CHAPTER Il
CUMULATIVE EXERGY CONSUMPTION

3.1 Definition of Exergy

The exergy concept is based on both the First and the Second law of
thermodynamics.  Exergy is defined as the maximum obtainable work when
some form of energy is converted reversibly to a predefined reference system,
physically and chemically. An exergy analysis is performed to show where
energy inefficiencies occur within processes. Exergy losses can directly be
translated to an increase in primary fuel consumption.

The reference system, the environment, in an exergy analysis is defined
as “an infinitely large body or medium in the state of perfect thermodynamic
equilibrium”. This means that there is no possibility of producing work from
any form of interaction between parts of the environment. Any system besides
the environment with different parameters has work-potential in relation to the
environment.

The definition of the environment is important in exergy analysis as it
s used as the Reference State. A state that is in full thermodynamic
equilibrium with the environment has zero exergy. This state of thermal,
mechanical and chemical equilibrium is called the dead state. Usually the
reference state is chosen as defined by Szargut, which means To = 298.15 K
and PO= 101325 kPa. Szargut defined the mean composition of the earth’s
environment as the Reference State for chemical equilibrium, for vapor, liquid
and solid states, respectively. This means that for example the reference
species for carbon is CO2 in air, for sodium it is Na+ in seawater, and for iron
It is Fe2) 3in the earth’s crust.

The total exergy of a flowing multicomponent material stream
neglecting potential and kinetic exergy can be divided into three major



il

contributions, the chemical exergy, the physical exergy and the exergy change
due to mixing:

Bt ~  Bdmm Bphy Anp8 (3.1)
which equals the more familiar formula:
Bt = F(h-ho)-THS - 0 (32)

32 Chemical Exergy

The chemical exergy, Baem of a process component refers to that part
of the total exergy that results from the chemical potential difference between
the pure process components and the reference environment components in
their environmental concentration evaluated at reference conditions Toand PO,

The standard chemical exergy of a gaseous species from the reference
state is defined as follows:

BdemeH = RT0*In(Po/Peef) (3.3)
Inwhich B°cremrefi denotes the standard chemical exergy of a reference species
| and Prefj denotes its partial pressure evaluated at the mean atmospheric
pressure of 99.31 kPa according to Szargut. PQ s the defined reference total
pressure (101.325 kPa).

The general expression by which the chemical exergy of a component
can be calculated according to its formation reaction from its constituents
elements, s given by

Bchemi = AGI - (n*Becelid)) (3.4)
where B°chemjdenotes the Gibbs free energy of formation for the reaction for
component i from reference species j, nj denotes the stoichiometric number for
the component in the reaction equation, and B°cremief is the standard chemical
exergy of a reference species.
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3.3 Physical Exergy

The physical exergy of a material stream is the maximum obtainable
work (or electrical energy) when this stream is brought from actual conditions
( Tl, P] ) to thermomechanical equilibrium at ambient temperature and
pressure(T0, PO) by reversible processes and heat being only exchanged
reversibly with the environment at TO

The physical exergy is therefore equal to the amount of work arising
when changing a stream, consisting of the unmixed components, reversibly
from process condition( Ti, Pi ) to reference conditions( To, PO):

Bty =[ (F*Hi) - (F°j*H)] - To*[ (Fi*Si) - I(F°*S°1)]  (3.5)
Because the enthalpy and entropy of the pure (unmixed) components are used,
the physical exergy’includes the state of the stream but not mixing among the
constituents.

34 Exergy Due to Mixing

The mixing exergy Is equal to the amount of work arising when a
stream, consisting of the pure components, is mixed at process conditions(T ]
P1) and calculated as follows:

Bmx = [F*H) - £(F*H))] - TOTF*S) - (FS))] (36)
35 Cumulative Exergy Consumption

The Cumulative Exergy Consumption(CEXC) analysis is essentially an
accounting procedure In which the cumulative exergies associated with all
Input streams to a process section are distributed to the useful products. This
implies that the exergy associated with a waste product discharged to the
environment is zero, since such a stream is of no value.
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CEXC analysis provides a method of assessing different production
methods for similar products. The specific CEXC ( Sp. CEXC or ¢) of the
process Is a measurement factor in the economics and profitability of one
process relative to another. Cumulative exergy values assigned to the product
() of a process express the sum of the exergy of natural resources consumed
inall steps ofthe process.

