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ANALYSIS OF ENERGY CONVERSION SYSTEMS, INCLUDING

MATERIAL AND GLOBAL WARMING ASPECTS

CHAPTER 1.

INTRODUCTION

1.1 GENERAL

With the rapid growth in population and industrial-
ization and the associated increase of the world energy
demand and consumption, the development of techniques for
designing efficient energy conversion systems continues to
be a very important worldwide issue. In addition to the
energy problem, which has not been solved, other issues
which have had a strong impact in the last few years are the
scarcity of other natural resources (e.g., materials) and
environmental damage.

Figure 1.1 shows the primary energy consumption in the
world from 1950 to 1980. During these 30 years, the world
primary energy consumption grew from 73.25 MTJ(73.25x10"%J)
to 287.2 MTJ (M. Grathwohl, 1982), an increase of four
times. Around the year 2000, the world primary energy
consumption is expected to be from 439.5 MTJ to 559.6 MTJ.
Figure 1.2 gives the 1991 global primary energy consumption
by different sources (British Petroleum, 1992). It can be
seen that over 90 percent of the world consumption of

primary energy comes from fossil fuels such as oil (40.2%),



coal (28%), and natural gas (22.7%). Since fossil fuels
represent a nonrenewable source of energy, it is important
to ask:"what are the remaining amounts of fossil fuels and
how long will they last?" At the rates the above three
fossil fuels were used in 1991, British Petroleum Company
estimated that coal could last for 240 years, oil for 44
years and natural gas 55 years. We cannot be sure that these

estimates are accurate; however within the last few decades
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Figure 1.1 World primary energy consumption from 1950
to 1980 and the predicted primary energy
demanded for 2000 (M. Grathwohl, 1982)



it appears that most people agree the nominal lifetime is a
few hundred years at most. So, even though the estimates may
not be precise, it is prudent to conclude that fossil fuels
will become economically very restricted during the next
century.

As with the fossil fuels, the consumption of the other
natural resources (metals, timber, etc.) are also increasing

rapidly. Since the 1940’s, the production of aluminum has

Coal
(28.00%)
| oil
(40.20%)

Hydroelectric
(2.50%)

(6.60%)

Nuclear

(22.70%)
Natural Gas

Figure 1.2 World primary energy consumption in 1991 by
different sources (British Petroleum, 1992)



continued to grow 12% annually across the world. Even though
we have not found any grounds for fearing that the world
will "run out" of metals or timber, after years and years of
mining the materials, it has caused the decline in the grade
of ores for many materials. This decline of the ore’s grade
results in much more energy consumed in the mining and
extraction of the useful materials from the ground. As much
as 65% of total energy needed for producing copper is
consumed in mining and concentrating processes (Frost,
1979) .

The heavy consumption of the natural resources causes
another serious problem, global warming. Since the advent of
the Industrial Revolution, human activity has been
contributing significant amounts of gases to the atmosphere.
These gaseous emissions change the concentrations of certain
gases in the atmosphere which in turn may influence the
global climate. The predominant influence now appears to be
global warming. Global warming, with the effects of lower
rainfall, decreasing soil moisture, increasing sea level,
etc., has been the subject of worldwide attention. Research
has shown that the global temperature has increased by about
0.6°C over the last 100 years due to the change of
concentrations of these gases. The gases which are emitted
and contribute to global warming are termed greenhouse
gases. The primary greenhouse gases in decreasing order of
present influence are carbon dioxide (CO,), chlorofluoro-

carbons (also known as CFCs), methane (CH,;) and nitrous



oxide (N,0) . Table 1.1 presents a summary of how concen-
trations of these key greenhouse gases have changed over the
years and an estimate of their atmospheric lifetime. It is
clear that some of these gases stay in the atmosphere for a
very long time and that the concentrations have increased
substantially over the past 200 years. Table 1.2 gives the
relative contributions of these key greenhouse gases as
presented by recent research efforts. As the figures

indicate, CO, and CFCs contribute over 75% of the global

warming contributions, with values of 55 percent and 24

percent respectively.

