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Micro-nano Thermodynamics

ThermodynamicsThermodynamics
・・・Progress limitation of phenomenon (Process)

＝
Equilibriumq

Evaluation standard of system designEvaluation standard of system design
1) Thermodynamics for material1) Thermodynamics for material
2) Thermodynamics for process
3) Th d i f t3) Thermodynamics for system
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1) Thermodynamics for material

Energy of material: EEnergy of material: E
Entropy of material: S

The number of material phasesp
Concentrations of material in each phase

TemperatureTemperature
Pressure

U i f [J] [J/ ]Unit of energy: [J], [J/s]
Unit of entropy: [J/K], [J/(K・s)]

Explanation by Water model
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Explanation by Water model



Ex. 1 Water in a flask (Batch)

Same conditions 
(Temperature, Pressure, etc.)( p , , )

1
2

1

Energy E [J] ２E [J]

Entropy S [J/K]                2S [J/K]
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Entropy [ ] [ ]



Ex. 2 Water flow into a tube (Continuous)

1
Energy E [J/s]E [J/s]E [J/s] Same conditionsEnergy
Entropy

E [J/s]
S [J/(K・s)]
E [J/s]
S [J/(K・s)]
E [J/s]
S [J/(K・s)]

Same conditions 
(Temperature, Pressure, 

etc.)etc.)

2
/Energy

Entropy
２E [J/s]
２S [J/(K・s)]
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Entropy ２S [J/(K s)]



Energy: E

・Volume changeable vessel：・Volume changeable vessel：

C t t l l
Enthalpy H

・Constant volume vessel：
Internal energy U

What are energy and entropy?
Q tit fQuantity of energy:

Enthalpy (Internal energy)Enthalpy (Internal energy)

Quality of energy: y gy
Expression by both enthalpy (Internal 
energy) and entropy

Basic 12 Micro-nano Thermodynamics                                                 Prof. I. Naruse
COE for Education and Research of Micro-Nano Mechatronics, Nagoya University

energy) and entropy



1) Calculation of enthalpy
Standard generation heat of material:

∆H0 [J/mol]∆H0
298 [J/mol]

Ex. CH4 -74.5 kJ/mol
C and N2 0    kJ/mol
(Pure material consisting of same element)(Pure material consisting of same element)

Enthalpy of material at temperature of T and 
th t t h i H0the at atmospheric pressure：H0

T


T

TCnHnH 00 d mpT TCnHnH
298 ,298 d

n : mol number of material [mol]n : 

2cTbTaC 
C : Heat capacity of materialCp, m [J/(K・mol)]

Basic 12 Micro-nano Thermodynamics                                                 Prof. I. Naruse
COE for Education and Research of Micro-Nano Mechatronics, Nagoya University

, cTbTaC mp 



2) Calculation of entropy
Absolute entropy of material：S0

298 [J/(K・
mol)]mol)]

Ex. CH4 １８６ [J/(K・mol)]
Absolute entropy of material at temperatureAbsolute entropy of material at temperature 
of T and at the atmospheric pressure：S0

TT


T C


T mp
T T

T
C

SS
298

,0
298

0 d
T298
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2) Thermodynamics for process
Ex. Heating process

Batch process H・Batch process
Hin

Hout

：Enthalpy

Energy input

E th l h b f d ft ∆HEnthalpy change before and after：∆H
it HHH 
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inout HHH



Ex. Heating process
・Continuous process

HoutHinin

Energy input
：Enthalpy

gy p


Enthalpy change before and after：∆H

inout HHH  inout HHH 

Basic 12 Micro-nano Thermodynamics                                                 Prof. I. Naruse
COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Ex. Heating process

S
Sout・Batch process

Sin

：Entropy：Entropy

・Continuous process
SoutSin

SSS 
Entropy change before and after：∆S

Basic 12 Micro-nano Thermodynamics                                                 Prof. I. Naruse
COE for Education and Research of Micro-Nano Mechatronics, Nagoya University

inout SSS 



Process
Material input

H S

Material output
H SH1, S1 H2, S2

Energy input Energy outputEnergy input Energy output

：Intermediary energy：Intermediary energy
Enthalpy change  

j
jin

j
jout HHH ,,

Entropy change   jinjout

jj

SSS ,,
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py g
jj



E.g.

