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1. Introduction
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What is Exergy ?

(Various Exergy Definitions)
* The quality of energy

* The capacity of energy to cause change

* The maximum work that can be obtained from a given
form of energy using the environmental parameters as
the reference state

A measure of the departure of the state of the system
from the state of the environment

Sources:
Leskinen, M. Low Exergy Sources for Heating and Cooling & IEA Annex 37
Tsatsaronis, G and Cziesla, F. Thermoeconomics, 2003.

Exergy is the elixir of life. Exergy is that portion of energy
available to do work. Elixir is defined as a substance held capable
of prolonging life indefinitely, which implies sustainability of life.

Source: https://www.semanticscholar.org/paper/Chapter-1-Exergy-Sustainability-for-Complex-Systems-Robinett-

Wilson/5546e4a98800bcbc487b7901e5219fc5ebf1dd60. Access date: May 2, 2023.
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Exergy is the quality of energy, and uses the potential of energy
for causing changes.

X-Ray is the best illustration of its difference from energy.

Evaluation of performances through analyzing it is more
meaningful compared to energetic analyses.

Reversibility is a thermodynamic idealization while irreversibility
is due to its consumption.

Gain (benefit or product or desired effect) divided by fuel
is its efficiency (i.e., exergetic efficiency).

Yielding higher performance improvements is achieved through
it.

Acrostic of EXERGY written by Arif Hepbasli (April 3, 2022)
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Table 1
Various exergy definitions [18,56-74].

Investigators/sources

Exergy definitions

Rant [56]
Rickert [57]

Szargut et al. [58,59]

Kotas [60]

Shukuya [14]

Bejan [18,61]

Moran and Shapiro [18,62]

Connely and Koshland [18,63]
Honerkamp [64]
Ala-Juusela [18,65]

Tsatsaronis [66]

Gunnewiek and Rosen [67,68]

Cengel and Boles [69]

Wordiq [70]
Wikipedia [71]
Wiktionary [72]
Geoseries [73]

Clickstormgroup [74]

Exergy is defined as that part of energy that can be fully converted into any other kind of energy

Exergy is the shaft work or electrical energy to produce a material in its specified state from materials common
in the environment in a reversible way, heat being exchanged only with the environment at temperature Ty
Exergy is a measure of a quality of various kinds of energy and is defined as 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 abovementioned
components of nature

The work equivalent of a given form of energy is a measure of its exergy, which is defined as the maximum
work, which can be obtained from a given form of energy using the environmental parameters as the
reference state

Exergy is defined as a measure of dispersion potential of energy and matter, while entropy is defined as a
measure that indicates the dispersion of energy and matter

Exergy is the minimum theoretical useful work required to form a quantity of matter from substance present
in the environment and to bring the matter to a specified state. Exergy is a measure of the departure of the
state of the system from that of the environment, and is therefore an attribute of the system and environment
together

Exergy is the maximum theoretical work that can be extracted from a combined system consisting of the
system under study and the environment as the system passes from a given state to equilibrium with the
environment - that is, passes to the dead state at which the combined system possesses energy, but no exergy
The property exergy defines the maximum amount of work that may theoretically be performed by bringing a
resource into equilibrium with its surroundings through a reversible process

The maximum fraction of an energy form, which (in a reversible process) can be transformed into work is
called exergy. The remaining part is called anergy, and this corresponds to the waste heat

Exergy is the concept, which quantifies the potential of energy and matter to disperse in the course of their
diffusion into their environment, to articulate what is consumed within a system

Exergy of a thermodynamic system is the maximum theoretical useful work (shaft work or electrical work)
obtainable as the system is brought into complete thermodynamic equilibrium with the thermodynamic
environment while the system interacts with this environment only

Exergy can be viewed as a measure of the departure of a substance from equilibrium with a specified
reference environment, which is often modeled as the actual environment. The exergy of an emission to the
environment, therefore, is a measure of the potential of the emission to change or impact the environment.
The greater the exergy of an emission, the greater is its departure from equilibrium with the environment, and
the greater may be its potential to change or impact the environment

The exergy of a person in daily life can be viewed as the best job that person can do under the most favorable
conditions. The exergy of a person at a given time and place can be viewed as the maximum amount of work
he or she can do at that time and place

Exergy is the maximum amount of work that can be extracted from a physical system by exchanging matter
and energy with large reservoirs in a reference state.

In thermodynamics, the exergy of a system is the maximum useful work possible during a process that brings
the system into equilibrium with a heat reservoir

In thermodynamics, exergy is a measure of the actual potential of a system to do work, while in systems
energetics, entropy-free energy

Exergy expresses the quality of an energy source and quantifies the useful work that may be done by a certain
quantity of energy

In thermodynamics, the exergy of a system is the maximum work possible during a process that brings the
system into equilibrium with a heat reservoir




2. Dead (Reference) State
Definition



Equilibrium

— Thermal: T=T,

— Mechanical: P=P
— Chemical: py=p,

(T,P,u) 2 (Tq, Py, M) 2 (Ty, Po, Ho)
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Sistem ile Cevresi Arasinda Mekanik, Isil ve Kimyasal
Denge:

Dead State (Sistemin Basing, Sicaklik ve Kimyasal
Potansiyelleri Cevreninkine Esit)

Sistem ile Cevresi Arasinda Mekanik ve TIsil Denge :
Restricted Dead State (Basing ve Sicaklik)

Source: Moran MJ. Availability analysis: a guide to efficiency energy use.
Englewood Cliffs, NJ: Prentice-Hall; 1982.
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« Tt should be noticed that exergy is always evaluated with
respect to a reference environment (i.e., dead state).

* When a system is in equilibrium with the environment, the
state of the system is called the dead state due to the fact
that the exergy is zero. At the dead state, the conditions
of mechanical, thermal, and chemical equilibrium between
the system and the environment are satisfied: the pressure,
temperature, and chemical potentials of the system equal
those of the environment, respectively.

* In addition, the system has no motion or elevation relative
to coordinates in the environment. Under these conditions,
there is neither possibility of a spontaneous change within
the system or the environment nor an interaction between
them. The value of exergy is zero..

