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408  Availability Functions
Figure from Gyftopoulos & Berreta
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Balances for Mftg Process

Mass drgMF = (Z Ni,inMi) - (Z Ni,outMi)
t i-1 ME il MF
dE MF MF . MF
Energy d’:/”: = ZQECMF - +WECMF

H,\rzﬁt _Hprod Hr&s

QMFH \ MF . ] ] ]
Entropy d;”F =2 fFMF - OT +SE —Si ~SE*tSiw
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Work Rate for Mfg FProcess in
Steady State

Weewr = ((HE" + Hig) ~Hue
! ((Sﬁmd +SI\/IF) B F)

- Z (1_ jQéﬂgM} +T0$rr MF

Branham et al IEEE ISEE 2008
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Exergy and Work

B = (H _TOS)P,T _(H _TOS)PO,TO

WEI\éI:iAE_((BprOd+BrF) B )

\MF < :
_Z ECMF +Toarr,|vn:
1>0

Branham et al IEEE ISEE 2008
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An Important Simplification

Consider the simplification where Q, =0, and we focus
on the material processed, therefore material in =
material out = material processed, all at rate, N .

WEI\éIZIE/IE :AB +T0$rr MF = I\.IAb-l_TOSrr,MF

W:WEI\QI?/I; _Ab+ OSrr MF
N N

B =N[(h-T,5)-(h,-T,5,)]=Nb
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Mitg Process Use of Electricity

Machining (rough and
finish)

Grinding

Abrasive Waterjet
EDM (wire and drill)
Injection Molding
CVvD

Sputtering

Thermal Oxidation
Laser DMD
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408 Availability Functions
Figure from Gyftopoulos & Berreta
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Energy Requirements at the
Machine Tool
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FElectric Energy Intensity for
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[njection Molding Machines
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[ hermal Oxidation,
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FIGURE 9. Energy consumption for growth of a 25-A oxide layer
as a function of equipment type (RTP vs vertical funace), number
of wafers processed per week, and total run time (production plus
idle). The example shown is for 8-in. wafers.
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Power Requirements

TABLE 2. Average Number of Functions, II\muﬁ and
Fmﬂmranﬁﬁsfnral-ljpoﬂminalﬂ i

Microprocessor Wafer Fab

no, of functions power

8-layer 6-layer wafers/ wafers/ (kW)

unit operation  metal metal run h process idle

implant 16 16 25 20 27 15
cvD 13 11 10 15 16 14
wafer clean 35 31 50 150 8 1.5
furnace 21 17 150 35 21 16
furnace (RTP) 7 7 1 10 48 45
photo (stepper) 27 23 1 60 115 48
photo (coater) 27 23 1 60 a0 37
etch (pattern) 24 20 1 35 135 30
etch (ash) 27 23 1 20 1 0.8
metallization 1 9 1 25 150 83
CMP 18 14 1 25 29 8

Ref: Murphy et al
es&t 2003 gutowski@mit.edu
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Process Name

