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Figure from  Gyftopoulos & Berreta
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Balances for Mfg ProcessBalances for Mfg ProcessBalances for Mfg ProcessBalances for Mfg Process
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Work Rate for Mfg Process in Work Rate for Mfg Process in Work Rate for Mfg Process in Work Rate for Mfg Process in 
Steady StateSteady StateSteady StateSteady State
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ExergyExergyExergyExergy and Workand Workand Workand Work
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An Important SimplificationAn Important SimplificationAn Important SimplificationAn Important Simplification
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Mfg Process Use of ElectricityMfg Process Use of ElectricityMfg Process Use of ElectricityMfg Process Use of Electricity

1. Machining (rough and 
finish)

2. Grinding
3. Abrasive Waterjet
4. EDM (wire and drill)
5. Injection Molding
6. CVD
7. Sputtering
8. Thermal Oxidation
9. Laser DMD



gutowski@mit.edu 10

Figure from  Gyftopoulos & Berreta
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Energy Requirements at the Energy Requirements at the Energy Requirements at the Energy Requirements at the 
Machine ToolMachine ToolMachine ToolMachine Tool
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Production Machining Center Automated Milling Machine

From  Toyota 1999, and Kordonowy 2002.
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Electric Energy Intensity for Electric Energy Intensity for Electric Energy Intensity for Electric Energy Intensity for 
Manufacturing ProcessesManufacturing ProcessesManufacturing ProcessesManufacturing Processes
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Injection Molding MachinesInjection Molding MachinesInjection Molding MachinesInjection Molding Machines
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Thermal Oxidation, SiOThermal Oxidation, SiOThermal Oxidation, SiOThermal Oxidation, SiO2222

Ref: Murphy et al
es&t 2003
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Power RequirementsPower RequirementsPower RequirementsPower Requirements

Ref: Murphy et al
es&t 2003
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Injection Molding 10.76 - 71.40 3.76 - 50.45 of polymer 
processed 

1.75E+03 - 3.41E+03 [Thiriez 2006]

Machining 2.80 - 194.80 0.35 - 20.00
of material 
removed 3.50E+03 - 1.87E+05

[Dahmus 2004], [Morrow, Qi & 
Skerlos 2004] & [Time 

Estimation Booklet 1996] 

Finish Machining of material 
removed

[Morrow, Qi & Skerlos 2004] & 
[Time Estimation Booklet 

1996] 

CVD 14.78 - 25.00 6.54E-05 - 3.24E-03
of material 

deposited on 
wafer area

4.63E+06 - 2.44E+08

[Murphy et al. 2003], [Wolf & 
Tauber 1986, p.170], [Novellus 

Concept One 1995b] & 
[Krishnan Communication 

2005]

Sputtering 5.04 - 19.50 1.05E-05 - 6.70E-04
of material 

deposited on 
wafer area

7.52E+06 - 6.45E+08
[Wolf & Tauber 1986] & 

[Holland Interview] 

Grinding 7.50 - 0.03 1.66E-02 - 2.85E-02 of material 
removed

6.92E+04 - 3.08E+05 [Baniszewski 2005] & 
[Chryssolouris 1991]

Waterjet 8.16 - 16.00 5.15E-03 - 8.01E-02 of material 
removed

2.06E+05 - 3.66E+06 [Kurd 2004]

Wire EDM 6.60 - 14.25 2.23E-03 - 2.71E-03
of material 
removed 2.44E+06 - 6.39E+06

 [Sodick], [Kalpakjian & 
Schmid 2001], & [AccuteX 

2005]

Drill EDM of material 
removed

[King Edm 2005] & 
[McGeough, J.A. 1988]

Laser DMD of material 
removed

[Morrow, Qi & Skerlos 2004]

Thermal Oxidation 21.00 - 48.00 4.36E-07 - 8.18E-07
of material 

deposited on 
wafer area

2.57E+10 - 1.10E+11 [Murphy et al. 2003]