P
H1, S1

Process

H S
H3, S3H2, S2

 213 HHHH Enthalpy change  

 

213

SSSSE t h

Enthalpy change

 213 SSSS 

∆H：

Entropy change

Intermediary energy
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∆H： Intermediary energy



∆H： Intermediary energy

Direction： Positive or Negative of∆H
(P iti E i t N ti E t t)

Quantity：

(Positive: Energy input, Negative Energy output)

Absolute value of ∆HQ y

Quality Degree of low level dQuality： Degree of low level d
Sd 

 [1/K]H
d


 [1/K]

Degree of low level：
Larger d indicates lower intermediary energy
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Larger d indicates lower intermediary energy.



What is the “Degree of low level”?

Assumption:p
Evolution of 1 J intermediary energy

Temperature of heat source
1000K 300K

1/1000 1/300d 1/1000 1/300<

Higher level of intermediary energyHigher level of intermediary energy
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Explanation of “Degree of low level”   by Water model

Quantity of water = Mass of waterQuantity of water = Mass of water

Degree of low level Position of vesselDegree of low level Position of vessel

０

Position of
vessel

０

１

Before change After change
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Before change After change



Content of enthalpy change: ∆H
∆H = (Energy for Work)

+ (Energy for thermodynamic heat loss) (Energy for thermodynamic heat loss)

Thermal energy which is Impossible to use
∆H∆H

H tEnergy for 
Work

Heat
lossWork

∆G T∆S

Change of Gibbs’ free energy ∆G=∆H－T∆S
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Change of Gibbs  free energy ∆G=∆H T∆S



Process
Quantity of 

energy
Tempera-

ture ∆H ∆S
Degree of low

level ｄ

Heat source Output Q Ｔ ーＱ ーQ/T １/T

Heat sink

Work source

Input Q

Output W

Ｔ Ｑ

ーＷ

Q/T

０

１/T

０Work source

Work sink

Output W

Input W

ー

ー

ーＷ

Ｗ

０

０

０

０

Sd 


・Heat source and sink・・・No work function
∆G＝０

H
d


∆G ０

∆G=∆H－T∆S ∆S=∆H/T
・Work source and sink・・・No thermal function 

∆S＝０ Even if the Work source or sink evolves or takes energy, 
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∆S＝０ Respectively, the quality of them dose not change.



HHeat source
T [K]

∆H＝－Q
∆S=∆H/T

Heat
source

∆S＝－Q/T Sd 


d＝1/T H
d



Q
Work source

Work
∆H＝－W

Work
source ∆S＝０

W
d＝０
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3) Thermodynamics for system
System: Assembly of processes

Ex. System consisting of two processes

Material 1 Product 1
Process 1

Intermediary
energye e gy

Material 2 Product 2

System

Product 2
Process 2

SystemRule The intermediary energy must not cross 
the system boundary
Basic 12 Micro-nano Thermodynamics                                                 Prof. I. Naruse
COE for Education and Research of Micro-Nano Mechatronics, Nagoya University

the system boundary.



Ex. Gas heating system for hot water

City gasCity gas
Air Exhaust gas

C b tCombustor

Combustion
energy

Cold water Hot water
Heat

gy

Heat
exchanger

SystemSystem
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Thermodynamics for system
Rules

Only the materials can cross the system
boundary.
The intermediary energy (Heat and Work)The intermediary energy (Heat and Work) 
must not cross the system boundary.

The 1st law of thermodynamicsThe 1st law of thermodynamics
(Conservation low of energy)

 
j

jH 0

The 2nd law of thermodynamics
(Increase law of entropy)(Increase law of entropy)

  jS 0
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1 0

Explanation of the 1st and 2nd law of   thermodynamics by Water model

d ０

１kg water
0
1

11

1




md
m

0
0

11

1




md
mPosition of

vessel
d ０

1
1

22

2




md
m

1
1

22

2




md
m

１
22 md 22 md

03 m 13 m

S After theBefore change
２

033 md 233 md

After the

H
Sd






∆H Change of water mass：∆m d→ Position of water

1st changeBefore change 2nd change
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∆H→ Change of water mass：∆m d→ Position of water



