, 6038 —483 471 —37 £2.4
Q) Ethylene C.H, 2B.054 —47.2 —46.9 —1.1 0.7
o E Ethane C.H, 3007 -475 —480 15 ~1.0
.- S Propylene C,H, 42081 -458 —d459 0.4 0.3
Q > Propane CyHy 44,087 ~ 464 —4T.1 23 —1.5
R n-Butane CaHyp 58.12 458 -46.6 2.1 =17
A (@) n-Pentane CsH;y 7215 -454 -463 29 19
c) : Benzenes CyHg TR.114 —40.6 40,8 0.5 04
-‘I: ri-Hexane CeHja B6. 1K —i5.1 —df, | il 24
ﬂ S n-Heptane C.H,,  100.2] _450  —450 32 L |
 Q n-Octane CyHy 114232 —448 —458 1.3 -12
(q)] < Ispoctane CyH,, 114232 —447 —458 3.7 -24
< n-Nonane CoH; 128.26 447 —457 14 ~22
- re-Decane CgHaa 142.29 —44.6 —45.7 3.5 -23
q) QD Carbon monoxide L 28.01 =10.1 -4.2 1] 41001
o ) g Methanol CH,OH 32042 —2L.1 — 7.5 1.4 —149
O 0 Ethanol Ci:HsOH 46,060 218 -284 2.1 2.2
2 = Ethylene glyeol  (CHLOH):  62.07 17.1 18.6 5.1 -8.1
Sulfur 5 32,064 -0.2 03 0.3 0.9
Sulfur monoxde S50 48 (M3 —6.3 — 58 | & +E5

e

Sowrce: Dala from B C. Weast, edidor, CRC Hordbook nf Chemistry and Physics, Ghth ed., CRC

Press, Hoca Raton, Fla., 1985,

“Each constiuent before and after combustion is assumed 1o be in i ideal-gas stae at T oand p .

Ref
Gyftopolous
& Beretta



Example: Oxidation of Aluminum

2x8388.4 K + 3 ><3.97k—‘] - 200.4k—‘] =B«

mole 2 mole mole

kJ
mole(AlLO,)

B, =(1776.8+6.0—200.4) =1582.4

See Appendix of Szargut for exegy values



Materials can do work?

N

System State (T,,)
Qy

Reference State (T,)

Insert reversible
heat engine between
high and low
temperatures



Chemical Properties referenced to

COMPOSITION OF AIR
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Exergy Reference System

pure metal, element )
> chemical
reactions
oxides, sulfides...
crustal component /} extraction
earth’s crust (ground state)




Exergy Reference System

Aluminum (c=1) 888.4 kdJ/mole
AlLO; (c=1) 200.4 kJ/mole
Al,SIO; (c=1) 15.4kd/mole

Al,SiO; (c =2 x 103) 0 kd/mole (ground)




Example; making pure iron from

the crust
e(c=1) 376.4 kJ/onIe
reduction
\ 4
e, 0, (c=1) 16.5 kJ/mole
extraction

Fe,O; (c=1.3 x1073) 0 kd/mole (ground)




Table 2.8 Solid reference species and their conventional average
concentration in the external layer of the earth crust

Reference species Standard
Component of chemical
the lithosphere Conventional Standard exergy
standard chemical of the
Chemical Mass mole exergy.  clement,
element Formula fraction Formula fraction x,, k] /mol kJ /mol
Al (5) AlO, 0.152 AlLSiIO, 2x 107 15.4 BBE.4
{sillimanite)
Ba BaOD 5.1 x 107 - - - -
Ca CaQ £.1 % 1072 - - - -
Cl Cl 45 = 10°* - - - -
Co (5) Co 4 x 107" Co,0, 2 x 1077 38.2 265.0
Cr () Cr,0, 52 = 107" CrjO, (5 4 = 107 36.5 544.3
=
E:EL 1% 10r FeOs 176.4
K K,0 311 x 107 ” i i T
Mg (5) MgO 345 x 107 CaCO,-MgCO, 2.3 x 107 15.1 633.8
Mn (5) MnO 1.18 x 107" MnO, 2 x 107 21.1 482.13
Na Na, 0 371 x 107 - - - -
Pi(s P,0, 2.85 x 107" Ca,PO,), 4 x 107" 19.4 B75.8
5 50, 2.6 x 107 - - - -
Sb (5), III Sh 1 x 107*  Sb,0, 7x 107" 52.3 435.8
Si (1) 510, 0.591 Si0, (5) 0.472 1.9 854.6
Sn (5), white Sn 4 % 107" SnOy (5) 8 x 107" 29.1 544 8
Ti(5), I TiO, 1.03 x 107" TiO, (5), II 1.8 x 107" 21.4 906.9
U (), Ml U 4 x 107 UQ, () 2 x 107" 4319 1190.7
V (5) V.0, 2.3 x 107" V.04 (5) 2 x 107" 32.5 T12.1