14



Dead (Reference) State Definition (Cont'd)

* Another type of equilibrium between the system and
environment can be identified. This is a restricted form of
equilibrium, where onlx the conditions of mechanical and
thermal equilibrium (thermomechanical equilibrium) must be
satisfied. Such state is called the restricted dead state.

* At the restricted dead state, the fixed quantity of matter
under consideration is imagined to be sealed in an envelope
impervious o mass flow, at zero velocity and elevation relative
to coordinates in the environment, and at the temperature T,
and pressure P, taken often as 25 °C and 1 atm.

* The selection of dead state conditions is arbitrary, but
depends on some criteria.

Please note that we will call only the dead state throughout
the course.

Source: Moran MJ. Availability analysis: a guide to efficiency energy use. Englewood
Cliffs, NJ: Prentice-Hall; 1982.
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The minimum work needed
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3. Various Types of Exergy



Total exergy of a system:

EXS s~ EXPH+ EXKN"‘ EXPT"‘ EXCH

S LSS

Physical Kinetic Potential Chemical *

Total specific exergy on a mass basis:

EXsys= EXpHt EXYNF EXpTt EX(y

*Please note that the chemical exergy has NOT been included
in this course, while it is given here for your information only.
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Exergy
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Figure (1.5) Classification of exergy for PVT systems [5]

Source: https://www.researchgate.net/post/Exergy-analysis-on-Thermodynamic-system,
accessed on April 30, 2023.
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Fig. 1. Classification and decomposition of exergy according to its energetic origin.
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Exergy function for different energy stream conditions [35].

Description Expression

For a pure substance X — 1t [{h — hy) — Tols — s5)

For a solid fuel (semi-empirical correlation) % {LHV}_(]_G_J:E +0.0013.% + 0.1083.22 + 5_5549_;_:3_)+
6740 x5

For a gas phase (flue gas) X =m [{h — ho) = Tols — So) + 3 X,.e6H + R.T,. ZXL-IHXL:

R. Kumar / Engineering Science and Technology, an International Journal 20 (2017) 283-292
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Energy and Exergy Flow Diagrams

First Law o
Efficiency
(Ener'gy/
Efficiency) -

Second Law
Efficiency
(Exergy

Fol | = Efficiency)
/Bl & heat

Source: Wall, G6; Zvolinschi, A.
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4. Exergy-based Analysis and
Assessment Methods



Conventional and advanced exergy-based analyses

Energy analysis
Exergy analysis
Economic analysis
Life cycle assessment

Exergo analysis

Exergoenvironmental analysis
Exergetic life cycle assessment

Advanced (enhanced) exergoeconomic analysis

Advanced (enhance? exergy analysis
Advanced (enhancecf) exergoenvironmental analysis

Thermo-ecological cost

25



Exergy
Analysis

Exergy is the rational basis for

Economic
Analysis
Monetary
Costs for Process :?ts
Components Y
(investment, operation inefficiencies
and maintenance) J
Exergoeconomic
Analysis?

assigning

‘ Environmental
Environmental Analysis

impacts N

» - Component-related
by Ineﬂltfjendas environmental impacts
0 (investment, operation
= } maintenance, disposal)
:  Exergoenvironmental
S Analysis i

Analogy between Exergoeconomic and Exergoenvironmental Analysis

!Source: Bejan, A., Tsatsaronis, G., Moran, M., 1996, Thermal Design and Optimization. New

York: John Wiley.
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- A diagrammatic representation of the splitting of the exergy destruction of a
component k into its endogenous/exogenous and unavoidable/avoidable parts

Sources: Kelly, S. Energy Systems Improvement based on Endogenous and Exogenous Exergy Destruction. Berlin, 2008.
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« Cumulative Exergy Demand (CExD)
This method was proposed by Szargut et al. [25]. It is

defined as the sum of exergy of all supplies required to
produce a product or provide a service [7]. CExD is related
to Cumulative Energy Demand (CED), but unlike CED, it can
account for materials and quality of energy inputs. In addition
to this advantage, CExD analysis can provide insight into
potential improvements and for comparing alternative

products, by accounting for exergy use throughout the life

cycle.

Source: Nwodo, M.N. and Anumba, C.J. Exergetic Life Cycle Assessment: A Review. Energies 2020, 13,
2684; doi:10.3390/en13112684.
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* Thermo-Ecological Cost (TEC)

This method accounts only for the cumulative consumption
of non-renewable primary exergy resources. It is expressed
in exergy units and not in monetary units. This method was
developed with the premise that it is essential to determine
and reduce the depletion of non-renewable natural materials in

the field of ecological applications of exergy [42].

Source: Nwodo, M.N. and Anumba, C.J. Exergetic Life Cycle Assessment: A Review. Energies 2020, 13,
2684; doi:10.3390/en13112684.
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« Cumulative Exergy Extraction from Natural Environment
(CExXENE)

This method is an extension of the boundaries of CExD to
include land use. CExD accounts for energetic supplies and
materials traditionally considered non-energetic such as
mineral, water, and metal, but ignores land use. CED only
accounts for materials, which may be used as energy carriers
[43]. Therefore, CEXENE is quantitatively the most
comprehensive resource indicator of the three, because it
evaluates energy carriers, hon-energetic supplies, and land
occupation. Conceptually and qualitatively, CEXENE differs
from CExD and therefore leads to a different evaluation.
CExD measures the exergy that is transferred into the
technological system from nature, while CEXENE accounts for
total exergy that is deprived of the natural system [43] which
may or may nhot be transferred into the technological system.

Source: Nwodo, M.N. and Anumba, C.J. Exergetic Life Cycle Assessment: A Review. Energies 2020, 13,
2684; doi:10.3390/en13112684.
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* Industrial/Ecological Cumulative Exergy Demand
(ICExD/ECExXD)

This method is an extension of the CExD method to
emphasize on industrial and ecological processes,
respectively [44,45]. ICExD reports the exergy of natural
wealth consumed by each industrial sector both directly and
indirectly, while ECExD reports the exergy used up in
ecological systems to produce each natural wealth [46]. For a
production chain, ECExD analysis improves on ICExD analysis
by including exergy losses in the industrial as well as ecological
stages [46]. This method defines the mathematical form of
economic and ecological systems through fiscal and physical
input-output tables. Like the economic inru‘r-ou‘rpu’r model, the
main advantage of this method is probably the availability of
the necessary macroeconomic data for each sector. However,
there is lack of details of individual processes in these
sectors, which can lead to aggregation error [46].