d ０

１kg water
0
1

11

1




md
m

0
0

11

1




md
mPosition of

vessel
d ０

１kg water
0
1

11

1




md
m

0
0

11

1




md
mPosition of

vessel

1
12




d
m

1
12




d
m

1
12




d
m

1
12




d
m

１
122 md 122 md

１
122 md 122 md

２
0

0

33

3




md
m

2
1

33

3




md
m

２
0

0

33

3




md
m

2
1

33

3




md
m

  H 0

After the
1st changeBefore change

２
After the

2nd change
After the

1st changeBefore change
２

After the
2nd change

The 1st law of thermodynamics (Conservation low of energy)
  

j j
jj mmmmH 0321

Th 2 d l f th d i (I l f t )

   jjj mdmdmdmdS 01332211

The 2nd law of thermodynamics (Increase law of entropy)

Basic 12 Micro-nano Thermodynamics                                                 Prof. I. Naruse
COE for Education and Research of Micro-Nano Mechatronics, Nagoya University

j j



④ ④

Ex.

d ０

④ ④Position of
vessel

d ０

１kg water １kg water
0.9kg water

１

① ③ ① ③
kg water kg water

１ 0.1kg water

２

② ②

１kg water
Before change

２
After change

１kg water

① 1  ,1 111  mdm

③ 9090  mdm

② 2 ,1 222  mdm

④ 0 ,9.0 444  mdm
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③ 9.0  ,9.0 333  mdm ④ , 444



Energy leveraged ０

④ ④Position of
vessel

0.9kg waterd ０

④④ ④④Position of
vessel

0.9kg water

１

① ③ ① ③
１kg water １kg water

１

① ③ ① ③
１kg water １kg water

１

② ②

0.1kg water１

② ②

0.1kg water

Before change
２

②

After change

②

１kg water
Before change

２

②

After change

②

１kg water

① 1 ,1 111  mdm

③ 9.0  ,9.0 333  mdm

② 2 ,1 222  mdm

④ 0  ,9.0 444  mdm

① 1 ,1 111  mdm① 1 ,1 111  mdm

③ 9.0  ,9.0 333  mdm③ 9.0  ,9.0 333  mdm

② 2 ,1 222  mdm② 2 ,1 222  mdm

④ 0  ,9.0 444  mdm④ 0  ,9.0 444  mdm

The 1st law of thermodynamics (Conservation low of energy)
  

j j
jj mmmmmH 04321

The 1st law of thermodynamics (Conservation low of energy)

j j

   jjj mdmdmdmdmdS 01.044332211

The 2nd law of thermodynamics (Increase law of entropy)
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 
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Applications of thermodynamics

Ex. Combustion of H2 with O2 H2+1/2O2→H2O

Heat sink

1 l H1mol-H2
+

Combustion
energy

0.5mol-O2
Combustor

1mol-H2O
Combustor

System
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System



Relationship between enthalpy change (∆Hr) and reaction heat (Qr)

Q : Heat of reactionHeat sinkHeat sink
∆HT Qr: Heat of reaction

1mol-H

Heat sink

Combustion1mol-H1mol-H

Heat sink

Combustion

Qr
1mol-H2

+
0.5mol-O2 1mol-H2O

Combustion
energy

1mol-H2
+

0.5mol-O2

1mol-H2
+

0.5mol-O2 1mol-H2O1mol-H2O

Combustion
energy

∆Hr0.5mol O2
Combustor

System

1mol H2O0.5mol O20.5mol O2
Combustor

SystemSystem

1mol H2O1mol H2Or

Energy change by reaction: ∆Hr

SystemSystemSystem

Energy change in heat sink: ∆HT

F th 1 t l ∆H ＋∆H ０From the 1st law ∆Hr ＋∆HT＝０

∆H ＝ Q ∆H ＝－Q
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∆HT ＝ Qr ∆Hr ＝ Qr