Table 1.1

human activities!

Summary of key greenhouse gases influenced by

Co, CH, CFC-11 | CFC-12 | N,0
Pre-industrial 280 0.8 0 0 288
atmospheric ppmv? ppmv ppbv?
concentration
(1750-1800)
Current 353 1.72 280 484 310
atmospheric ppmv ppmv pptv2 pptv ppbv
concentration
(1990)
Current rate of | 1.8 0.015 9.5 17 0.8
annual ppmv ppmv pptv pptv ppbv
atmospheric (0.5%) | (0.9%) | (4%) (4%) (0.25%)
accumulation
Atmospheric (50- 10 65 130 150
lifetime 200)
(years)

1 Source: Houghton et al., 1990.

2 ppmv
ppbv
pptv =

il

parts per
parts per
parts per

million by volume;
billion by volume;
trillion by volume.




The human activity that principally contributes to the

increase of the concentration of CO, in the atmosphere is

the burning of fossil fuels. Whenever fossil fuels are

burned,

a whole,

billion tons of CO, emission in 1980.

(Krause et al.,

there are associated O, emissions. For the world as

the burning of fossil fuels produced about 22

1990)

Table 1.3 gives the emission rate of different fossil fuels

on both unit mass and unit energy bases.

The CFCs have chlorine,

part of their structure,

fluorine and carbon atoms as

and were invented in the early

1930s. Since then, they have become very useful chemical
Table 1.2 Relative global warming contribution of
greenhouse gases (percent)
CFC-12 CFCs
55% 17% 7% 6% 15%
Source: Houghton et al., 1990.
Table 1.3 CO, emission associated with burning
of fossil fuels!
Fuel CO, emission | CO, emission
(kg/kg fuel) (kg/kJ fuel)
Coal 3.15 0.089
Natural gas 2.48 0.053
0il 3.12 0.069

1: See Appendix B for detail.



compounds. They are used as working fluids in refrigeration
and air conditioning, as cleaning agents in the metal
working and electronics industries, and in many other uses.
CFCs used as refrigerants have very desirable qualities:
they are efficient, nonflammable, non-explosive, low in
toxicity, odorless, and inexpensive. This makes them the
backbone of the modern air conditioning and refrigeration
equipment. The average annual growth rate in production of
CFCs from 1960 through 1976 was 6.9 percent for the United
States and 16.9 percent outside the United States. Table 1.4
shows the estimated world and the United States production
of CFCs in 1973. From Table 1.1, it can be seen that the
concentration of CFCs in the atmosphere is much less than
that of CO,. However, since CFCs are much more potent for
global warming, on a per molecule basis, than CO, and other
trace gases, they play an important role in the total global
warming impact. Because of the potential impact of CFCs on
the ozone layer and global warming, in Sept. 1987, in
Montreal, the United Nations Environment Program (UNEP)
completed negotiations over a global protocol on limits for
CFCs. Now, the challenge facing energy conversion system
designers and producers is to develop the system with same
or better efficiency but using less or no CFCs.

Therefore, methods and techniques to analyze, improve
and optimize the energy conversion system have to deal not
only with direct fuel exergy (energy) consumption, but also

with other resources, which have associated exergy



consumptions, and with environmental impacts, such as global
warming.

The second law of thermodynamics, through the exergy
concept, 1is recognized as a very powerful tool for
systematic study of efficiency, optimization and simulation
of energy conversion systems. Exergy is specifically defined
as the maximum work which can be obtained from the system.
The exergy values of the fuel and material which alsc can be
quantified in exergy are the physical value of resource. So,
comparison of exergy consumption informs us about the
thermodynamic imperfection of the utilization of the natural
resources, and provides us with knowledge of how effective a
system is regarding the utilization of natural resources.
Exergy analysis also offers a theoretical measure of
environmental impact. Since environmental impact results

Table 1.4 Estimated world and U.S. production and
atmospheric emissions of CFCs in 1973!