Process Name References
Power Required

kW

Electricity Required 

J/cm3

9.59 2.05E-03 4.68E+06

Process Rate 

cm3/s

2.63 1.70E-07 1.54E+10

80.00 1.28E-03 6.24E+07
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In General, over manyIn General, over manyIn General, over manyIn General, over many
manufacturing processes,manufacturing processes,manufacturing processes,manufacturing processes,
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All Electric Vs Hydraulic All Electric Vs Hydraulic All Electric Vs Hydraulic All Electric Vs Hydraulic 
Injection Molding MachinesInjection Molding MachinesInjection Molding MachinesInjection Molding Machines
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Electricity Use in Mfg ProcessesElectricity Use in Mfg ProcessesElectricity Use in Mfg ProcessesElectricity Use in Mfg Processes

• Intensity Vs total used
• 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
• strong rate effect
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ExergyExergyExergyExergy Analysis including Analysis including Analysis including Analysis including 
Chemical CompositionChemical CompositionChemical CompositionChemical Composition

• B = Bph + Bch

• Bph(T=To, P=Po) =0
– this is the “restricted dead state*”

• when B = Bph = 0, and 

• Bch(µ∗=µ o) = 0
– this is the “dead state”

ooo TPoTPo STHSTHB µµ ,,,, )()( −−−=
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Work Rate for Mfg ProcessWork Rate for Mfg ProcessWork Rate for Mfg ProcessWork Rate for Mfg Process
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Definition of Definition of Definition of Definition of ExergyExergyExergyExergy ““““BBBB””””

“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].
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ExergyExergyExergyExergy

System State

Reference State

Maximum work obtainable
between System and Reference
States.
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ExergyExergyExergyExergy

System State

Reference State

Maximum work obtainable
between System and Reference
States; or minimum work needed
to raise System from the reference
state to the System State
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Chemical Properties referenced Chemical Properties referenced Chemical Properties referenced Chemical Properties referenced 
to the “environment”to the “environment”to the “environment”to the “environment”

Crust

Oceans

Atmosphere

To = 298.2 K, Po = 101.3 kPA
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ExergyExergyExergyExergy Reference SystemReference SystemReference SystemReference System

pure metal, element

oxides, sulfides…

crustal component
earth’s crust (ground state)

chemical 
reactions

extraction
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ExergyExergyExergyExergy Reference SystemReference SystemReference SystemReference System

Aluminum (c=1) 888.4 kJ/mole

Al2O3 (c=1) 200.4 kJ/mole

Al2SiO5 (c=1) 15.4kJ/mole
Al2SiO5 (c = 2 x 10-3) 0 kJ/mole (ground)
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Example; making pure iron from Example; making pure iron from Example; making pure iron from Example; making pure iron from 
the crustthe crustthe crustthe crust

Fe (c = 1) 376.4 kJ/mole

reduction

Fe2O3 (c=1) 16.5  kJ/mole
extraction

Fe2O3 (c = 1.3 x 10-3) 0 kJ/mole (ground)
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ExergyExergyExergyExergy AccountingAccountingAccountingAccounting

lostoutin BBB =−

Bin

Bout

Blost
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Chemical ReactionsChemical ReactionsChemical ReactionsChemical Reactions

kJ/molein given  is bexergy  where

....
balance""exergy 

.......
balance mass tricstoichiome

lostkjRbRa

kkjjbbaa

Bbvbvbvbv

vvRvRv

kjba
=−−++

+Π+Π→++

ΠΠ
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Efficiency MeasuresEfficiency MeasuresEfficiency MeasuresEfficiency Measures
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Batch Induction Batch Induction Batch Induction Batch Induction MelterMelterMelterMelter Inputs and OutputsInputs and OutputsInputs and OutputsInputs and Outputs
Ductile Iron Ductile Iron Ductile Iron Ductile Iron –––– Batch Electric Induction Batch Electric Induction Batch Electric Induction Batch Electric Induction ExergyExergyExergyExergy AnalysisAnalysisAnalysisAnalysis