Heat sinkHeat sink
ΔHT

Heat sinkHeat sink
ΔHT

1mol-H2
+

Combustion
energy

1mol-H2
+

1mol-H2
+

Combustion
energy

Qr
1mol-H2

+
Combustion

energy
1mol-H2

+
1mol-H2

+
Combustion

energy

Qr Qr: Heat of reaction

∆Hr ＝－Qr

+
0.5mol-O2

Combustor
1mol-H2O

+
0.5mol-O2

+
0.5mol-O2

Combustor
1mol-H2O1mol-H2OΔHr

+
0.5mol-O2

Combustor
1mol-H2O

+
0.5mol-O2

+
0.5mol-O2

Combustor
1mol-H2O1mol-H2OΔHr

Exothermic reaction

r rSystemSystemSystemSystemSystemSystem

Exothermic reaction

Q ＞０ ∆H : NegativeQr＞０ ∆Hr : Negative

Endothermic reaction
Q ＜０ ∆H : Positive
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Qr＜０ ∆Hr : Positive



Exothermic reaction system
The 1st law
∆H ＋∆H ＝０∆Hr＋∆HT＝０

Combustor
Fuel Exhaust gas The 2nd law

∆Ｓr＋∆ＳT≧０

Q ∆Hr, ∆Sr

r T

Heat sink
∆HT＝Q

Heat sink

∆HT, ∆ST

∆HT Q
∆ＳT ＝Q/Tより

Temperature T System ∆Hr＋Q＝０
∆Ｓr＋(Q/T)≧０
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∆Ｓr＋(Q/T)≧０



∆Hr＋Q＝０
∆Ｓr＋(Q/T)≧０Fuel Exhaust gasFuel Exhaust gas r (Q )

Combustor
Fuel Exhaust gas

Q ΔH ΔS

Combustor
Fuel Exhaust gas

Q ΔH ΔSΔH ΔS ∆Ｓrー(∆Hr/T)≧０

Multiply (-T) by both

Q ΔHr, ΔSrQ ΔHr, ΔSrΔHr, ΔSr

Multiply ( T) by both 
sides
∆H Ｔ∆Ｓ ≦０

Heat sink

Temperature T
ΔHT, ΔST

Heat sink

Temperature T
ΔHT, ΔSTΔHT, ΔST

∆Hr－Ｔ∆Ｓr≦０

Condition to occur exothermic reaction

Temperature T SystemTemperature T System

∆Hr≦Ｔ∆Ｓr

∆H Ｔ∆Ｓ≡∆G : Change of Gibbs’ free energy∆H－Ｔ∆Ｓ≡∆G : Change of Gibbs  free energy
Condition to occur exothermic reaction

∆G ≦０
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∆Gr≦０



Content of enthalpy change: ∆H

∆H ∆G＋Ｔ∆Ｓ

ΔH

Energ for Heat

ΔHΔH

Energ for Heat∆H＝ ∆G＋Ｔ∆Ｓ Energy for 
Work

Heat
loss

ΔG TΔS

Energy for 
Work

Heat
loss

ΔG TΔSΔG TΔSΔG TΔS

ReactorReactor Evolution of 
work energy

E l ti fQ ∆Gr Evolution of 
thermal Degradation of 

Heat sink Heat sink

energy
T∆Sr

energy quality

C fHeat sink

Temperature T

Heat sink

Temperature T

Convert from 
work to heat
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Temperature T Temperature T



Endothermic reaction system
Heat source

∆H ＝ Q∆HT＝－Q
∆ＳT ＝－Q/TReactor

T 

∆H Q ０Q
∆Hr, ∆Sr

∆Hr－Q＝０
∆Ｓr－(Q/T)≧０Heat

Q
r ( )Heat

source
∆HT, ∆ST

Temperature T System
T, T

∆Ｓrー(∆Hr/T)≧０

The condition for the endothermic reactions is the 
same as the for the exothermic reactions
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same as the for the exothermic reactions.