World U.s. World U.s.
CFCs production | production | emissions emissions

(k tons) (k tons) (k tons) (k tons)
CFC-11 150 140

930 700
CFC-12 220 170
CFC-22 120 60 60 28
Subtotal 1,050 430 760 338
Other CFCs 1,370 720 360 220
Total 2,420 1,150 1,120 558

1 Source: Cumberland, 1982.



from the aspect that a specific stream (pollutant) is out of
balance (equilibrium) with the environment, and exergy is
precisely a measure of the departure of a specific
thermodynamic state from the dead state (environment), it
appears that exergy may readily serve as an appropriate
measure of environmental impact.

The work presented in this thesis focuses on the use of
the exergy concept for the analysis of energy conversion
systems, including material and selected global environment
impacts. The global environmental impact which will be
focused upon is global warming.

The following section will present a literature review
on the main topics of interest in this thesis. The final
section of this chapter gives a precise statement of the

problems studied in this thesis.

1.2 LITERATURE REVIEW

This section presents a brief literature overview on the
analysis of energy conversion systems, with emphasis on the
research that addresses the CO, emissions associated with
the fossil burning, energy consumption and the environmental
impact of global warming from the energy conversion system,
and/or studies on the energy consumption associated with
material production.

Prior studies by Rotty (1979) and Marland and Rotty

(1983) documented a procedure to estimate carbon dioxide
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(CO,) emission from fossil fuels. The method they used
considers the carbon content and fraction oxidized for each
fuel group. Using similar methods and combining the national
fuel consumption for electricity generation and transpor-
tation, Fischer et al. (1991) and Yau et al. (1991) presented
some results of CO, emission associated with electricity
generation. San Martin {(1989) also presented some results on
CO, emission associated with electricity generation. The
difference between his study and the others is that the
total fuel consumption for the electricity production
includes fuels for both electricity generation and the power
plant construction.

Traditional analyses of energy conversion systems, both
energy and exergy, have typically considered the direct
primary fuel (coal, oil and natural gas) consumption as well
as outputs at the system boundary. The recent study by
Michael L’Ecuyer et al. (1993) is this kind of research.
This study compared the primary energy consumption and CO,
emission associated with primary energy consumption of
several energy conversion systems (different types of heat
pumps, electric heat resistance and oil and gas furnaces)
for six locations in the U.S.. Since all comparisons of
their study were based on direct primary fuel consumption,
(for electricity, they considered the primary fuel used for
electricity generation and transmission) their results show
that the system which has high end-use efficiency will save

energy and reduce the global environmental impact (global
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warming impact due to CO, emission only). The CO, emission
associated with the primary fuel consumption in their work
is based on the EPA’'s (Environment Protection Agency, 1990)
estimation.

Since the CO, emission associated with fossil fuel or
electricity consumption is not the only source of
environment impact of the energy conversion system, the
concept of TEWI (Total Equivalent Warming Impact) was
proposed by Fischer et al. (1991,1994). In these studies,
they considered the total global warming impact of an energy
conversion system to consist of two parts. One is the impact
associated with fuel consumption, called indirect impact,
and the other is the impact due to the refrigerant emission,
called direct impact. The GWP (Global Warming Potential)
value developed by Houghton et al. (1990) is used to convert
the refrigerant emissions to equivalent CO, emissions. The
direct and indirect global warming impacts of several
different energy conversion systems (e.g. household
refrigerators, commercial chillers, automobile air
conditioning) were compared. Fischer’s work was widely
cited. Similar studies were done by Calm (1993), who used
the concept of TEWI to analyze air conditioners and
chillers; Turiel and Levine (1989) discussed the relations
between energy efficiency and CFC emission of refrigerator
and freezer; Steadman (1993), and Alefeld et al. (1993)
analyzed the possible global warming impact of heat pump

systems.
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Boustead and Hancock (1979) attempted to analyze the
industrial system by means of the method they called
"process energy analysis". Using this method, the energy
consumption of ancillary operations (that is those which do
not contribute directly to the actual production process)
and capital energy associated with the manufacture of the
system itself are combined to result in a total production
energy or gross energy requirement. In their study, several
industrial systems and processes were analyzed as examples,
and a table reporting energy required for several different
fuels and materials was developed. The same kind of method
was used by Chapman and Robert (1979), and Frost et al.
(1979) for metal production.

