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Summary

The real thermodynamic inefficiencies in an energy conversion system are related to
exergy destruction and exergy loss. An exergy analysis identifies the system
components with the highest exergy destruction and the processes that cause them. In
this chapter, different types of system components such as chemical reactors, heat
exchangers, and turbomachines are analyzed from the thermodynamic viewpoint.
Furthermore, the irreversibilities associated with combustion, heat transfer, mixing, and
pressure losses are considered separately to estimate the contribution of each form of
irreversibility to the total exergy destruction in a steam generator. An exergy analysis of
a simple cogeneration system is discussed in detail. For each system component, the
exergy destruction, an exergy destruction ratio, and the exergetic efficiency are
calculated. The evaluation of these variables provides useful information for improving
the thermodynamic performance of the cogeneration system.

1. Thermodynamic Analysis of Single System Components

Energy conversion processes are governed by the laws of conservation of mass and
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energy. However, entropy is generated and exergy is destroyed by irreversibilities
within a thermal system. Furthermore, exergy is lost, in general, when the exergy
associated with a material or energy stream is rejected to the surroundings. In this
section, different types of system components are analyzed from the thermodynamic
viewpoint. The objectives are to calculate the real thermodynamic inefficiencies in each
system component and to understand the effects that cause them. Sources of
inefficiencies are related to exergy destruction and exergy loss. Either an exergy balance
or an entropy balance together with the relationship ED=ToSgen can be used to

calculate the exergy destruction in a component. However, the exergy concept enables
the definition of exergetic efficiencies, the calculation of exergy losses, and the
calculation of costs (exergy costing) associated with each stream in the energy
conversion system as well as the costs associated with the exergy destruction within a
component (see Thermoeconomic Analysis).

The primary contributors to exergy destruction are irreversibilities associated with
chemical reaction, heat transfer, mixing, and friction. The exergy destruction associated
with heat transfer and friction is discussed in Exergy Balance and Exergetic Efficiency.
Mixing of streams with differences in temperature, pressure, or chemical composition
also causes exergy destruction.

When a material or energy stream is rejected to the surroundings (e.g., flue gas, cooling
water and heat loss), the exergy associated with this stream is an exergy loss for the
overall system. For streams of matter, the larger the flow rate and the higher the
temperature of the stream, the larger the exergy loss. In addition, the larger the chemical
exergy of the stream rejected to the surroundings (e.g., partial oxidation of a fossil fuel
or unburned fuel), the higher the associated exergy loss. Examples include: exhaust
gases in a stack, ash at the bottom of a steam generator or gasifier, cooling water in a
condenser, vent stream in a deaerator, or blow down in a steam drum.

For component analysis, all material streams exiting a component are considered either
as part of the product or as belonging to the definition of the fuel. Thus, the transfer of
thermal exergy g to the surroundings is the only exergy loss in a component.

) T :
Eq,L:(l—ﬁ}QLL 1)

The term Q, denotes the heat transfer to the surroundings and T, is the temperature on

the boundary where the heat transfer occurs. The control volume enclosing the system
component can be selected to encompass the system component and enough of its
nearby surroundings so that the heat loss occurs at the ambient temperature T, and the

term g, in an exergy balance vanishes. Thus, the thermodynamic inefficiencies in a
system component consist exclusively of exergy destruction (g, , =0; see Exergy
Balance and Exergetic Efficiency).

In the sign convention applied here, work done on the system and heat transferred to the
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system are positive. Accordingly, work done by the system and heat transferred from
the system are negative. The exergy terms in the equations used here are all positive.

In the following sections, different types of plant components are analyzed from a
thermodynamic viewpoint. For simplicity, only steady-state processes are considered.

1.1. Chemical Reactors
1.1.1. Combustion Chamber

During the combustion of a fossil fuel with an oxidant (air or oxygen), the chemical
energy (exergy) of the fuel is converted mainly into internal energy of the combustion
products (“heat release”). For given temperatures of the reactants, the chemical
composition and the temperature of the gaseous reaction products depend on the fuel
composition, the amount of oxidant supplied to the combustion chamber per mass unit
of fuel, and the heat transfer to the surroundings (“heat loss”). Figure 1 shows the
schematic diagram of a combustion chamber. More than the theoretically minimum
amount of oxidant needs to be supplied to the combustion chamber in practice to
achieve complete combustion of the fuel. Combustion processes are often accompanied
by heat transfer, e.g. in the furnace of a steam generator (Section 2.1).

fossil
1| fuel

presssssssssmme

gaseous
reaction
products

Figure 1: Combustion chamber.