Endothermic reaction ∆Hr＞０

∆Ｇ ≦０

ReactorReactor

∆Ｇｒ≦０
Evolution of 
work energy

Taking thermal 
energy

work energy
∆Gr

T∆Sr

Q
E l ti f

Degradation of 
Heat

sourceHeat
source

Evolution of 
heat

energy quality

Temperature TTemperature T
Convert from 
work to heat

Driving force for reaction
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Driving force for reaction



Ex. 1 Thermodynamic analysis of electric decomposition of water

H2O
H2

Reactor
H2O ∆Hr, ∆Sr

O2
W ∆H ＝－W

W k

W

∆H ∆S

∆HＷ＝ W
∆SＷ＝０

System

Work source
(Electricity) ∆HW, ∆SW

System
The 1st law ∆H ＋∆HＷ＝０ ∆H －W＝０The 1st law ∆Hr＋∆HＷ ０

The 2nd law ∆Sr＋∆SＷ≧０

∆Hr W ０

∆Sr≧０
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The 2nd law ∆Sr＋∆SＷ≧０ ∆Sr≧０



R t
H2O

H2

ΔH ΔSR tR t
H2OH2O

H2H2

ΔH ΔSΔH ΔS
∆Hr－W＝０

Reactor

O2

ΔHr, ΔSr
ReactorReactor

O2O2

ΔHr, ΔSrΔHr, ΔSr

rO2
W

O2O2
WW

∆Hr＝W
System

Work source
(Electricity) ΔHW, ΔSW

SystemSystem

Work source
(Electricity)

Work source
(Electricity) ΔHW, ΔSWΔHW, ΔSW

Experimental result W≦∆Hr

SystemSystemSystem

Experimental result W≦∆Hr
Electric decomposition of water occurs by electric energy 
less than the theoretical heat of reaction.less than the theoretical heat of reaction. 

Why?
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Temperature T

∆HT, ∆ST
Heat source

(Atmosphere)

H
Q

Reactor
H2O

H2

∆Hr, ∆Sr

O2

∆Hr, ∆Sr

2W

System
Work source
(Electricity) ∆HW, ∆SW
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The 1st law ∆Hr＋∆HＷ＋∆HT＝０
ΔHT, ΔST

Heat source
(Atmosphere)

Temperature T

ΔHT, ΔSTΔHT, ΔST
Heat source

(Atmosphere)

Temperature T

The 2nd law ∆Sr＋∆SＷ＋∆ST≧０

∆H －W －Q＝０ O
H2

ΔHT, ΔST(Atmosphere)

Q

O
H2

OO
H2H2

ΔHT, ΔSTΔHT, ΔST(Atmosphere)

QQ

∆Hr W Q＝０

∆Sr －Q/T≧０

Q ∆H W

Reactor
H2O

O2
W

ΔHr, ΔSr
Reactor

H2O

O2
W

ΔHr, ΔSr
ReactorReactor

H2OH2O

O2O2
WW

ΔHr, ΔSrΔHr, ΔSr

Q＝∆Hr－W
0




T
WHS r

r S t
Work source
(Electricity)

W

ΔHW, ΔSW
S tS t

Work source
(Electricity)

W

ΔHW, ΔSW
Work source
(Electricity)

W

Work source
(Electricity)

W

ΔHW, ΔSWΔHW, ΔSW

Tr

rrr GSTHW 
SystemSystemSystem

rrr
The reactor takes thermal energy of T∆Sr from atmosphere.
Experimental results:

Consumed electricity ≒ Theoretical electricity
The electricity Is reduced at high atmospheric temperature
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The electricity Is reduced at high atmospheric temperature.



ΔH

E f Heat

ΔHΔH

E f Heat

Electric
∆Hr

Energy for 
Work

Heat
loss

ΔG TΔS

Energy for 
Work

Heat
loss

ΔG TΔS

Taking heat

Electric
decomposition

Taking work

ΔG TΔSΔG TΔS

Taking heat
T∆Sr

∆Gr

Work
source

Heat
source

Evolution of 
work energy

Evolution of 
thermal energy

source source

temperature T
N d d ti f i t diGW 

work energy

No degradation of intermediary energyrGW  ・・・
Increase of electric energy and low 
th l f h t i krGW  ・・・
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Ex. 2 Thermodynamic analysis of heat pump

CoolingLow temp. 
heat source：

HeatTemperature: Tl

Process 1

heat source：
Roomsource

Q
Process

Process 1
Vaporization

P 2

Ql
Process 

1Process 2
Compression 
&

Process 3
Heat&

Liquefaction 
Heat 
release

Process Process 

W Heat

Temperature: Th

Q
2 3

System
Work W Heat

sink
Q
hMedia: 