Source: Nwodo, M.N. and Anumba, C.J. Exergetic Life Cycle Assessment: A Review. Energies 2020, 13,
2684; d0i:10.3390/en13112684.
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- Extended Exergy Accounting (EExA): Genisletilmis Ekserji
Muhasebesi

As proposed by Sciubba [47], the Extended Exergy Accounting (EExA)
method is used to compute a commodity value based on its resource
equivalent value instead of its fiscal cost. This method is based on two
essential assumptions: (a) that the cumulative exergy content of a
product or service is the sum of the exergies of the product’s
constituents, in addition to a weighted sum of the exergies of the
production process of the product, and (b) that non-energetic costs such
as labor, capital, and environmental emissions can be reformulated in
terms of exergy from global system balances. While (a) is a paraphrase
of Szargut's CExD, (b) is the original contribution of EExA. A

theoretical and practical advance in EExA can be found in Dai et al. [48].

Source: Nwodo, M.N. and Anumba, C.J. Exergetic Life Cycle Assessment: A Review. Energies 2020, 13, 2684;
doi:10.3390/en13112684.
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Genigletilmis Ekserji Muhasebesi: Bu fikir Sciubba tarafindan
(Sciubba, 2005) eksergo-ekonomik analizler igin ortaya atilmigtir. Bejan
vd. (1996) tarafindan tanimlanan eksergo-ekonomik analizlerinde, bir
sistemin ekserji analizi famamlandiktan sonra her bir ekserji akimi igin
bir 6zgiil maliyet ($/kJ) hesaplanmakta ve bu ilgili ekserji akis orani ile
carptlarak o akimim maliyeti bulunmaktadir. Burada sermaye ve is gticu
gibi ekserji analizine dogrudan katilmayan maliyetler ise ekstra olarak
eklenmektedir. Sciubba (2005) bu yaklagimin iki adet zayifligi oldugunu
belirtmistir. Birinci zayifligin ekserji ile para gibi ¢cok farkl iki
gostergenin birlestirilmeye ¢alisiimasi, ikinci zayifligin ise birinciye bagl
olarak gevresel etkilerin bu analizler ile gok dogru bir sekilde

degerlendirilemedigi olarak belirlemistir.

Kaynak: Alpman, E. and Gégis, Y. HAVACILIKTA SURDURULEBILIR GELISME GOSTERGELERI
https://dergipark.org.tr/tr/download/article-file/701053. Access date: May 2, 2023.
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Table 2. Comparison of the exergy-based methods.

Exergy-Based Method

Limitations

Cumulative exergy demand

Measures energy quality, exergy losses
of materials, and emissions

Limited to exergy losses of natural
resource; excludes that of the
ecological system

Thermo-ecological cost

Focus on cumulative consumption of
non-renewable primary
exergy resources

It does not include renewable
primary exergy resources

Cumulative exergy extraction
from natural environment

Measures quality of energetic and
non-energetic resources,
and land occupation

It does not track exergy transferred
into the technological system

Industrial/ecological cumulative
exergy demand

Focus on exergy losses in the industrial
and ecological stages of a
production chain

It is limited to
production processes

Extended exergy accounting

Resource equivalent value of a
commodity including labor, capital,
and environmental emissions

It is intrinsically limited to time
and region

Source: Nwodo, M.N. and Anumba, C.J. Exergetic Life Cycle Assessment: A Review. Energies

2020, 13, 2684; d0i:10.3390/en13112684.
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Various Exergoeconomic (in Europe) or Thermoeconomic (in the U.S.)
Approaches
Classified into the three fields: cost allocation, cost optimization, and cost
analysis.

« Exergy Economics Approach (EEA) [1]

 First Exergoeconomic Approach (FEA) [1]

« Thermoeconomic Functional Analysis (TFA) [1]

« Exergetic Cost Theory (ECT) [1]

« Engineering Functional Analysis (EFA) [1]

* Last-In-First-Out Approach (LIFOA) [1]

« Structural Analysis Approach (SAA) [1]

« Specific Exergy Costing (SPECO) Method (SPECOM) [1]

- Exergy, Cost, Energy and Mass (EXCEM) [2]
« Modified EXCEM [3]

« CGAM Method (derived from the initials of a group of concerned specialists, namely C. Frangopoulos, 6.
Tsatsaronis, A. Valero, and M. von Spakovsky) 9[4]

Sources:

1] Meyer et. al. Application of Exergoeconomic and Exergoenvironmental Analysis o an SOFC System with an Allothermal Biomass Gasifier.
nt. J.'of Thermodynamics 12 (4): 177-186 (2009).

[2] Rosen MA, Scott DS. A mefhodolog¥ based on exergy, cost, energxland mass for the analgsis
of the meeting of nternational society for general systems research; Vol. 8.3, Toronto, 20-22 M

1
E3] Gaur, A, Tiwari, GN. Exergoeconomic and enviroeconomic analysis of photovoltaic modules of different solar cells. Journal of Solar
nergy. Hindawi Publishing Corporation. Volume 2014, Article ID 719424, 8 pages, http://dx.doi.org/10.1155/2014/719424

[4] Kim, D.J. A new thermoeconomic methodology for energy systems. Energy 35(1):410-422 (2010).

of systems and processes. In: Proceedings
ay: 1987. p. 1-13.
rent s
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Mass balance equation: 2. Wiy = ) Moy

General energy balance: E =E,_
General entropy balance: Sout = Sin = Sgen
General exergy balance: Ex, —Ex, =Ex,_

The Gouy-Stodola relation:
Exergy destruction is proportional to entropy generation

| =Ex,. =T,S

gen



Some examples of efficiencies applied to the Rankine cycle and the vapor
compression refrigeration cycle

Cycle Type Rankine Vapor Compression
First Law N =W /Oy (2.5) cor=0,/w,  (2.8)
Exergy Nowgy =Woet/E  (2-0) Newgy = Ec /W (2.9)
Second Law Ny =0/Mm (2.7) ny =copr/cop,, (2.10)

Second Law Efficiency

Second law efficiency is defined as the ratio of the efficiency of the cycle to the

efficiency of a reversible cycle operating between the same thermodynamic conditions.

