EXEERGY DESTRUCTION PRINCIPLE:
Is the Optimum Thermodynamic System
One that Maximizes It’s Use of Exergy?
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In Memory of
James Kay

\» ' ae
Colleague, Close Friend,
and Brilliant Mind



Learning From Each Other

Stony. ofian Engineer and Ecologist
dISCOVERNG NEW SCIEnce and understanding.

TThe Engineer
discovering
ecolegical concepts
With new. and
ExCIting engineering
applications.

The Ecologist
discovering
engineering clarity
to 2nd LLaw concepts
applied te living
Systems.



Contrasting the Engineer and
the Ecologist

ERngineer [Ecolegist
liVes Inwerld of accustomed te
clarity, VagUENESS
IVES IR Auman lives in the real
Ssimplified waorlad werld
l00KS for quantitative. = loeks fer gualitative
patterns / patterns /
correlations correlations

(James -> systems
ecologist)



History

» Mid-1990s:  James Kay & Eric Schneider
“exergy destruction principle”
(EDP) [The SCIENCE]

» Late 1990s: Brought in to introduce

thermodynamic rigor to EDP
11 Introduced to Jeff Luvall
FERSORSNSSNS  [APPLICATION + more SCIENCE]

Narad . v enicw

» 201 5-now Precision agriculture
[Grain Farmers]

University of Waterloo  1/28/2019 [<]]
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How Does Nature

Optimize

Complex Thermoedynamic Systems?

Maximum Efficiency: Principle (Energy)

Maximum Pewer Princip
Maximum Entropy Princi

e (Energy)

nle (Entropy)

Maximum Empower Principle (Emergy)
Constructal theory (Time)
Exergy Destruction Principle (Exergy)



How: ET
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Rerun: How Efficient
IS Your Home Furnhace?

Imagine now, hew: you weuld
respond to a salesperson who: tried
to sell you a revolutionary. type of
firnace with a claimed efficiency: of
120 %.

Would you be suspicious?
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Remember

Intuition! IS a Poor substitute for the
PRYSICS Of thermodynamics.

Intuition can seriously limit one's ability
[0 concelve of alternative systems.

Corollary: There are an infinite AUMmBEr: of
EXErgy CONSERVIng Ssystems.



It Is Easier to Boll Ice Than Water?

Ideally, dees It take less natural gas
to bring 1 kg of ice at -20 °C, or 1 kg
off water at 60 °C, to'a 100 °C boil?

[t takes a factor of 3.3 less natural gas
to bring the -20°C ice to a boil!

Theoretically, the -20 °C ice can be
heated to 88 °C with no natural gas.



Energy, not Exergy, Approacn

[ AAANAAANANANA
lce or Water

Energy approach requires
less Natural Gas

to heat 60 °C water

to 100 °C.



Exergy Approach

Ice to Water

Environment
20%C —~20°C 20°C

Reversible Work
Storage Reservoir
; W
LA
Water Qi
20°C — Trax e

Qiii

Environment
h 20 oC




Exergy Approach (Continued)

Natural Gas
Combustion

Environment

Reversible
Heat
Pump
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Decision Making by Energy.

Work Transfer
Out
_ 1250
Heat Transfer I 356
In ——
- Steam
el Power Plant
Cycle
100 % y
Heat Transfer
Out
\
65 %




sion Making by Exergy:

Work Transfer
l Recovers 32 %

of Exergy Input

| 17, =395%

Heat Transfer
Destroys 18 %
of Exergy Input

@ 18

Heat Transfer
Destroys 50 %
of Exergy Input

_ Steam
Saal Power Plant
Cycle

50 %




Decision Making by Exergy.

Steam Power Plant n, =45%
Cycle with Reheat
and Feedwater

High

Heating Pressure
Turbine

Boiler

100 %




What Is Exergy?
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Four Characteristics of Energy

Magnitude  Energy (First Law)
Form KE, PdV (Phenemena)
Direction P.>0 (Second Law)

Quality eXergy (First + Second Laws

) )



General Exergy Concept

EXErgy= Maximum = Eneray
Useftul Quality. or
Jo-TThe-Dead-State Usefulness
Work

ANY SYSTEM out of eguilibritim with I1ts

envirenment has the poetential to de
useful werk.

provides a measure of
how far out of equilibrium with the

envirenment a system happens to be.



A
BLACK BOX

Principle




Exergy versus Entropy.