Szargut et al. (1988,1990) proposed an analysis method
of cumulative exergy consumption (CExC). Unlike the
cumulative energy consumption (proposed by Boustead, 1979
and Chapman, 1983), cumulative exergy consumption is more
informative as it takes into account the exergy of the non-
fuel materials extracted from the environment. The analysis
of CExC can be regarded as a further development of the
industrial energy analysis considering cumulative energy
consumption. This idea was used by Frangopoulos and
Spakovsky (1991,1992,1993). They used methodologies method,
which considered the cost of energy consumption, the
material consumption and pollution, during their energy

system analysis.
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Considering the concept of material exergy, Aceves-
Saborio, Ranasinghe and Reistad (1989) applied the
irreversibility minimization analysis to the design and
optimization of heat exchangers. The irreversibility
minimization method they presented in their work, which adds
an irreversibility term due to the material of construction
of the heat exchanger in the overall irreversibility
minimization equation for heat exchanger optimization,
allows physically realistic optimization to be conducted.
Exergetic efficiency expressions that similarly include an
irreversibility term due to the material of construction of
the heat exchanger show physically more realistic values
than the usual expressions that do not include such a term.

The high energy consumption of the material industries
has drawn increasing attention in recent years. Choosing
materials which require less energy and are easy to be
recycled has been a major concern in civil construction and
automobile industries [(Fussler and Krummenacher, 1991) and

(Ashby, 1992)].

1.3 PROBLEM STATEMENT

Most of the analyses on the energy conversion system
summarized in the previous section concentrated on the
direct energy (primary fuel) consumption of the system. Some
analyses consider some of the environmental impacts of the
system. However, the focus is still on the impact due to

direct primary fuel consumption and the refrigerant
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emission. Although the exergy (energy) consumed by material
production is accepted and used in some studies, these
studies have been restricted to the components of the system
or the theoretical analysis. Therefore, a method which can
evaluate both the total resource exergy consumption and the
associated environment impact of the system is needed and
specific analyses for different energy conversion systems
should be conducted.

The purpose of this thesis is to search the general
method which can be used to analyze, design and optimize
energy conversion systems. The method will use exergy as a
measure to compare the natural resources (both fuel and
material) consumption and impact of different energy
conversgion systems. The objectives to be accomplished
include:

(a) : Taking the material exergy consumption into
consideration in the system analysis.

(b) : Using resource exergy instead of local chemical
exergy of fuel and material in the analysis.

(c) : Considering both resource exergy consumption and
the global environmental impact of global warming in
the analysis.

(d) : Developing a method which combines both the resource
exergy and global warming impact into a single
criterion for evaluation of an energy system.

(e) : Analyzing and comparing different energy conversion

systems with the method developed in (4d).
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(f) : Discussing the possibility of the system materials
including refrigerants recycling and associated
exergy saving.

This thesis has seven chapters. Chapter 2 includes the
basic exergy concept and exergy calculations for some
species. The total resource exergy requirement for energy
conversion systems will be discussed in Chapter 3. Chapter 4
presents the calculation of global warming impact, which
includes both chemical emission and exergy related impact,
and the development of the overall combined criterion for
resource exergy and global warming impact. Chapter 5
presents the calculation and comparison of total resource
exergy consumption, global warming impact and the combined
criterion of the selected energy conversion systems for
their lifetime. Chapter 6 considers material and refrigerant
recycle and possible exergy savings. The conclusions and

potential future work are presented in Chapter 7.
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CHAPTER 2.