Ny =1/ Nres
Source: VIJAYARAGHAVAN, S. Thermodynamic Studies on Alternate Binary Working Fluid

Combinations and Configurations for a Combined Power and Cooling Cycle. Ph.D. Thesis,
University of Florida, 2013.



Cyclic
Device

net

Fig. 2.1 A cyclic heat engine working between a hot and cold reservoir

The exergy efficiency and second law efficiency are often similar or even identical.
For example. in a cycle operating between a hot and a cold reservoir (see Fig. 2.1). the
exergy efficiency is

W,

meat

7 :
fewra Qk(l_Tﬂ."lllT :I

Where T, is the ambient or the ground state temperature. For the special case
while the second law efficiency is where the cold reservoir temperature T, is the same as the ground state temperature T,

the exergy efficiency is identical to the second law efficiency.
net

- 0,0-1./1;)

N
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The exergy efficiency and second law efficiency are often similar or even identical.
For example, in a cycle operating between a hot and a cold reservoir - the
exergy efficiency is

w..

f?ere r ] /
= Qh(l_roffh}

while the second law efficiency is

]:‘I;:’FGI
Mg =

0,(1-7./T,)

Cyclic ]
Device > Woet

A cyclic heat engine working between a hot and cold reservoir



definition o‘f effiencies

=

o Y Y

I universal functional

1 ‘

S

E pragmatic fundamental

g [Kotas] [Brodyansky et al]
9 = [Tsatsaronis] )

Exergy Efficiency = Desired Effect/Fuel

Exergy Efficiency = Product /Source



The universal efficiency 1s defined as follows:

2 Ex,,
Mexw = > Ex,
[n which:
Y Exout is the exergy of the energy flows leaving the system
> Exiy is the exergy of energy flows entering the system

-—

A general definition of finctional efficiency 1s:
7
— ‘Expr-:-dun:t

> Ex

" rnontce

’r-?at:f —

> ExXproduct 15 the exergy of that part of the outgoing energy flows that can be considered to be
the product of the system:

> Exeouee 15 the exergy of that part of the ingoing energy flows that can be considered
necessary for making the product in the present process.



Input—output efficiency

~ »_ Exergy out

3 Exergy in

_1_ 5 Exergy Destroyed + 5~ Exergy Lost
3 Exergyin

Y Exergyout 1 5~ Exergy Destroyed
m= S Exergyin 5 Exergyin

]
Material or | Material or !

|

I

I

I

I

I

I
Tegae
Energy
|

|

I

I

I

I

|

I

Energy |
Streams | Streams
I
. 1
| Wastes Irreversibilitics |
L Destruction
___________________ -—
System I
T U 3 s S Sy gu— -
Envirenment

D. Marmolejo-Correa, T. Gundersen /[ Energy 44 (2012) 477 —489

46



Grassmann [3]

o — Useful Exergy Output
!~ "Useful Exergy Input

Szargut et al. [10]

F— Exergy of Useful Products
= Feeding Exergy

Baehr [4,24]| and Kotas [9]

Desired Output
Necessary Input

fm =

Tsatsaronis [ 18] and Bejan et al. [12]

_ Exergy of Products
NV = TExergy of Fuel

Brodyansky et al. [ 5]

_ Exergy out — Transit Exergy
= Exergy in — Transit Exergy

Consumed-produced efficiency

For a control volume at steady state whose exergy rate balance reads
Ep =Ep +Ep + E (12)

the exergetic efficiency is

Ep Ep
where the rates at which the fuel is supplied and the product is generated are E g and Ep
respectively. ED- and EL denote the rates of exergy destruction and exergy loss,
respectively. Exergy is destroyed by irreversibilities within the control volume, and
exergy 1s lost from the control volume via stray heat transfer, material streams vented to
the surroundings, and so on.

(13)

D. Marmelejo-Correa, T. Gundersen [ Energy 44 (2012) 477 —489
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Turbine or Extraction Compressor, Heat
Expander Turbine Pump, or Fan Exchanger®
H
1 2 ol stream
i -
w -
i L
4 3
2 4
3y
l
E, W W E,-E E, -E
E, E, -E, E -E, -E, w E, -E,
£ L Lod 5_.._L_ E —l—LE L
E -E, E, -E,-E, W E,-E,

a) For discussion, see [2].

b) This definition assumes that the purpose of the heat exchanger is to heat the
cold siream (T, = T, ).
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Table 1
Summary of exergy efficiency expressions for some unit operations.

Compression Expansion Throttling Heat exchange
Input —output
Any T - TM o -TM =TM “TM  -TM
v E{:-ut W+ Eout E{:-ut EL’.{:-ut i EH.{:-ut
= - TM -TM -TM “TM M
W +Epq Ei Ein Ecin + Eyjn
Consumed — produced
T=T, M TM 1 0 e T :
0 Eout ~ Ein_ane —Tmim-“"’" Trm—.m"]'“'{ (Ecou — Ecin) '-Ef.i.n E\E.{nut' abd
W E E:- En, =E,y (B E v Py
in ut (Ehin ~ Epour! + By in — Exout)
=T
EL'.aut E:.- in I
= TM TN P .
(Ehin — Engur) '-Ef.ln E‘Eaut-'
T< T, =~TM =~TM j T k =T =T . X - o : .
o Eout —Ein 2 E‘Lut Eip + W Eout = Ein ac '-EJ]:J.{:-ut Egin) '-Ef-l.ln Ef-].c-ut-' ad
w in E‘E”[ E\E" Eﬁ”[ (Ecin E{'.aut:' t ':Ef.ln E\Eaut:'
. . =T
]_Egut E\Fn c EH.out EJ]:] in c
C. i LA M T ; .
Ein Eiut w (Erin — Ec o) '-Ef-lm Ef—l.aut-'
FLL'I'USST{' - T o . . - T . - T - T .
a EDIJI: | IE‘gut E\Fn ! EDIJI: W EDIJ[ EH.out 1 EI'.ﬂut
Ein + W Eirl'l f I_IE\E-, Eglﬂ-' Ein 4 "E\Fl'l E\;Ut ! EL’.in t I-Eit.i.n Efc-ut' t EJ]:J.m t IlIE“JD-J.in Ef—].out !
* Kotas [9].
" Tsatsaronis [18] and Bejan et al. [12].
¢ Brodyansky et al. [5].
d Cracemann [2] Maran [2] and Maran and Shanies [1 321