Power Required

Process Rate

Electricity Required

References

3 3
KW cm’/s J/icm
Iniection Molding | 10.76 - 71.40 3.76 - 50.45 ofpolymer | 1 75¢.03 - 3.41E+03 [Thiriez 2006]
| g ' ' ' ' processed ' '
o of material [Dahmus 2004], [Morroyv, Qi &
I\/Iach|n|ng 2.80| - 194.80 0.35 - 20.00 3.50E+03 - 1.87E+05 Skerlos 2004] & [Time
removed o
Estimation Booklet 1996]
.. .. of material [Morfo‘”’ Qi & Skgrlos 20041 &
Finish Machlnmg 9.59 2.05E-03 removed 4.68E+06 [Time Estimation Booklet
1996]
[Murphy et al. 2003], [Wolf &
of material Tauber 1986, p.170], [Nowellus
CVD 14.78 - 25.00 6.54E-05 - 3.24E-03 |deposited on| 4.63E+06 - 2.44E+08 Concept One 1995b] &
wafer area [Krishnan Communication
2005]
of material
. . [Wolf & Tauber 1986] &
Sputtermg 5.04 -/19.50 1.05E-05 -/6.70E-04 |deposited on| 7.52E+06 - 6.45E+08 [Holland Intenview]
wafer area
.- of material [Baniszewski 2005] &
.50 -|0. .66E-02 -|2.85E- 92E+ : +
Grmdmg 7.50 - 0.03 1.66E-02 - 2.85E-02 removed 6.92E+04 - 3.08E+05 [Chryssolouris 1991]
. of material
Waterjet 8.16 -/16.00 5.15E-03 - 8.01E-02 removed 2.06E+05 - 3.66E+06 [Kurd 2004]
_ of material [So@ck], [Kalpakjian &
Wire EDM 6.60| - 14.25 2.23E-03 - 2.71E-03 removed 2.44E+06 - 6.39E+06 | Schmid 2001], & [AccuteX
2005]
. of material [King Edm 2005] &
2. 1.70E-07 1.54E+10
Drill EDM 63 removed ° [McGeough, J.A. 1988]
of material _
Laser DMD 80.00 1.28E-03 removed 6.24E+07 [Morrow, Qi & Skerlos 2004]
of material
Thermal Oxidation 21.00 - 48.00 4.36E-07 - 8.18E-07 2.57E+10 - 1.10E+11

gutowsk
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/n General, over many
manufacturing processes,

|dle Power
5kW < P, < 50kW
and
Material Process Rates

10~ cm3/sec<V <1cm’/sec

gutowski@mit.edu
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Specific Energy Requirements J/cm3
for Various Mfg Processes
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Specific Energy Requirements J/cm3
for Various Mfg Processes
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Electricity Requirements [J/kg]
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Individual Processes can vary by 2 or 3
orders of magnitude depending upon

operational parameters
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All Electric Vs Hydraulic
[njection Molding Machines
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Electricity Use in Mf{g Processes

 Intensity Vs total used
e suggestive of efficiency

 this Is at the device

— loses at energy conversion not included
— Investment into materials not included
— Infrastructure not included

* leveraging of low energy prices apparent
e strong rate effect
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Exergy Analysis including
Chemical Composition

B = (H _TOS)P,T,,u _(H _TOS)PO,TO,,LIO

e B = Brh + Rch
o pP(T=T, P=P ) =0

— this is the “restricted dead state*”
e when B = B°2 =0, and
o BuiFu ) =0

— this iIs the “dead state”

gutowski@mit.edu
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Work Rate for Mfg Process

WEI\CA:EAE = ((Bpmd +Byr vE) ~ B&Et)ph

(BN (BTN -

i T Ve .
SR z[ T T8

>0 i

Here all chemical exergy terms (b°h) are at T,, P,

Branham et al IEEE ISEE 2008

gutowski@mit.edu
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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].

gutowski@mit.edu 26



Exergy

System State
\

Maximum work obtainable
between System and Reference

>States.

N

Reference State /

gutowski@mit.edu 27



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/

gutowski@mit.edu 28



Chemical Properties referenced

TO — 2982 K’ gutowski@mit.edu PO — 1013 kPA



Exergy Reference System

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

gutowski@mit.edu 30



Exergy Reference System

Aluminum (c=1) 888.4 kJ/mole
AlLLO; (c=1) 200.4 kd/mole
Al,SIO (c=1) 15.4kJ/mole
ALSIO; (c =2 x 103) 0 kJ/mole (ground)

gutowski@mit.edu 31



Example, making pure iron from

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

I extraction
Fe,O; (c=1.3x10%3) 0 kJ/mole (ground)

gutowski@mit.edu 32



n

Exergy Accounting

:

Bout

> B lost

Bm - Bout = E%st

gutowski@mit.edu 33



Chemical Reactions

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

exergy " balance"

Vubg +Vpbg +...—viby =V, =B

whereexergy bisgivenin kJJmole

gutowski@mit.edu 34



Efficiency Measures

,7p — Buseful output
B,
_Wmin
T = B

11

gutowski@mit.edu
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Batch Induction Melter Inputs and Outputs
Ductile [ron — Batch Electric Induction Exergy Analysis