Exergy and Entropy
Intimately Linked

Guoey-Stodela Theorem:

XDest _TOPS
RS
EnRtropy O > O === =277
Initial State Final State Dead State
Exergy ®) -+ O +> O

X X=W

Dest useful



“Literally” Look Outside the Box



Prigogine’s
Local Entropy Proeduction
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A system-centric viewpoint.



Prigogine’s
Local Entropy Proeduction

PRt i Hides

o
N

. dS, . = dS; + dS,

e SyS

A system-centric viewpoint.
Detrimentally de-emphasises critical role o envirenment.

Must construct system until dS_=0 or dS,,,,=0.

env



Classical Entropy: Preduction

A P | ds. | i
Vs B U | @ds=0) |\ E
\\ e ST [ I_ ________ J' /I
An isolated-system viewpoint.  dS, = dS; +dS, + dS
Second Law of Thermodynamics:

dSprod, iISelated system = dS o CISenv =0

env



Cycle Efficiency.
(System Centric)

Biclogy and Ecolegy tend
to define the system and
then/look inside.




Mechanistic Analysis of
Cycle Efficiency

System IS no lenger

viewed as a Black Box.

Easy te loese focus of
the whele system.




Mechanistic Analysis of
Cycle Efficiency

System IS no lenger

viewed as a Black Box.

Easy te loese focus of
the whele system.

Bottom Up Approach



Plant Efficiency

(Isolated-System or Exergy: View)

W
=80%
WMAX of Q,y at Boiler
T weo
i —— Q=0
W
=47%

W

MAX of Q,y in TER-H




Plant Efficiency

(Isolated-System or Exergy: View)
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|selated-System View
of Sub-Systems (Top-Down)
\Y

3

Greuping depends
on Inferavailable.

Grouping dictates
type of info needed.




|selated-System View
of Sub-Systems (Top-Down)
\Y

3

! Grouping depends
| Condenser  ——— on Info available.

Wy [l e Grouping dictates
Qour type of info needed.

Top Down Approach




Ty =7

Optlmum_
for maximum W

Carnot
Engine

Qol

T, Environment




Chambadal’'s Engine

Ty T

=) T |

Q 1 PS, System >0

W
—_ Carnot
PS =0 Engine ‘

Qol

>0

PS, Environment

Must not forget
Environment!!!

Environment



Coffee cup: where Is all the fun?
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Coffee cup: where Is all the fun?

All the FUN




Immeaiate
SUREUREINGS

on-Immediate
Surroundings



SURROUNDINGS
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SURROUNDINGS
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ERVIORIMENT
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Immmediate Environment, Reference EnVigeniment

Dissipative

Useful Worke
Reservoij
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EM Bo U, SURROUNDINGS

NDA
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EAVIFONMERT

limediate’ Environment Reterence EnVienimEi

Dissipative Dissipative
Structures || Structures
live here, | |ive here too

System Useful \Work
Reservolj




Remember

Do not Ignere the environment.

Exergy destruction (or energy
degradation) necessitates that one deals

With the environment.



New Thought

Think
Degrative Structures
&

NOL
Dissipative Structures



Generalized Exergy



Generalized Exergy

EXERGY = Maximum Useful
0-the-dead-state \Work

Generalizations:
1.  Envirenment properties may change.
2. Introduces exergy. types.



EXxergy: IVpes

.. EXxergy within system
2. lransport Exergy. Adds SSSF

3. Restricted Exergy Adds access restriction
4, Accessible Exergy Adds Inaccessibility

5. Restricted-Access Exergy
6. Extracted Exergy Actual work
/. Hidden Exergy Unknoewn exergy.



Energy Quality Issues

Iihe follewing four Issues are not found Infnen-generalized
exergy analyses:

1. Existence of Different Dead States,
2. Ability' to Change Dead States,

3. Time, Space, and Structure
Restrictions, and

4, Accessibility to: Graalents.



Exergy Destruction Principle



Exergy Destruction Principle

[ECESyStems strive to. maximize their utihization
of exergy.

Ecosystems, uran systems, climate Ssystems; etc.
are complex thermodynamic systems that should
be influenced by the exergy destruction principle.



Exergy Destruction Principle

[ECOSYSteEmS Strive te maximize thelr
Utilization of exeragy.

Ecosystems are complex thermedynamic
systems that degrade energy more
effectively the further they are out of
equilibrium (1.e., ).



Exergy Destruction Principle

[ECOSYSteEmS Strive te maximize thelr
Utilization of exeragy.

Ecosystems are complex thermedynamic
systems that degrade energy more
effectively the further they are out of
equilibrium (1.e., ).