D. Marmolejo-Correa, T. Gundersen / Energy 44 (2012) 477 —489



heat exchanger

I
i Ex s,out
Ex 5,in -
\Ex. b B
! F-EX p
E Xoin EXp out
¥

Figure 6.12 Change in exergy quantities during heat transfer

The universal exergy efficiency for this heat exchanger
Ex .+ Ex

_:? Vs out TTp.out
ex,w(heat exchanger) =~
[ : Fvy . + Ex_.
5,111 P




heat exchanger

I
i Ex s,out
Ex 5,in -
\Ex. b B
! F-EX p
E Xoin EXp out
¥

Figure 6.12 Change in exergy quantities during heat transfer

for the functional exergy efficiency of the heat transfer process
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6. Case Studies



Exergy Efficiency

There are mainly two ways of formulating exergetic efliciency for drying systems (Syahrul ef al.,
2002, 2003; Midilli and Kucuk, 2003; Akpinar, 2006). The first one can be defined as the ratio of
the product exergy to exergy inflow as follows (Midilli and Kucuk, 2003; Akpinar, 2006):

Exergy inflow — Exergy loss ExXjoss

1

, : 22a)
Exergy inflow Ex;,

Hex —

The second one may be defined on the product/fuel basis. The product is the rate of exergy
evaporation and the fuel 1s the rate of exergy drying air entering the dryer chamber. In this
regard, exergy efficiency may be written as follows (Syahrul et al., 2002, 2003).

Mex = i‘i‘d‘:" (22b)
. T, |
EXevap = 1_T_ mthg
m



Table 1V, Companson of exergy efficiency values in drving various products.

Product dried Adr Esergv elficiency
Final moisture
Tmitial content on Temper- Relative
ol slure drv weight Velocity ature humidity Eqg. Value
Investigators Tvpe of drver Tyvpe content (%) basis {%:) ims ") (") (%) No, (%)
Svahrul e ol Fluidizad Red-spring 31.7-32.6 1.95 40.2-65 18.5-21.1 4-12
(2002, 2003) bed drver wheat 24.6-25.6 15 2.22-224 363 15.2-17.5 (22Bb) 2=16
Corn
Midilli and Solar drving Shelled ! 26.95/29 1.23 4060 3762 (22a)  10.86-100
Kucuk Cabi net unshellad
(2A03) pistachios
Akpinar (204)  Comveclive-tvpe  Red pepper 35 T1.00-96.68
drver slices 10 1.5 &l (22a) 69.81-97.12
fl 67.28-97.92
Akpinar er o, Cyvclone-tvpe Polato &) 1544104
(20035a) drver 11 1.5 fl 10=20 (22a) 1945100
el 18.32-100
Akpinar er o, Cyvclone-tvpe Apple slices &l 10=20 (2a)  3627-100
(2005h) drver 11 1.5 fl 39.66-100
B0 43 46100
Akpinar er o, Cyvclone-tvpe Pumpkin &l 30.81-100
(2006) drver slices f 1.5 fl 10=20 (22a)  37.R9-100
4 B0 £46.97-100
Present studv Crrouwnd -source Laurel 40 B1.35-E748
heat pump leaves 9.4 12 0.5 | 16-19 (22b)  9.01-1548
diver 40
|




Table A1
Computed thermodynamic properties of materials streams in a boiler using LPFO.

Case Study 3

Energy 53 (2013) 153164
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Methodology for the physical and chemical exergetic
analysis of steam boilers
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Fuel —
Air  ——pf

Combustion
unit

Steam
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T > exchanging
Hot unit flue gas
product
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Water

Fig. 3. Schematic diagram of combustion and heat exchanging units in a boiler.

Point  Substances Mass flow Temperature Enthalpy  Entropy
tate (kgls) (°C) klfkg) (klfkg K)
1 Alr, my, 313744 BlLG3 15453 18684
2 Fuel, g 02109 1,084 52 40,5155 2000
3 Hot producds, iy 35853 275273 2,716592 449513
4 Feed Waber, iy 25308 10ek O 419,10 13070
5 Sbeam, s 25308 168.89 2,760 GEBETID
[ Exhaust flue gas, m; 35853 15295 3100 20516




¥e =

air (rny), fuel (), hot products (rip ), feed water (1), steam ()
and exhaust flue gases (), respectively.

Steam Heat loss

J I

2
. 6
Fuel —%  combustion IJ' - excE::[in —+ Exhaust
. T Ll .
Air ; unit Hot uﬂif & flue gas
1 product

J‘rft
Water

Fig. 3. Schematic diagram of combustion and heat exchanging units in a boiler.

Table A3
Summary of exergetic parameters of combustion unit.
Exergetic equations Exergetic values
and efficiencies
1. Energy input (k]/s) 974097
Eil‘l = lhfhf + Thaha
2. Adiabatic energy efficiency (%) 100,00
mphp
¢ = m < HAV
3. Exergy destruction (k]/s) 310392

IC - ma :{ha - T'Elsa] n EEEI - mp{hp - Tﬂsp]
LMy [(hf - TgSf) + EE-' - E‘f:_l:']

4. Exergy efficiency (%) 55.35
i hp (hp — Tasp)

. o Vo = — :
ring P + £gh — ggh g [(he — ToSe) + ef™ — e

61



air (rig), fuel (rig), hot products (ry ), feed water (i), steam (i)
and exhaust flue gases (i), respectively.
Steam Heat loss