Metallic Input Materials Ductile Iron Melt

and Alloys 1000 kg
1024 kg
. g w
Input Electricity 40 kg
5,393 MJ
Dust
Natural Gas Preheater 0.26 kg

0.025 kg

Boundariesare drawn around the entire facility so that
all components areat standard pressure and temperature

gutowski@mit.edu 36



Batch [nduction Melter Exergy Analysis*

Ductile Iron Batch Electric Induction Melting

Material

Input Materials

Steel Scrap

Pig Iron

Ductile Iron Remelt
65% Silicon Carbide Briquettes
75% Ferrosilicon

5% MgFeSi

Copper

Tin

62% Fe-Molybdenum
Carbon 9012

Natural Gas Preheater
Electricity

Total Inputs

Output Materials

Ductile Iron Melt
Slag

Dust

Total Outputs

Mass Difference

Amount (kg)

439
1.6
535
4.3
3.0
14.8
1.7
0.005
6.2
18
0.02

1024

1000.2
33.9
0.3
1034

-1.05%

Weight Percent

42.85%
0.16%
52.25%
0.42%
0.29%
1.44%
0.17%
0.00%
0.61%
1.80%
0.00%

100.00%

96.69%
3.28%
0.02%

100.00%

Standard Chemical

Exergy (MJ/kq)

Exergy (MJ)

6.89
8.18
8.44
31.73
24.51
19.09
2.11
1.13
7.28
34.16
51.84

8.44
1.14
0.26

3022.25
13.43
4513.98
137.62
72.46
282.30
3.69
0.01
45.35
628.45
1.27
5418.00

14138.83

8436.45
60.05
0.07

8497

Percent Total

Exergy

15.39%
0.07%
22.99%
0.70%
0.37%
1.44%
0.02%
0.00%
0.23%
3.20%
0.01%
55.59%

100.00%

99.29%
0.71%
0.00%

100.00%

gutowski@mit.edu
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Batch Electric Degree of

Perfection

_ Exergy of useful products
Exergy of inputs

e

Batch Electric
Induction Melting Useful Exergy Out

Total Exergy In

(Bin) = 11,155,000 J (Bout) = 8,250,000J

of 1 kg of melt

Degree of Perfection
_ 8,250,000J _

Component Exergy in (J) n, = =0.79
Metallics 8,700,000 10,420,000
Electricity* 2,455,000

*not including utility losses gutowski@mit.edu
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Chemical Vapor Deposition

gutowski@mit.edu
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CVD Chemical Inputs

TABLE | USG CVD PROCESS MATERIAL INVENTORY

NF; 3106 237 009
s . 17 34 0 06
| HF : 003 |
SiF, .| 882 | ool |
CO < | o= | oae
NO - 1 . 1.25
NO, = | = 006
SiH, 095 023 023
0. (49 0 49 049
Ar L 034 034 034
ity N: | 19690 | 19690 196 90 Boyd, Dornfeld
- Below detection limits Krishnan, IEEE

ISEE 2006

gutowski@mit.edu



CVD Degree of Perfection

Chemical Vapor
Total Exergy In Deposition (CVD)
of a 600nm
Undoped Silicate
Glass (USG) layer | Useful Exergy Out

»
»

Bin) = 6,130,000J

Bout) = 3.3J
at 400°C (Boud
Degree of Perfection
Component Exergy in (J) 3.267 ] )
Input Gases 45,900 e = 61311237 =5.33*10""
Cleaning Gases 3,865,000 T
Electricity* 2,220,000

*not including utility losses gutowski@mit.edu Data from Sarah Boyd et. al. (2@06)



Reasons for a Low Efficiencies

Inefficient use of materials

Use of high exergy materials (ultra-pure)
Use of high exergy Aux. mat’ls (CH,)
Low yields

Low processing rates

gutowski@mit.edu
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Advantages and Disadvantages
of Exergy Accounting

Aggregated measure

Not conserved

Rigorous framework,

Utilized in optimization and accounting, but
Esoteric sounding

In some cases, First Law will do fine
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Most of these results can be
found

on our website:
http://web.mit.edu/ebm/www/index.html
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