EXERGY: CONCEPT AND CALCULATION

2.1 INTRODUCTION

One of the main applications of engineering thermody-
namics is the study of process (or system) efficiency. A
traditional technique is the use of an energy balance on the
system, usually to determine energy transfer between system
and environment. This balance is based on the first law of
thermodynamics, a conservation principle. Information within
the balance is used in any attempt to reduce heat loss or
enhance heat recovery. However, energy balances provide no
information on the degradation of energy that occurs in the
system, nor do they quantify the usefulness of the energy
content in the various streams leaving the system as product
or waste. An energy balance for an adiabatic system, such as
a heat exchanger, could lead one to believe that these
systems are free of losses of any kind. The exergy method of
analysis overcomes these limitations of the first law of
thermodynamics. The concept of exergy is based on the first
and second laws. Its application indicates clearly the
locations of energy degradation in a process that may lead
to improved operation or technology. It is also believed
that wider application of the exergy method of analysis can
lead to substantially reduced rates in the use of natural
resources and impacts on the environment. In this chapter,

the concept of exergy and dead state will be discussed, the
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method and equations for calculating physical and chemical

exergy will be presented.

2.2 CONCEPT OF EXERGY

Exergy is the amount of work obtainable when some matter
is brought to a state of thermodynamic equilibrium with the
common components of the natural environment (dead state) by
means of reversible processes, involving interaction only
with the above mentioned components (Szargut, 1988).
Thermodynamic equilibrium means thermal equilibrium,
mechanical equilibrium, and chemical equilibrium. That is
the temperature (T), pressure (P) and chemical potentials
(u;) of the system are equal to the environment temperature
(Ty) , the pressure (P,) and chemical potentials (p,;)
respectively.

In order to calculate exergy, the environment (dead
state) must be specified. It is important to distinguish
between the environment and the system surroundings. The
surroundings comprise everything not included in the system.
The dead state is considered to be an environment that is in
stable equilibrium and has associated with it a unique
temperature (T,), a unique pressure (P,), and unique chemical
potentials (pu,;) for the components making it up. These
values do not change as a result of any of the processes
under consideration. All substances of interest should be

formable from the substances making up the dead state. Since
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the dead state serves as a reference state, when an absolute
value of the exergy is required, the dead state and
composition of the dead state must be defined and specified.
For different dead states, there will be different results.
As one example, consider the influence when calculating the
efficiency of a system; let EX, and EX ,6 be the exergies

into and out of the system respectively. The system exergy

efficiency may be expressed as:

n = EX,/EX,

out

For a constant difference EX, -EX,, the efficiency tends to
become unity if the level of exergy is increased, and tends
to zero if it is decreased. So selecting an appropriate dead
state is important. There are many researchers who have
contributed in this area [(Szargut et al., 1967,1988),
(Reistad,1970), (Gaggioli and Petit, 1976), (Sussman, 1979)
and (Ahrendts, 1980)]. Actually, there is no one
specification of dead state that suffices for all
applications. However for the general exergy calculation,
there are no big differences for the results by using any of
the primary dead states proposed by these researchers. In
this work, the dead state proposed by Szargut et al. is
used, since it is most convenient and well accepted. Szargut
et al.(1988) gave three rules for the choice of dead states
for calculating exergy values of open systems:

(1) As reference species for the calculation of exergy, the

common components of the environment should be adopted.
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The mean parameters of the conventionally adopted
common components of the environment, in the location
under consideration (ambient temperature, partial
pressure in the air, or the concentration in seawater
or in external layer of the earth’s crust) should be
taken as the zero level for the calculation of chemical
exergy.

If an exact calculation of the chemical exergy of a
particular element is impossible because of the lack of
sufficiently exact thermal data, the calculation should
be made with currently available data and the result
should be accepted as a conventional standard value of

the chemical exergy of the element under consideration.

Based on these rules, they proposed the following dead

states:

(1)

For substances including: O0,, N,, CO,, H,0, D,0, Ar, He,
Ne, Kr, Xe, a gaseous dead state equivalent to their
composition in a "standard atmosphere", as specified in
Table 2.1, can be used.