Refrigerant
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∆H ∆SHeatTemperature: Tl ∆Hl, ∆Sl
Heat

source
p l

Q
H S Process 1

Ql ∆H1, ∆S1
H1, S1

H3, S3

Process 1

∆H2, ∆S2 3, 3

∆Hh, ∆Sh
Process 2 Process 3

H2, S2

W HeatQhWork W Heat
sink

Temperature: Th

Qh
∆H3, ∆S3

∆Hw, ∆Sw
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ΔHl, ΔSl
Heat

source
Temperature: Tl

ΔHl, ΔSlΔHl, ΔSl
Heat

source
Temperature: Tl

H1, S1 Process 1

Ql

ΔH ΔS

ΔH1, ΔS1
H1, S1 Process 1

Ql

ΔH ΔSΔH ΔS

ΔH1, ΔS1ΔH1, ΔS1

H2, S2

H3, S3

ΔHh, ΔSh
Process 2 Process 3

ΔH2, ΔS2

H2, S2

H3, S3

ΔHh, ΔShΔHh, ΔSh
Process 2 Process 3

ΔH2, ΔS2ΔH2, ΔS2

2, 2

Work W Heat
sink

Temperature: Th

Qh
ΔH3, ΔS3

ΔHw, ΔSw

2, 2

Work W Heat
sink

Temperature: Th

Qh
ΔH3, ΔS3ΔH3, ΔS3

ΔHw, ΔSwΔHw, ΔSw

The 1st law 0321  hwl HHHHHH ＝

０

＝

The 2nd law
0321  hwl SSSSSS

０

０
＝

      0231231321  HHHHHHHHH
      0 SSSSSSSSS

０
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ΔHl, ΔSl
Heat

source
Temperature: Tl

ΔHl, ΔSlΔHl, ΔSl
Heat

source
Temperature: Tl

source

Ql
ΔH1, ΔS1

source

Ql
ΔH1, ΔS1ΔH1, ΔS1

H1, S1

H3, S3

Process 1

ΔH2, ΔS2

ΔH1, ΔS1
H1, S1

H3, S3

Process 1

ΔH2, ΔS2ΔH2, ΔS2

ΔH1, ΔS1ΔH1, ΔS1

H S

H3, S3

ΔHh, ΔSh
Process 2 Process 3

H S

H3, S3

ΔHh, ΔShΔHh, ΔSh
Process 2 Process 3

H2, S2

Work W Heat
sink

Qh
ΔH3, ΔS3

H2, S2

Work W Heat
sink

Qh
ΔH3, ΔS3ΔH3, ΔS3

0 HHH 0 SSS

sink
Temperature: Th

3 3
ΔHw, ΔSw

sink
Temperature: Th

3 33 3
ΔHw, ΔSwΔHw, ΔSw

0 hwl HHH 0 hwl SSS

0QWQ
  00  hl

T
Q

T
Q
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Room heating
Heat

source

Temperature: Tl Low temp. heat 
source： Outside airsource

Ql

source： Outside air

Process 1

Ql

Process 2 Process 3

W
Temperature: Th

Q
Work W Heat

sink

Qh
High temp. heat 
sink：Room System
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0QWQ 0 hl QQ
Room heating

0 hl QWQ 0
hl TT

QWQ  hl QWQ 

0
 hh QQW 0

hl TT

0 h
h

l
h Q

T
TQW h

h

lh Q
T

TTW 


hT hT

C li TTCooling
l

l

lh Q
T

TTW 

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TTRoom heating
h

h

lh Q
T

TTW 


hT
Heat at Tl in the air is taken.
The room at T is heated at heating rate of Q

Th＞ Tl
The room at Th is heated at heating rate of Qh.