T

2
Fuel —%  Combustion % - Heat. —lEbExhaust
Air  ——»| unit Hot | E!)(Char"l;f__flng flue gas
uni 2
1 product
J‘r»;
Water
Table A4
Summary of exergetic parameters of heat exchanging unit.
Exergetic equations Exergetic values
and efficiencies
1. Heat loss (Kk]/s) 2969.19
QH(Iq:uss; = mp{hp —hg) — My (hs — hyw)
2. Energy efficiency (%) 66.69
M = My (s — hw)
i Tmp(hp — hy)
3. Exergy destruction (k]/s) 2182.44

Iy = mp(hp — Tosp) + Mw[(hw — Tosw) + €50 ]

1, [(hs _ Tﬂss} + EE“]

—Mg [(hg — Tﬂsgj + EE:I]

4. Exergy efficiency (%) 58 60
. My [;_fh + f.f"] — My, [;-EJI + "-"n-l-i] Gy — mg[(hs — Tyss) + E‘;:"] — My [(hy — ToSw) + Ef-.r'l]
i = ph mp(hp — Tosp) — mg[(hg — Tosg) + &)

; it [ BB 4 cch
Mpes, mg[.ggﬁ+x_g5]
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air (), fuel (), hot products (ry ), feed water (i), steam ()
and exhaust flue gases (rig ), respectively.

i i f E{Jusin.'d output
9 Eu.ﬂ:d
. 6
Fuel —»  Combustion ‘IJ' - Ee‘“, —+»Exhaust
. i I al £
Air —1 unit Hot excu?lrﬁgmg flue gas ph ph t ]
! product . M [‘55- — Ew, T £ — fa
4 e = 3
B I ]
% ph ch ah
My | £ £ — £
Water F[ I T [ f3 |

Fig. 3. Schematic diagram of combustion and heat exchanging units in a boiler.

Table A5
Summary of exergetic parameters of entire boiler.
Exergetic equations Exergetic values
and efficiencies
1. Energy efficiency (%) 69.56
ms(hs — hw)
L
2. Overall exergy destruction (kJ/s) 5286.35
Ig = Ic+1y
3. Overall exergy efficiency (%) 38.57

ms[(hs — ToSs) — (hw — ToSw) + €50 — &8 ]

3

mg[(hy — Tosg) + & — <

Vg =
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* Single stage solar heat driven ammonia-water chiller
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| 77 Exergy indicators of the chiller

* Exergy efficiency of an absorption chiller
* Variable boundaries to be adapted while assessing the process excellence:

R AN T S ——

2nd Boundary — net exergy efficiency |
.......... I Bl ety i
| Circ_l_l':-l:gnﬁary general exergy efficiency | Ev?/;?’r;‘tm
. \ a”-."l

Illlallllllll|||~ll|l|
i— Chilled space
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I g
I
I

| 77 Gross exergy efficiency

* A measure of how close the thermodynamic transformations in the chiller
approach ideality

gross myo(ex g — exqq)
ex :

Exp

Exp - exergy of driving heat stream and the driving electric power of circulation pump
inside the boundary.

Cocling waler
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- & S @ E E
1 C Net exergy efficiency . 2nd Boundary

¥ A

* Including exergy spent on auxiliary components, and exergy increase in
evaporator
pnet — Ma1(exz; — exz;)
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y . o
b g General exergy efficiency

* Including exergy spent on auxiliary components, and exergy increase in evaporator
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Nex
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AEXchitled space- €xergy increase of the chilled space or chilled matter

{\'rl'l.!' rzn |
5 6. N Ta
A = e [TV [T ™ dconoEnsERr [T YT
GENEATOR |19 || @RECTRER o [ o
' i
a1 3; Y2,/ 1
T B aa B% |
| : —
. I U 1 1 |
| I | i 4) SUBCOOLER .
: 4, 16 I %
-4 o . 1 5
| ! —
W WALVE (9]
: R 104 ,
i (6) PREABSORBER. o 12, {5] EVAPORATOR d |

70



| 77 < Modified boundary conditions

To take into account the effect of utilizing solar radiation as driving energy:
2nd boundary widened with the solar collector component
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7. Some Exergetic Considerations



Choose the correct answer |

Which of the following statements is correct (true) ?

a) The value of the exergy destruction cannot be
hegative.

b) Exergy destruction is not a property.

c) Exergy is a property and the change in exergy of a
system can be positive, negative, or zero.

d) Exergy is not conserved, but is destroyed by
irreversibilities.

e) All statements are correct.  Reply: (e)

X . I =0 irreversibilities present with the system
destroyed I =0 no irreversibilities present within the system

[~
XZ-xl « =0

=0

Since the exergy destruction must be positive in any actual process, the only
processes of an isolated system (no heat or work interactions with the
surroundings) that occur are those for which the exergy of the isolated
system decreases.



 Exergy is a measure of the departure of the state of a
system from that of the environment. It is therefore an
attribute of the system and environment together.
However, once the environment is specified, a value can
be assigned to exergy in terms of property values for the
system only, so exergy can be regarded as a property of
the system.

* The value of exergy cannot be negative. If a system were
at any state other than the dead state, the system would
be able to change its condition spontaneously toward the
dead state; this tendency would cease when the dead
state was reached. No work must be done to effect such
a spontaneous change. Accordingly, any change in state of
the system to the dead state can be accomplished with at
least zero work being developed, and thus the maximum
work (exergy) cannot be negative.

Moran et al.
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 Exergy is not conserved, but is destroyed by
irreversibilities. A limiting case is when exergy is
completely destroyed, as would occur if a system were
permitted to undergo a spontaneous change to the
dead state with no provision to obtain work. The
potential to develop work that existed originally would
be completely wasted in such a spontaneous process.

* Exergy has been viewed thus far as the maximum
theoretical work obtainable from the combined system
of system plus environment as a system passes from a
given state to the dead state while interacting with
the environment only. Alternatively, exergy can be
regarded as the magnitude of the minimum theoretical
work input required to bring the system from the dead
state to the given state.