For substances including: Al, Co, Cr, Fe, Mg, Mn,

P, Sb, Si, Sn, Ti, U, V, a solid dead state containing
the elements as existing in a :"standard
representation" of the earth’s land surface is adopted.
(See Table 2.2)

For other substances, the composition of the ions or
compounds as existing in a "standard seawater" is

adopted. (See Table 2.3)



Table 2.1 The composition of a gaseous reference
substances in the "standard atmosphere"

Conventional mean
pressure in the

Substances environment (kPa’)

Ar 0.906

Co, 0.0335

D,0 (g) 0.000342

H,0 (9) 2.2

He 0.000485

Kr 0.000097

N, 75.78

Ne 0.00177

0, 20.39

Xe 0.0000087

*: Mean atmospheric pressure is 99.31 (kPa) .
Source: Szargut, 1988.
Table 2.2 Conventional average concentration of

selected solid reference species in the
external layer of the earth crust.

Reference species
Chemical element Formula Mole fraction
Al (s) A1,S1i0; 2x1073
Co(s) Co;0, 2x107
Cr(s) Cr,0,4 4x107
Fe (s) Fe,0, 1.3x10°
Mg (s) CaC0,0MgCo; | 2.3x107
Mn (s) Mno, 2x10*
P(s) Ca, (PO,), 4x10*

Source: Szargut, 1988.
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Table 2.3 Selected reference species
dissolved in seawater

Reference gpecies

Chemical element , ,
Chemical Average molarity
formula (mol/kg H,0)

Ca(s) Ca** 9.6x107

Cl,(g) c1L! 0.5657

Cu (s) cu*t 7.3x1071°

F,(g) F! 3.87x10°

Na (s) Na™ 0.474

Source: Szargut, 1988.

The exergy or total exergy can be divided into two
parts: physical exergy (thermomechanical exergy) and
chemical exergy.

Physical exergy EX,, is the maximum work obtainable by

taking the substance through reversible physical processes

from its initial state (temperature T, pressure P) to the
state determined by the dead state (temperature T, and
pressure Py .

Chemical exergy EX,, is the maximum work that can be
obtained by taking a substance having the parameters (T,, P,,
;) to the state of thermodynamic equilibrium with the datum
level components of the dead state (P;, Ty, Ho;) -

Figure 2.1 illustrates the relationship between the
total, physical and chemical exergies. From the above
discussion, it can be seen that the greater the deviation of
the state (temperature pressure and composition) of the

given system (fluids) from the thermodynamic equilibrium
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with the natural environment, the greater the exergy value

(the ability to perform maximum work) it has.

2.3 EXERGY CALCULATION

In principle, the total exergy of a control stream could
be determined by letting it be brought to equilibrium with
the environment by one idealized device where the stream
would undergo physical and chemical processes while
interacting with the environment. However, it is convenient
to separate physical exergy and chemical exergy, enabling
calculation of exergy values using standard chemical exergy
tables. The general equation to calculate the physical

exergy of a stream is given by equation (2.1):

Tis Plv #’i TO: PO: ,J'I TO: PO: /'I'O,E

EXph | Exch

Extotol

Figure 2.1 The relationship between total exergy,
physical exergy and chemical exergy.
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EX,, = H-Ho-T,(S-S,) (2.1)

where: H, S represent the enthalpy and entropy of the

specific stream at the state (temperature T and

pressure P) of consideration.
H,, S, represent the enthalpy and entropy of the
same specific stream at the dead state (temperature
T, and pressure P;) .
If the stream under consideration is ideal gas, the ideal
gas relations can be used. Substituting the ideal gas
relation into Eqg. (2.1) and assuming the ideal gas has a
constant heat capacity gives an expression for the specific

physical exergy as follows:

EXph:cp[(T—To)—Tolné;J £RTOlnE§- (2.2)

0 0

where: ¢, 1s the specific iscobaric heat capacity of the gas
under consideration.

R is the ideal gas constant.