Ex. Outside temp.: －３℃(=270K)p ( )
Room temp.: 27℃(=300K)

Heating rate＝１kW＝（１kJ/s）＝Qh

    270300TT     
    [kW] 1.01
300

270300






 h

h

lh Q
T

TTW  h

Comparison Joule heating
W kW
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Ex.3 Thermodynamic analysis of power generation

High temp. heat
sink: CombustorHeat

Temperature: Th

sink: Combustorsource

Q Process 1

Process 1

Qh
Process 1
Vaporization

Process 2
Power generation Process 3

Heat release

Process 2 Process 3

Heat release

Work W HeatQlMedia: 

System

Work
sink

W Heat
sink

Temperature: Tl

Ql
Water
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0 lh QQW
High temp. heat
sink: CombustorHeat

source

Temperature: Th High temp. heat
sink: CombustorHeat

source

Temperature: Th

0 lh QQProcess 1
Process 2

Qh
Process 1
Vaporization

Process 1
Process 2

Qh
Process 1
Vaporization

0
l

l

h

h

TT
Process 2

Process 2
Power generation

Process 3

Process 3
Heat release

Process 2

Process 2
Power generation

Process 3

Process 3
Heat release

h
lh Q

T
TTW 



Process 2

Work
i k

W

Process 3

Heat
i k

QlMedia: 
Water

Process 2

Work
i k

W

Process 3

Heat
i k

QlMedia: 
Water h

hT
High temp. heat source: 600℃（＝873K）

sink sink
Temperature: Tl

Watersink sink
Temperature: Tl

Water

g p （ ）
Low temp. heat sink: 50℃（＝323K）

    TT 323873      
  hhh

h

lh QQQ
T

TTW 63.0
873

323873


T f h t
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0QQW 0QQW 0 lh QQW

0 lh QQ h
l

hl Q
T
TWQQ 

0 lh QQW

0 lh QQ h
l

hl Q
T
TWQQ 

0
l

l

h

h

T
Q

T
Q

hT0
l

l

h

h

T
Q

T
Q

hT

Qh≧Heat from high temp. heat source： Qh≧≧≧

W

≧

Converted electric energy:

≧
h

lh QTTW


 lh TTW 
h

lh QTTW


 h
lh QTTW


 lh TTW 



=

h
h

Q
T

W
hh TQ

==

h
h

Q
T

W h
h

Q
T

W
hh TQ

Ratio of the max. work energy 
taken to thermal energy taken toCarnot efficiency
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Change of Gibbs free energy

ΔG=ΔH－TΔSΔG=ΔH－TΔS
Temperature: TT T0（=298K）T0（=298K）Ambient temp.

Δε=ΔH－T0ΔSΔε=ΔH－T0ΔS

Δε ：Change of exergy [J], [J/s]Δε [J], [J/s]
 

j
jS 0 

j
jS 0The 2nd law

j

    
j j j

jjjj STSTH 000
j

    
j j j

jjjj STSTH 000
j j jj j j

Decreasing law of exergy
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Quality of energy
Sd


 [1/K]

Sd


Degree of low level d
H

d
 [1/K]


H

d



Degree of low level d

E l lA
H



 

A
H



  Energy level

H

dTSTSTHA 0 11 











H

dT
H

T
HH

A 00 11 










The 1st law  
j

jH 0

The 2nd law  
j

jj HA 0
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Explanation of energy level by Water model
  

j j
jjj mAm 0  ,0

Energy 1m 0mEnergy 
level A

２

１kg 
water 2

1

11

1




mA
m

0
0

11

1




mA
m

２

1 1

１
1

1

22

2




mA
m

1
1

22

2




mA
m

１

０
0

0

33

3




mA
m

0
1

33

3




mA
m

After the 1st 
change

Before 
change

０

A 




33

After the 
2nd change
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EEEnergy 
level A

２

１kg water
2

1

11

1




mA
m

0
0

11

1




mA
mEnergy 

level A
２

１kg water
2

1

11

1




mA
m

0
0

11

1




mA
m

２

12 m 12 m

２

12 m 12 m

１
122 mA 122 mA

１
122 mA 122 mA

0
03




mA
m

0
13




A
m

0
03




mA
m

0
13




A
m

After the 1st 
change

Before 
change

０

A 




033 mA 033 mA

After the 2nd 
change

After the 1st 
change

Before 
change

０

A 




033 mA 033 mA

After the 2nd 
change

The 2nd law (Decreasing law of exergy)

changechangeH
A


changechangechangeH

A


change

( g gy)
  

j j
jjj mAmAmAmA 01332211
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Process Quantity of 
energy

Tempera-
ture ∆H  A

TT TTHeat source

H t i k

Output Q

Input Q

Ｔ

Ｔ

ーＱ

Ｑ

Q
T

TT 0


TT
T

TT 0

TTHeat sink

Work source

Input Q

Output W

Ｔ

ー

Ｑ

ーＷ －W

Q
T

TT 0

１
T

TT 0

Work sink

p

Input W ー Ｗ W １

H
A





∆ε=∆H－T0∆S

Energy level of work source and sink = 1 HEnergy level of work source and sink = 1

Energy level of heat source and sink Carnot efficiency at Tl=T0

Temp. of heat source and sink = T0 A=0
Temp. of heat source and sink = ∞ A=1
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Thermodynamic compass?