Ductile Iron Melt
1000 kg

Slag
40 kg

Metallic Input Materials
and Alloys
1024 kg

Input Electricity
5,393 MJ

Boundaries are drawn around the entire facility so that 
all components are at standard pressure and temperature 

Dust
0.26 kgNatural Gas Preheater

0.025 kg
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Batch Induction Batch Induction Batch Induction Batch Induction MelterMelterMelterMelter ExergyExergyExergyExergy Analysis*Analysis*Analysis*Analysis*

Material Amount (kg) Weight Percent
Standard Chemical 

Exergy (MJ/kg) Exergy (MJ)
Percent Total 

Exergy

Steel Scrap 439 42.85% 6.89 3022.25 15.39%
Pig Iron 1.6 0.16% 8.18 13.43 0.07%
Ductile Iron Remelt 535 52.25% 8.44 4513.98 22.99%
65% Silicon Carbide Briquettes 4.3 0.42% 31.73 137.62 0.70%
75% Ferrosilicon 3.0 0.29% 24.51 72.46 0.37%
5% MgFeSi 14.8 1.44% 19.09 282.30 1.44%
Copper 1.7 0.17% 2.11 3.69 0.02%
Tin 0.005 0.00% 1.13 0.01 0.00%
62% Fe-Molybdenum 6.2 0.61% 7.28 45.35 0.23%
Carbon 9012 18 1.80% 34.16 628.45 3.20%
Natural Gas Preheater 0.02 0.00% 51.84 1.27 0.01%
Electricity 5418.00 55.59%

Total Inputs 1024 100.00% 14138.83 100.00%

Ductile Iron Melt 1000.2 96.69% 8.44 8436.45 99.29%
Slag 33.9 3.28% 1.14 60.05 0.71%
Dust 0.3 0.02% 0.26 0.07 0.00%

Total Outputs 1034 100.00% 8497 100.00%

Mass Difference -1.05%

Ductile Iron Batch Electric Induction Melting

Input Materials

Output Materials

*including losses at Utility
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Batch Electric 

Induction Melting

of 1 kg of melt

Total Exergy In  

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

Component Exergy in (J)
Metallics 8,700,000
Electricity* 2,455,000

Batch Electric Degree of Batch Electric Degree of Batch Electric Degree of Batch Electric Degree of 
PerfectionPerfectionPerfectionPerfection

79.0
000,420,10
000,250,8 ==

J
J

Pη

Degree of Perfection

inputsofExergy
productsusefulofExergy

P =η

*not including utility losses
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Chemical Vapor DepositionChemical Vapor DepositionChemical Vapor DepositionChemical Vapor Deposition
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CVD Chemical InputsCVD Chemical InputsCVD Chemical InputsCVD Chemical Inputs

Boyd, Dornfeld
Krishnan, IEEE
ISEE 2006
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Chemical Vapor 
Deposition (CVD)

of a 600nm 
Undoped Silicate 
Glass (USG) layer 

at 400°C

Total Exergy In 

(Bin) = 6,130,000J
Useful Exergy Out 
(Bout) = 3.3J

710*33.5
123,131,6

267.3 −==
J

J
Pη

Component Exergy in (J)
Input Gases 45,900
Cleaning Gases 3,865,000
Electricity* 2,220,000

Degree of Perfection

CVD Degree of PerfectionCVD Degree of PerfectionCVD Degree of PerfectionCVD Degree of Perfection

*not including utility losses
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Reasons for a Low EfficienciesReasons for a Low EfficienciesReasons for a Low EfficienciesReasons for a Low Efficiencies

• Inefficient use of materials

• Use of high exergy materials (ultra-pure)

• Use of high exergy Aux. mat’ls (CH4)

• Low yields

• Low processing rates
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Advantages and Disadvantages Advantages and Disadvantages Advantages and Disadvantages Advantages and Disadvantages 
of of of of ExergyExergyExergyExergy AccountingAccountingAccountingAccounting

• 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 Most of these results can be Most of these results can be Most of these results can be 
foundfoundfoundfound

• on our website:
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