The cumulative exergy, ¢, of a process stream is the exergy sum of the
natural resources associated with making that stream available for the process.

c = Btotr (3.7)
The summation will include the exergy consumption of any processing steps
prior to introduction of the stream to the process under analysis. The term
may include the chemical exergy of the materials comprising the stream. The
exergy ratio Pi for stream i is defined by the expression.

i = BMliCi (3.8)
Clearly, 0 < 1< 10 and is a measure of the effectiveness of utilization of
natural resources for the production of stream I.

For a process involving multiple products j, k, 1from different plant
sections and multiple recycle streams, the cumulative exergy balance
equations are written for each section. The cumulative exergy input to section
, €, Is apportioned to the useful products of the section in proportion to the
mass or exergy of the useful products. However, for recycle streams, the
cumulative exergy is set equal to the thermal exergy. This procedure is
adopted to simplify calculations and substantially reduces computing time.
For section |,

cs = Ko (3.9)
For the useful product,

The specific cumulative exergy consumption for product |, ;. is defined as,
a = CR (3.10)
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This is a measure of the exergy consumption of natural resources for the
production ofj.

3.6 Process Analysis

The analysis of a system by the Cumulative Exergy Consumption method Is
described in the following sections.

36.1 Definition on the System

In order to perform the Cumulative Exergy Consumption
analysis, a system has to be defined. The system boundary is shown in Figure
31 Itincludes 2 sub-systems and a main system. This boundary shows
that the exergy required to transport the raw materials to the site of the process
15 0 be considered as part of the analysis.

The goal the exergy analysis may also influgnce the
determination of the system’s boundary. For instance, it may be necessary to
Include the exergy required to produce and deliver the raw materials and
Services to the system.

SUB-SYSTEM [So—— SUB-SYSTEM —

FUEL
ELECTRICITY&STEAM
INPUT INPUT
MATERIAL PRODUCTION
INPUT v U OUTPUT

TRANSPORT ;

MATERIAL PRODUCT

REFINERY PROCESS

I WASTE

Figure 3.1 Representation 0T a process and ItS sup-system
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3.6.2 Exergy Analysis

Once the boundary for the system under consideration has heen
determined the process’ flowsheet must be divided into suitable Sections so
that they may be analyzed separately. It may also be necessary to divide the
Sub-systems that are contained within the system’s boundary, into sections for
individual analysis. Processes and sub-systems can be divided into as many
sections as desired. However, sections usually represent a unit operation of the
process that represents a specific function such as a set of washers or an entire
bleach plant, as was done in this paper.

The first stage of the analysis of the sections comprising the
process and sub-systems In question involves the construction of conventional
material, energy and exerqy balances.  These balances are hased on the Law
of Conversation of Mass, on the First Law and the Second Law of
thermodynamics, respectively,  Upan completion of these balances, the
Cumulative Energy Consumption balance and the Cumulative Exergy
Consumption balance equations may be constructed.

36.3 Cumulative Exergy Consumption Balance Equations
A typical section of the system, which is under consideration, s
depicted in Figure 3.2. Possible cumulative exergy inputs to this section are as
follows:

3.6.3,1 Feed Streams
CEXC values associated with the intermediate products
coming from other sections in the system reflect the amount of exergy
delivered to the system in all steps prior to this section. In the event that raw
materials are fed directly to this section then the exergy associated with the
processing and transportation of these materials will be reflected in the
cumulative exergy values of these streams. In the following balance
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equations, the CEXC values of feed species i entering a section will be
represented as (fj.
.6. .2 Exergy Supply Streams

Exerqgy requirements of the section under consideration
are supplied by electricity, steam (both injection and indirect heating) and
exerqy, usually in the form of heat, that is recovered from other sections of the
process.  The cumulative exergy values associated with the exergy supply
streams of species i are represented and calculated by Equations 3.11 to 3.13

hy O 310
C steam BSLmj (312)
Crecj - BROCj (3 13)

The efficiency of electricity and steam generation ( ovelec and seam
respectively) are determined by Equations 3.27 and 3.24.  These efficiencies
are calculated on a cumulative exergy basis, not on the conventional thermal
exergy basis.
.6. . Recycle Streams

Materials output from one part of a production process
that are fed back to some earlier part of the same sequence are known as
recycle streams. These streams are recycled for a variety of reasons, however,
the cumulative exergy values associated with these streams is set equal to their
exergy values as shown in Equation 3.14.