∆ε
∆ε=∆H－T0∆S

∆S＝０S
（∆H, ∆ε） ：Process vector

∆H
H

A





H

G di t f th t AGradient of the vector＝A
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Δε

ΔS＝０

ΔεΔε

ΔS＝０ΔS＝０

ΔHΔHΔH
Process 1

Process 2 Additi l t
Expression of the 1st and 2nd laws on the coordinate

Additional vector
p

System: Addition of two process vectors

The additional vector must be negative or 0 on the ∆ε axis
R Th 1 t l  H 0Reasons The 1st law

The 2nd law   j 0

 
j

jH 0
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How to use the thermodynamic vector

∆ε ∆S＝０ Determination of Process 1

Finding the vector to 

Process 1
satisfy that the 
additional vector must 

∆H
be negative on the 
axis

＊Several vectors 
The 1st law

 H 0are available.

The 2nd law

 
j

jH 0

The 2nd law
  j 0
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ΔΔΔΔε ΔS＝０
ΔH＞０

０＜Ａ＜１Cooled

Ａ＞１

Separation 
type

Δε ΔS＝０Δε ΔS＝０
ΔH＞０

０＜Ａ＜１Cooled

Ａ＞１

Separation 
type

ΔH
Heated 
type

HeatingΔH＜０

Ａ＜０
Cooled 
type

ΔHΔH
Heated 
type

HeatingΔH＜０ΔH＜０

Ａ＜０
Cooled 
type

Heating 
type

ΔH＜０

０＜Ａ＜１ ΔH＞０

Ａ＜０, Δε＜０
Cooling 
type

Mixing 

Heating 
type

ΔH＜０

０＜Ａ＜１

ΔH＜０

０＜Ａ＜１ ΔH＞０

Ａ＜０, Δε＜０
Cooling 
type

Mixing 

Red processes: Depending on process
H

A






type

Ａ＞１

type

H
A







type

Ａ＞１

type

Heated type Temp. increase from 100℃ to 200℃
Process examples

Heating type Temp decrease from 200℃ to 100℃

HH

Heating type Temp. decrease from 200℃ to 100℃

Cooled type Temp decrease from 30℃ to 50℃
Cooling type Temp. increase from -50℃ to -30℃
Cooled type Temp. decrease from -30℃ to -50℃
Separation type Separation of air to N2 and O2

Mi i t Mi i f N ith O
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Mixing type Mixing of N2 with O2



Process selection against target process

ΔεΔεΔε
Ex. Target process: Heated process at 373K
Exergy loss
Driving force to

Heated process at 373K

Driving force to 
realize the process

ΔHΔHΔH
Heated process at 373K

Heating at 323KX Heating at 323KX
Heating at 423KOK

OK
Exergy loss：EXL

Heating by electricityOK
M l Utili ti f l t i it
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Max. exergy loss: Utilization of electricity



T
TTA 0

 T0=298 [K] A=0.5

 
1

0




A
TT

Th l ＜A≦１∆ε  
  [K] 596

15.0
298   


A=1

TCooled type

Thermal energy －∞＜A≦１

 

A=0.5

T=∞
Work sinkA=-0.5

T=199K

Cooled type

A 0.5
T=596K Heated

type
T=199K

∆H
A=0Heating type
T=298K
A=-0 5 CoolingA=0.5

T 596K

Heating type

A=-0.5
T=199K

g
typeT=596K

A=1
TWork source
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Example of vectors of endothermic reaction

5,200℃,

687℃

136℃

TT T
T

TTA 0
 1

0




A
TT
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Example of vectors of exothermic reaction
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