Eg. (2.2) shows the physical exergy is comprised of two
parts, one depending on temperature, the other depending on
pressure. In determining physical exergy, the final state
of the stream is the state defined by P,, T,, y; (as shown in
Figure 2.1). This state will now be the initial state in
the reversible processes which will determine the chemical
exergy of the stream of substance. The final state to which
the substance will be reduced according to the definition of

exergy is equilibrium with the dead state (Py, Ty, Ho;) -
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Based on the dead states discussed above, the following
equations can be used to calculate the chemical exergy of
different substances:

If the substances under consideration contain only the
reference species in the atmospheric air, and since the
gaseous species under consideration can be treated as

ideal gases, chemical exergy is given by:

Py
Exchli=RTolnP (2.3)

0,1

where: P;,P,; are the partial pressures of component i in
the stream under consideration and in the dead

state respectively.

The atmosphere can serve as an appropriate dead state for
only 10 chemical elements. For other elements, the earth
surface and sea water can serve as the dead state. For
these elements and chemical compounds, the chemical exergy

can be calculated by the following equation:
EXch:AfGO+2niXEXdLi (2.4)
1

where: AG® is the standard normal free energy of
formation.
n, is the number of moles of element i in the
compound under consideration.

EX,; is the chemical exergy of element i of the

compound.
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The following examples will show some exergy calculation
using these equations. Only chemical exergy values will be
evaluated. The results will be used in this thesis.
Assumptions:

(1) The streams under consideration in this work are
at the standard state. That is the temperature T and
pressure P of the stream are equal to those of the dead
state, i.e. T, and P;; and P, = 1 atm and T, = 298.15 K.

(2) All gases under consideration are treated as ideal
gases. Since under the condition of the assumption (1), the
maximum error for using ideal gas model is less than 3%.

First considering CO,, which is a reference species in
the atmospheric air, Eqg.(2.3) may be used. Introducing that
the partial pressure of CO, in dry air is 0.0335, therefore

Eg. (2.3) yields:

P
X, c0s=RToln—C%% =8.314x298,15x1n- 220333
Py, coz 99.31

= 19,817 (kJ/kmol) = 450.4 (kJ/kg)

where: R = 8.314 (kJ/kmol)

Now considering CFCs, which are neither reference
species in the atmosphere, nor in the standard chemical
exergy table, thus Eq. (2.4) must be used. The reaction of

formation of CFC-11 is:

3

C+§C12+%F2=CC13F
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The exergy balance of the reaction of formation of CFC-11

then can be shown as:

_ 3 1
EXch, CFC-11 _EXch,c+ _2‘ EXch, ciz2?t 3 EXch,Fz +A fGCFC—ll

using exergy values from standard exergy table (Szargut, et
al., 1988) and the value of standard Gibbs Free Energy of

formation (Reid, et al., 1987):

AGereq; = -245.5 (kJ/mol)
EX,c = 410.3 (kJ/mol)

EXyp = 466.3 (kJ/mol)
Substituting these values into the above equation:

EXycrcnn = -245.5+410.3+1.5%x123.6+0.5x466.3
= 583.3 (kJ/mol)
Using the same method, the chemical exergy of CFCs and

other substances can be calculated. The results are given in

Table 2.4.
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Table 2.4 Standard chemical exergy of selected substances’
Substance | Molecular Standard Standard
mass chemical exergy | chemical exergy
(MJ/kmol) (MJ/kqg)

C 12 410.3 34.2

H, 2 236.1 118.1

Co, 44 19.8 0.45

C1, 70.9 123.6 1.74

CFC-11 137.4 583.3 4.25

(CC1,F)

CFC-12 120.9 557.7 4.61

(CC1,F,)

HCFC-22 86.5 585.5 6.77

(CHC1F,)

Fe 55.9 376.4 6.73

Cu 63.5 134.2 2.11

Al 27 888.4 32.9

*: See appendix A for detailed calculation.