The combustion process involves several chemical reactions by which the combustible
chemical substances supplied with the fuel are oxidized and the temperature of inert
chemical components is increased. The gaseous reaction products might contain
unburned fuel and the products of incomplete combustion (e.g., carbon monoxide CO).
The solids stream leaving the combustion chamber when a solid fuel is used contains
unburned fuel. The mass balance for the combustion chamber yields:

M1+ ma=m3z+my. (2)

The steady-state form of the energy balance is
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HitH2=H3tH4— QL. (3)

where QL is the heat transfer to the surroundings (negative numerical value).

Combustion is intrinsically a very significant source of irreversibility. Such
irreversibilities can only be identified by an entropy or an exergy balance. The entropy
generation S, .. is given by

Sgence = (Sa+ §) - (817§~ 2L @)
b

The exergy destruction rate gp .. due to irreversibilities in the combustion process is
obtained from an exergy balance

ED,cc:(El—E4)—(E3_Ez) (5)
= ma(€, —€4) + (M1 —ra) (e, —€3) —ma(e3 —€,) : (6)
EF,cc EP,cc

where Ep .. and Ep.. denote the fuel and the product of the combustion chamber
expressed in exergy terms, respectively (see Exergy Balance and Exergetic Efficiency).

Chemical reaction is one of the most significant sources of exergy destruction. Fuel and
oxidant spontaneously react according to relatively unconstrained combustion reactions.
Preheating the reactants (fuel and oxidant) and reducing the oxidant-fuel ratio are two
measures that increase the combustion temperature in an adiabatic combustion process
and result in a higher thermodynamic efficiency. However, only slight improvements
can be achieved by these measures.

The closer the occurrence of chemical reactions to the thermodynamic equilibrium,, the
lower are the irreversibilities. In technical combustion processes, the combustion
temperature is restricted by material limitations and the formation of nitrogen oxides at
high temperatures.

Richter und - Knoche presented theoretical considerations for reducing the
irreversibilities in a combustion process by preventing immediate contact of fuel with
oxygen and using intermediate chemical reactions. Metal oxides serve as oxygen
carriers in these intermediate reactions. Similar considerations were applied to the
HECAP (Hydrogen and Electric power generation using CArbonaceous materials and
high temperature Process heat; see Strengths and Limitations of Exergy Analysis)
concept in which sulfuric acid is the oxygen carrier.

Irreversibilities associated with heat transfer, mixing, and friction, also decrease the
thermodynamic performance (exergetic efficiency) of a combustion process. Compared
with the exergy destruction due to chemical reactions, mixing and friction effects are of
minor importance.
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1.1.2. Gasifier

Gasification is the conversion of the hydrocarbons contained in a solid fuel into a
combustible gas. In addition to the fuel, air or oxygen, and steam are supplied to a
gasifier (Figure 2). In the reactor, partial combustion, gasification, and other chemical
reactions occur simultaneously at high temperatures and usually moderate pressures.
The result is a product gas that is in most gasification processes rich in hydrogen H,

and carbon monoxide CO. In addition, the product gas contains carbon dioxide CO,,
steamH,0, and some methane CH,. Gasification conditions favor the conversion of
solid-fuel-bound nitrogen to gaseous nitrogen N, and ammoniaNH,. The sulfur
contained in the solid fuel is converted to gaseous hydrogen sulfide H,S and carbonyl

sulfide COS. Finally, fine solid particles (ash, unreacted fuel) and small amounts of
hydrogen cyanide HCN are also present in small amounts in the gaseous gasification
products stream 4. This stream represents a synthetic fuel and is therefore called syngas
or synfuel. The ash stream contains unreacted carbon and sulfur. From the exergetic
viewpoint, the gasifier has two products: the chemical exergy of the syngas and the
difference in physical exergy of all material streams between the outlet and inlet of the
gasifier. The chemical exergy of the syngas represents the primary desired exergy form
in a gasifier. The higher the gasifier operating temperature, the higher the percentage of
physical exergy in the syngas. The carbon conversion ratio for a gasifier is defined as
the percentage of carbon supplied by the fuel (stream 1) that is contained in the gas
product stream 4.