Extraction from the crust

Extracting Fe,O, fromc=1.3x10"(crust) to c=1

B=T,RIn-—
1.3x10
B =298.2°K x8.314 ) xIn 1 — = 6.5k—J
mole’K  1.3x10 mole
Note: R=k N,,, (Boltzmann’s constant X Avogadro’s number)



Reduction of Fe,0, (Hematite)

2Fe, 0,5 + 3C 24Fe + 3CO,

2x16.5+3x410.3-4x376.4-3x19.9=

BlOSt - - 301 4 kJ

this is an endothermic reaction
l.e. minimum energy required to reduce 2 mole of hematite



[ron Ore Reduction

Recall C + O, 2 CO, produces 394.8 kd/mole C

301.4

We need =(0.76 moles of carbon

394.8

2Fe20, + 3.76C + 0.760, > 4Fe + 3.76 CO,



[ron Ore Reduction

but the efficiency of the use of carbon
is only 30.3%

therefore the actual reaction is

2Fe, 0,5 + 12.42C + 9.420, - 4Fe + 12.42CO0O,
33kd +5095.9+ 37.7 - 1505.6 - 247.2kd =
3,413.8 kd for 4 mole of Fe
this is 15.2 MJ/kg (Fe)




Iron Ore Reduction

12.42%x394.8 _ 4.903MJ MJ

Fuel (C) Intensity = = =22—
4x55.85(¢ .2234kg kg
CO, Intensity = 124244 _ 2.5 kg €O,
4x55.85 kg Fe
Exergy valueof pureFeis376.4kJmole=6.7 MJkg




Summary for Iron Ore

fuel used = 22 MJ/kg = 15.2(B,,;) + 6.7(Bg,)

“Credit” for producing
pure iron from the crust

Lost exergy from making iron
from Fe,O,



“%_Homework Problem

Calculate the minimum work to reduce iron
using hydrogen
Fe203 + H2 = 2 Fe304 + H20 (1)

Fe304 + H2 = 3 FeO + H20
FeO + H2 = Fe + H20

Now assume the H2 comes from
electrolysis and add this in

2H20=2H2 + 02



“nergy data from Smil

Table 6 HRanges of Energy Densities of Commen Fuels and

[§

Frsndanaifs
Table 8 I}pﬁlEnguﬂdﬂrmmnHﬂ'ﬂ'hh(HIM
Energy densiry (M1 e
. g Mavenal Enerjgy comr Made o
Hydrogen 114.0 " expracted from
Crasolines S6.0-47.0 )
Cride oils 42.0-44.0 MW 2X7-342 Haiziee
Pure plaat oils 3%,0-37.0 Bricks ::5 Er“d
Mlamaral gases 33.0-37.0 Cemen ¥ y and Bmcstone
Butter 20.0-30.0 C“'ﬂ"“ #0-125 Sulfide orc
Ethanal 0.4 Glass 18-35 Sand, eix.
Best birunminaus coals 27.0-29.0 ::'I" :";;_5“ . [’“_‘ = "
Pure protein 230 mﬂtu-rlr ] L Sedimentary
Bhckel 130-70 Oire concentrane
Common seeam ooals 230-24.0 i il i
Gioed ligrites 18.0-20.0 eer i mi_tlm
Putre carboliydrites 17.0 Polverhviene m' m-g; Crude ﬂfl
Cereal grains 15.3-15.4 p”a‘“":lm E:m? EMM ﬂll
Air-dried wood 14.0=15.0 wﬁ' e l :,:11
Cereal stranws 12.0-15.0 . 2 -0 Rhver
Silgom 230235 Silica
Lean meear S.0-10.0
Sel 20-50 Iran
Fih 2493 s 33
Potatoes 3148 .
Thtaneim Q-S40 Cire comcernrate
Fraits 1.5—4.4) 0.001-0.01 !
Witer ; ] SITEIMMS, MesErymirs
Human feces 1.8-3,0 il . ;
Viegerahles =15 Wood Smnding timber

Llrine 1-0.2




Summary

o Exergy = Available Work referred to the “dead state”

 Both fuel and non-fuel materials have
exergy equivalents

* Exergy is not conserved

Bm B Bout = Aaost



3.

4.

5.

“% Exergy Homeworks

What is the minimum work required for
photosynthesis?

What is the maximum work one could
obtain from auto-respiration?

What is the maximum work one could
obtain from burning the following fuels
with oxygen: octane”? methane?
methanol? hydrogen? How much CO, is
generated for each?



Applications

* Exergy Analysis of Extraction, Smelting
« Exergy Analysis of Industry (Ayres et al)

» Exergy Analysis of Natural Systems
(Baksht)

« Exergy of Mfg Processes
» Exergy Analysis of Recycling Flows