C. = 8 (3.14)
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Figure 3.2 Diagram of Section N
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The total cumulative exergy entering section N, CN, s equal to the sum
of the cumulative exergy delivered to the section with the feed, energy supply
and recycle streams. Equation 3.15 represents the total cumulative exergy
entering section N:

'+ CL, + + +ic (3
y Voo
Feed Energy Supply Recycle

The cumulative exergy input to Section N is distributed amongst the
section’s useful products. The useful streams leaving Section N are denoted
by the letterj and they includg:

3.6.3.4 Recycle and Recovered Streams
These stream are assigned cumulative exergy values
equal to the physical energy of the streams, and shown in Equations 3.16 and
317,

c, = Bl (3.16)
cLj = "] (317)
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If indirect heating steam is used In section N, the stream condensate IS
assigned a cumulative exergy value according to Equation 3.18,

cL) = r L (319)
3.6.3.5 Product Streams

The remainder of the cumulative exergy input Is

apportioned to the useful products of the section in proportion to the exergy of

the useful products. For each of the product streams, of Section N, equations
similar to Equation 3.19% are constructed.

Ci = BBl C77/ A NI SCE
uN yZI ]
C = gul\? Cl'thj'lz.C,éondJ (319b)

(3.1%)

+ cf

ok - B b dj-TLdj -ifF (I

uN

Where:

For a system involving multiple products from different plant sections
as multiple recycle streams, cumulative exergy balance equations are written
for each section.

The specific cumulative exergy consumption for product j, ., IS
defined as;
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o = CIP] (320)

364 CExC Balance Equations for an Energy Section
An energy section includes BoilerA&B, Generator1,2&3 and
WHB. Figure 3.3 represents the energy section in block formation.

Fuel (1
Fuel Gas t L Process Steam
Steam ey Flectricity
Condersate BFW ___ _n Weste
Make-up BFW

Figure 33  Diagram of the Energy Section

1 Fuel

Fuel used by the energy process includes fuel gas and fuel ail from
the production process that s under consideration.

2. Make-up Boiler Feed Water
Losses of the working fluid (1.e., water/steam) from the energy
process and steam supply system are replenished by make-Up boiler feed water
(BFW).
3. Steam
Saturated HP-steam produced from the Catalytic Reforming Unit
was sent to a Waste Heat Boiler.
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The total cumulative exergy entering the energy process, CEner, is
distributed amongst the useful products, electricity and process-steam, of the
energy process. Each system boundary, the cumulative exergy consumption is
distributed in proportion to their exergy.

The total cumulative exergy entering the energy section, is represented
by Equation 3.21 while the cumulative exergy is apportioned to the electricity
and process-steam according to Equations3.22, 3.23

= CFueIOiI + CFuelgas + C@Nup + CJ\Eam (321)
nProd
¢ (322
SF{g;dm o ESIeam x C Eer (323)
Where;
| - Bsptgg;n = BEplreoc

The efficiency of steam production is determined from Equation 3.24.

ST (324

The overall efficiency of electricity generation Is determined by
consicering an “electricity mixing” section as shown in Figure 34.  This
section mixes electricity that is produced in the energy section with electricity
that Is imported from EGAT. Equation 3.25 to 3.27 are the balance equation
for the “electricity mixing” section.
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Figure 3.4 Representation of the “Electricity Mixing” Section
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Where:

Imp
/'w’lim p
Elec
1

The overall electricity generation efficiency is given as:

s {=*. 327

ovelec

Once all of the cumulative energy and exergy equations have heen
constructed for each plant section it should be found that there are equal
numbers of unknowns and equations. A solution for these equations may be
determined by a suitable method that wall solve simultaneous linear equations.
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