Self-organizing dissipative
SYSIEMS

JTornado In the bottle
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Surface Temperature
ano
Ecesystem Development
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Cooling cities
Sketch of an Urban Heat-Island Profile
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Surface temperature vs fertilizer
application (Akbari et al)

July Surface Temperature Stover Yield

mp
=
/S
fl
i
|

Nitrogen applied kg/ha



Corn yield from remote sensing

Harvested September, 1998 June 26, 1998

Thermal Band correlation > (.86

D. Rickman. et al_, 1999
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A visual difference between stressed and less
stressed plants with weed in Woodstock (ON, Canada)
weed trial

June 8t 2016 June 22nd 2016

University of Waterloo  1,;28/2019
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Corn vs Corn + Weed Average Surface Temperature
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Corn vs Corn + Weed Average Surface Temperature
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Leaf Temperature Decrease as Yield Increases
2016 and 2017
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Whorl Temperature Trend Flips
with Day vs Night
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WRI Pilot Analysis of Global Ecosystems:
Global Tree Cover

Percent Tree Cover

<10
10 -
20 -
30 -
% 221 The area of transition between forest and other land
. 50 - cover is one of the most dramatic portions of forest

. > 70 ecosystems and makes up a significant fraction of
Nonvegetated »
forest ecosystems in many parts of the world.

Source: DefFries, R., Hansen, M.C., Townshend, JR.G., Janetos, A.C., and Loveland, T.R. 2000. A
New Global 1-km Dataset of Percentage Tree Cover Derived from Remote Sensing. Global Change
Biology, Vol. B, pp. 247-254.




LONGWAVE RADIATION

JANUARY 1286
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Contructal Theory

C

:
|

https://www.ncbi.nlm.nih.gov/pmc/articles/P
MC2871904/



https://www.jpl.n



Energy Quality Issues

The fellowing feur impoertant IsSUes are not
found in hon-exergy. energy analysis:

1. Existence of Different Dead States,
2. Ability te: Change Dead States,

3. Time, Space, and Structure
Restrictions, and

4,  Accessibility to Gradients.



Properties of Complex Systems

PrOPENSItIES: As self-organizing systems are

moved away from equilibrium they become organized:
m hey use more exergy.
= they build mere structure

= thIS happens in spurts as new attractors beceme accessible
x|t becemes harder tormoeyve them further away: frem equilibrium

Windew: of Vitality: Mmust have enough complexity

but not too much. Complex systems strive for
attractor, not minimum or maximum.

Window of Viability: A system looses robustness
If too efficient or too inefficient.



Properties of Complex Systems

Hierarchical: The systemis nested within a system
and Is made up of systems. Such nestings cannot be
understood by focusing on one hierarchical level (holon)
alone. Understanding comes from the multiple
perspective of different types and scale.

Multiple steady. states: There is not necessarily
a unigue preferred system state in a given situation.
Multiple attractors can be possible in a given situation
and the current system state may be as much a function
of historical accidents as anything else.



Properties of Complex Systems

Dynamically’ Stable? equilibrium points may not
exist for the system.

Catastrophic Behaviour: The norm

= Bifurcations: moments of unpredicable behaviour.
= Flips: sudden discontinuities, rapid change.

= Holling Four Box «: Shifting steady state mosaic

Chaes Theory: our ability to forecast and predict is

always limited regardless of how sephisticated our
computers are and how much information we have.



Problematique of Complexity

Irreducible uncertainty.
Multiple attractors

Hierarchical (scale and type)
= Multrscale

x Multiple perspectives

= Nested

Do not confuse With



Realities of Complexity

We must deal with irreducible uncertainty, emergence
and surprise, the lack of a preferential perspective, and
the reality that life Is a trade-off.



Dissipation vs Destruction

Dissipation Is a 2nd Law
measure Involving a

Viewpoint.

Degradation IS a 2nd Law

measure Involving
Information.



New Thought

Think
Degrative Structures
&

NOL
Dissipative Structures



THE END



Learning From Each Other

Engineering Learning Ecolegy Learming
from Ecology from Engineering
N EXengy.
B Exergy = Energy
= Restricted Exergy = Energy Degradation
= ACCeSSIbIe Exeray s Energy
_
EXergy

7 EXergy



Restrictions and Accessibility

Restrictions exist when
. but the

x Diesel Engine vs Stiring Engine
s Noen-Flew and Flow: Exergy.

AccessIpllity limitations exist When

s Champagne
s Coal Fired Power Plant
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