Moran et al.
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* Process 1-2: Exergy decreases. P —> P, while T moves to closer to T,

*  Process 3-4: Exergy decreases. T moves to closer to T, while P = P,

+  Process 5-6: Exergy increases. P moves away from P, while T, while T =T,

Moran et al. 76



Exergy (availability) Energy

1. Exergy does not follow the law of 1. Energy follows the law of conservation.
conservation.

2. It is function of states of the matter under 2. It is function of the state of matter under
consideration and the “environment'. consideration.

3. It is estimated with respect to the state 3. It may be calculated based upon the assumed
of reference imposed by environment. state of reference.

4. Exergy always depends upon pressure. 4. In case of ideal gas energy does not depend

upon pressure.
. Energy increases with rise of temperature.

[y |

5. Exergy increases with temperature drop at
low temperatures. For constant pressure
processes exergy attains minimum value at

the temperature of environment.
6. Exergy has positive value for ideal vacuum. 6. Energy is zero for an ideal vacuum.

A vacuum space has some exergy (relative to the
reference environment), even if it has no energy
associated to its zero mass.

Szargut, J. Morris D R, Steward, F R. 1988. Exergy Analysis of Thermal, Chemical, and
Metallurgical Processes. Springer-Verlag, New York, 1988,

Moran et al.
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* In everyday usage, vacuum is a volume of space that
is essentially empty of matter, such that its
gaseous pressure is much less than atmospheric
pressure.lll The word comes from the Latin term
for "empty". A perfect vacuum would be one with
no particles in it at all, which is impossible to
achieve in practice. Physicists often discuss ideal
test results that wou d occur in a perfect vacuum,
which they simply call "vacuum" or "free space", and
use the term partial vacuum to refer to real
vacuum. The Latin ferm in vacuo is also used to
describe an object as being in what would otherwise
be a vacuum.

* Source: http://enwikipedia.org/wiki/Vacuum
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13 Consider an evacuated tank of volume V. For the space
¢ the tank as the system, show that the exergy given by

EtND: For the space (nside +he ﬁuL, determiue +ue exergy.
SCHEMATIC & GIVEN DATA: -t s e M- W
_ ('3

Bowdery o4 ’!
doa Overall ~
SYSHOWM_ # . ~ .
’?’ EuvironmeuT \
\ o, To J

#
-

-
e -
—_— =

EnGR MopEL_t (1) An overall  syswo (s (onsidered consishing of tha evacuated
space (4 closed Sysiem) amd the environmeut. (2) The vslime of Hha overass
Syshem is Coushaut (3) For Hie overars systems Q=0. (1) For Ha environ mest,
Po ol To are comstaut- (5) The elfhects of gravity amd wmotion awe (gnored.
ANALYSIS © Consider o. process wheve the evacuated space collapses omd work is
deve{oPed bﬂ 'H\.Q ayerail S;S-PM . A’ﬁ Eneﬁt_j hafaMce 'fD'f-Hu ovevrall ,ﬂl’.k.ux -
redites with assumption 3 4o gwe

Wf_ == AEC
Moran et al. 2




9iuce AU 20 for the evacuated space | BE. = sk . With . (c) of, p. 334 we
W¥E W= - [T DS~ pdVe ]
[35 assum!ohm 2, OV, = -AV = - (// V) =V. F‘ur‘PLW am en#ap-j loa lamce

ovevreatl 5754-&“« 5wes
As. =0 > 96’+ASE Te
Collectiug vesults
W, = V- ToCO,

Siace 0,z 0, the maximum theoretic o\ worle o exeviy, (s obfarued whawn
0’-;_:0. 'Tlr\-U-S

E = Pav (V)

Athrnn.%{v;'--.h Ef (1) can be fegarded Ay +ha Maimuinn +lhooret cel
tscelc requived To produce +he evacuoted Jpace.

Moran et al.
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8. Sankey (Energy Flow),
Grassmann (Exergy Loss and
Flow) and Cost Flow Diagrams



Sankey Diyagramlari

* Sankey diyagramlar, ismini, Irlandali Kaptan
Matthew Henry Phineas Riall Sankey (1853-1921)'den
sonra aldi. Sankey, 1898 yilindaki bir yayininda,
buhar tirbinlerinin verimini analiz etmek igin ener;i
akiglarinin hacimle orantili gésterimini kullanan ilk
kigiydi.

» Siyah ve beyaz olan ilk diyagramlarla tek tip bir
akigin (6rnegin; buhar) gésterimi yapilirken, farkli
tipteki akiglar igin renklerin kullanimi Sankey
diyagramlarina baska bir boyut kazandird:
(Wikipedia, 2008; Chemical Engineering, 2008).

82


http://en.wikipedia.org/w/index.php?title=Matthew_Henry_Phineas_Riall_Sankey&action=edit&redlink=1

Sankey diyagramlari ile ilgili olarak,
literatiirde degisik tanimlamalar yapilmis
olup, bunlarin bazilari asagida verilmistir:

* Sankey diyagramlarti, oklar'm gems,.lu]gmm Clkl§
miktariyla dogru orantili olarak
belirli ’rlp‘rekl bir akis dlyagr'aml ir. Bunl ar'
prosesler arasindaki enerji veya madde
Transferlerini g6z onunde canlan irmak igin
kullanthr (Wlklpedla

* Sankey diyagrami, aklmlarm ggmshgmm akis
miktariyla’ dogru orantili oldugu ve dizi
olaylar veya dsamalarla aklslarm omb me
edilebildigi, ayrildigi ve izlenebil Ig gon e
gosterilen akis diyagramlaridir (SD, 2008).
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Blr resim 1000 sozclk degerindedir. Sankey
?ramfar'l ir prosesteKki madde ve enerji
imlarini ve aylplamm hizli gozde canlandirmaga
yar'dlmCI olan, dikkat gekici diydgramlardir.