I fuel

=3
;
i | [
oxidant —==tgm- d) 4 gaseous gasification
; | _|_.-_ i ! s -

R 5 ol r
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QL 5Y ash
Figure 2: Gasifier.
At steady-state, the mass balance yields
M+ Mz + M3 = Ma+Ms. ()
The energy balance for the gasifier is

HitH2+H3=Hs+tHs—Q, : (8)
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whereas the entropy generation S, 4 is given by

Sgen,g:S4+55_T_:_(31+82+S3) - 9

The exergy destruction is calculated from an exergy balance

ED,g:(El—Es)—(E4—E2_E3) (10)
EF,g EP,g

In general, the exergetic efficiency depends on the type of gasifier (e.g., entrained flow,
fluidized-bed, or fixed-bed), the oxidant (air or oxygen), the chemical composition of
the solid fuel, the moisture content of the fuel at the gasifier inlet, the supply of the solid
fuel (water/slurry or dry), the operating parameters (gasification temperature and
pressure), the amount of steam and additives (e.g., limestone) and the heat transfer to
the surroundings.

The main sources of thermodynamic inefficiencies in a gasifier are the chemical
reactions. Heating of inert chemical components, mixing of streams with differences in
temperature, pressure, and chemical composition as well as pressure drop due to friction
also contribute to the exergy destruction. With increasing gasification temperature, both
the relative amount of combustion and the required internal heat transfer in the gasifier
increase; thus, the exergy destruction within the gasifier increases. For a given carbon
conversion ratio, the exergy destruction in an adiabatic gasifier can be reduced by
preheating the reactants and by reducing the temperature of the syngas at the outlet.

The thermodynamic performance of a gasifier can be evaluated by a properly defined
exergetic efficiency (see Exergy Balance and Exergetic Efficiency). However, a cold
gas efficiency is often used in practice. The cold gas efficiency Moge is defined as the

heating value of the purified syngas divided by the heating value of the solid fuel fed
into the gasifier:

A\ rﬁ4HHVsyngas 11
Tege =~ ooy (11)
ms E

The cold gas efficiency shows the fraction of the chemical energy of the gasifier feed
that is available in the syngas. This efficiency considers only the chemical energy of the
syngas. The cold gas efficiency has limited usefulness since it neglects the physical
exergy of the syngas.

1.1.3. Steam Reformer

Steam reforming is a catalytic conversion of hydrocarbons and steam by an endothermic
reaction with steam into hydrogen H, and carbon monoxide CO. This is the most

common industrial process for producing hydrogen or hydrogen/carbon monoxide
mixtures used in the synthesis of chemicals such as methanol or ammonia, in oil
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refining, and in many other chemical industrial processes. Natural gas (consisting
primarily of methane CH,) is often used as feedstock for the steam reforming process.

The required thermal energy for driving the endothermic reaction is usually supplied
through the combustion of a fossil fuel (Figure 3).

The mass, energy, entropy, and exergy balances for a control volume enclosing the
reformer are

mi+ma—ms=0 ; mg+ms—rme=0 12)
H3_(H1+H2)_QL:(H4+H5)_H6 (13)
e N o 1)
sgen,r—[53—(sl+sz)]+[sﬁ—(s4+55)]—T— (14)
b
ED,r:(E4+E5—E6)—(E3—E1_E2) : (15)
EF,r EP,r

combustion products
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Figure 3: Steam reformer.

The main thermodynamic inefficiencies in the reformer are associated with the chemical
reactions (steam reforming and combustion) and heat transfer from the combustion
products to the hydrocarbon/water-mixture in the tubes. The exergy destruction caused
by the combustion reaction is significantly higher than the exergy destruction due to the
reforming reaction.

Measures to improve the efficiency of combustion processes are discussed in
Section 1.1.1. The exergy destruction associated with the reforming reaction can be
reduced by preheating the hydrocarbon and the steam and by mixing the reactants at
equal temperature and pressure. Friction and heat losses also contribute to the
thermodynamic inefficiencies.
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