* Diyagramda kullanilan gizgilerin genisligi, madde
veya'enerji miktariyla dogru or'an‘rllldlr 'Sankey
diyagrami, ener i denkllh i hesabi yapildiktan sonra,
kazanlar, yakitl; lsmcular' firinlar gibi herhangi bir
ekipman veya sus’remdekl enerji akisini gostermek
icin kullanllan ¢ok uygun bir arag’rnr' Enéri
\éonehcu eri onem smasuc?ek mde ) |Ie§’r|rmeler|
uma a odaklanabilsin diye, bu d | yagramla, deg |§
gl an ar ve kayiplar g orse olarak ?OSTCI"I'II" Sdnkey
rami, ayni zaman a, bir r'u ki ve st
yone ime dusuncelerin ve flklr‘ er'm anlatilmasinda
guglu bir aragtir (Chemical Engineering, 2008
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http://www.sankey-diagrams.com/the-first-sankey-diagram/
http://www.sankey-diagrams.com/the-first-sankey-diagram/
http://www.sankey-diagrams.com/the-first-sankey-diagram/

Separsie production of heat and electricity Combined production of heat and powes
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= 536 efficierd combined cycle gas hrbine (DC0GT)
powar plant experiencing 5% nebeork and cen wEs

+ B0 efficient gas turbine CHP plant.

HATINAL GHILD

Power station
Tl (1)

Eleciricihy

133

HEW BOILER

Losses (12)

CHP fued

http://www.sei.ie/uploadedfiles/CHP/Sankey%20diagram?2.png
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Lights, fan, Tratstnission Drive wheelsand ades

altemator (75 %
efficient)

Engine( 20%: efficient)

Adr friction 4.6 K&
Therrrel
23EW oty Road fiction 4.4 KW

Thertral energy
57 8LW

In this diagram, called a Sankey Diagram, we can see that of 72 kW of power
from the fuel, only 9 kW are used in actually driving a car along a road. The
rest is lost as low grade heat.

http://www.antonine-education.co.uk/Physics _A2/Options/Module_7/Topic_5/Sankey.qgif
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Sub-stuff A

Sub-souff E

(recurn}

Sub-stuff B

Sub-stuff C

Sub-stuff D
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U.S. Steel Scrap Material Flow 1998

(in Mio. t)
Domeastic Supply of imporsatiaste Distrbution of Domestic Supply of
Primary and Secondary Sieal double count adjustment Steel
)
steslandcast 5 Exports st=2l&
Imports steel&
i 93'8 s cast prsoduas
steslandcast: 27
Process losses
1
57 scrap: 1 steslandcast 104
scrap: 1
Apparant supply of S
Fabrication
stesl & cast products scrap: 1 fEEs

for fabrication
131

1

Pig ironDRI
consumed
51

Processing stesimills steslandcast: 112

=2nd foundries

home scrap: 20 pig ¥on: 5% e
Oldscrap
generatad
75
N steelandcast: 112
scrap: 18

scrap: 75Mio. t

old scrap: 35

Old scrap
consumed
35

Steslproducts
resemvoir
net change
+37

oldscrap: 0.3

oldscrap: 6

Ol scrapstock
decrease
0.3

old scrap: 38 okd scrap: 3

Unrecoversd
old scrap
38

Old scrap
impors
3

Source: Feman, M. D.: kon and Stedd Recydling in e United Stmes in 1938
hepiipubs usgs gov'o¥2001/0101-224/0101-224 pdf

http://lwww.e-sankey.com/export/pics/e-sankey/esankey_scrap_material_flow.png



Grassmann (Ekserji Akis ve
Kay 'P) Diyagrami

* Bir sis deku bilesen er'smmezllkler'mm listelenmesi, basit bir
esisin er' ormansmm degerlendirilmesine yardimci olur.
Bununla beraber, daha karma§|k tesislerde, bu bilginin sekil
olarak sunulmasi‘ayri bir yarardir (Kotas, 1995).

* Bu gergevede, ekseri akns ve kayip dlxéagr'aml olarak da
adlandirilan Grassmdnn diyagrami, agraminin bir
uyarlanmasidir. Bu dlyagr'amda sadece aylp ar gos’rer'llmez ayni
zamanda ekserji akimlarinin aymlmasn ve ekserjinin tekrar
dolasimi da gosterilir (Koolen, 2

>

yn | zamanda, grafiksel olarak, orijinal ekserji girisin bir
Isminin enerji dondstimiin birbirini“izleyen agsamalarda nasil
gildigr gosterilir. Her bir glt bolgedeki kayiplar, farkin
5‘5rugu arkli tiplerdeki diger al‘r bslgelere ayrilabilir (Kotas,

'—‘0 QX

a
U
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//_;i///////////é_/£// Ex. ////@//////%Ex2
N

NN N SN
Pl AP=P.P,
' Ex,

Akiskan sirtinmesiyle bir kanaldaki Grassmann diyagrami
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Yaltim
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Crooling water

Energy flow

“Wagzte heat
xhavst gas

Exergy flow

Hot steam
nuglear exergy T

Chernical or Motion ~ Electricity 3%

http://exergy.se/goran/thesis/paperl/f34.gif
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Fig. 1. Schematic drawing of GSHP food drying system with enumerated locations used in equations of analyses (modified from Ref. [9]).
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Fig. 3. The Sankey (energy flow) diagram for the GSHP food drying system.
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Grassmann
(Exergy Loss and Flow)
Diagram
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Fig. 4. The Grassmann (exergy loss and flow) diagram for the GSHP food drying system.
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Cost

Flow Diagram

7.923 $ih

. Expansion
N | Valve

Fig. 5. The Sankey (cost flow) diagram for the GSHP food drying system.
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9. Concluding Remarks



* Main drivers highlighted here should be considered as a
whole.

* Policy makers, educators, investigators, stakeholders,
and citizens are encouraged to consider energy and
resources on the base of exergy.

* We need to adapt our path to new challenges, so that
we could not be out of business. This means think
exergetically, not energetically.

* All roads lead to Rome, nhamely exergy when talking
about sustainabiliy.
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» Different symbols are used for exergy and exergy efficiency.

« Different classifications are used to distinguish between exergy
types.

e Different terms are used for the same type of exergy.

e Different expressions for exergy efficiency have been
suggested.

e Some exergy efficiencies are defined in a generic way which
opens up for different interpretations when applied to specific
processes or unit operations.

e Heating value is sometimes used instead of chemical exergy for
the fuel of a process (such as a power plant), thereby intro-
ducing errors in exergy analyses.

D. Marmolejo-Correa, T. Gundersen [ Energy 44 (2012) 477489
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