2.4 DISCUSSION

From the definition of exergy, we know that the more
exergy a substance has, the greater the deviation of its
state and composition from the thermodynamic equilibrium
with the environment (dead state). In other words, the more
exergy a substance has, the more potential it has to impact
the environment. Based on this, the idea arises that the
exergy of streams leaving the system could serve as a

measure of their environmental impact. The above exergy
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values (Table 2.4) allow this to be examined for several
substances. Considering Cl, and CO,, Cl, has higher chemical
exergy than CO, and it is also known to have a higher
environmental impact; this indicates that exergy may serve
as a measure. However, when CFC-12 and HCFC-22 are
considered, the result is quite different: CFC-12 and
HCFC-22 have nearly the same level of chemical exergy, but
their environmental impacts are known to be substantially
different. CFC-12 has an ozone depletion potential (ODP) of
0.93 and an equivalent global warming impact (EWI) of 7,300
whereas HCFC-22 only has an ODP of 0.049 and an EWI of 1,500
(Fischer, 1991). Thus, it is apparent that the usual exergy
with the presently accepted dead states can not adequately
directly measure the environmental impact as they are
presently perceived. There are several issues that relate to
this which have been identified:

(1) The dead state used to calculate the chemical exergy
value is based on the general composition of the common
component in a specified natural environment. This dead
state can satisfy the general thermodynamic analysis;
however, when the environmental problem is considered other
specific environments may be most important, such as ones
considered most suitable to humans, specific plants, animals
etc.. So the dead state selection which is most appropriate
for environmental impact is not clear.

(2) Environmental impact may be separated into local

and global impacts. Many of the local impacts are caused by
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significant departure of the state of the streams from the
environment (dead state) and the impact results from
immediate reaction caused by the departure. When streams
coming out of the system have high physical exergy values
(such as high pressure or temperature) they will have high
potential ability to perform work on the local environment,
or high potential for impact on the local environment. If
the streams do not have high physical exergy value, the
reaction between the streams and environment will depend on
the chemical properties and chemical exergy of the streams.
The chemical exergy value of the streams is based on the
dead state which is discussed above. For some substances
that are quite reactive, their departure from the local
environment (dead state) will correlate nicely with the
local environmental impact. On the other hand, for some
substances, such as CFCs and CO,, that are not chemically
active substances, they will not react with the local
environment rapidly, and thus have little local environmen-
tal impact. Since significant amounts of these substances
are released over a long time period and they do not react
in the local environment, the natural environment can not
recycle all of these substances and they accumulate in the
atmosphere. Over a long period, this accumulation makes the
concentration of these substances in the global environment
change such that there is a global impact that can change

the overall environment, in which we are living, and the
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dead state, which would be used as the reference to

calculate the exergy.

The above discussions illustrate:

Exergy i1s a measure of the departure of the states of a
substance to the environment (dead state).

The chemical exergy value calculated by using presently
accepted dead states can not directly serve as a measure
of the local or global environment impacts.

With this as a basis, in the following chapters of this

thesis the exergy will be used as:

1:

A measure of the natural resource use. Traditionally

natural resources are divided into fuel and other (such
as material) resources. This separation is often
arbitrary, e.g., 0il is usually considered as fuel
resource and wood as a construction material. However,
01l can be used for producing useful material and wood
can be used as a fuel. So it would be more appropriate
to treat these resources together and the exergy values
which are used to make these materials (fuels) from the
environment (production exergy and chemical exergy)
would be an adequate resource measure.

A measure of the resources needed to alleviate a global

environmental impact (global warming impact). Since

global environmental impacts are due to the change of
the concentrations of some specific substances in the
environment (dead state). The exergy required in a

process to remove the amount of the substances which
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are released by a system can be considered as the
measure of the environmental impact caused by this

system.

A comparison criterion combining the two above uses to

measure how effective and environmentally friendly a

system is reqgarding natural resources.
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CHAPTER 3.

EXERGY REQUIREMENT OF ENERGY CONVERSION SYSTEM

3.1 INTRODUCTION

A general energy conversion system is illustrated in
Figure 3.1. It has streams flowing in and out of the system
boundary, one or more specific processes (energy conversion
techniques) within the system and equipment to accomplish
each process. As discussed in Chapter 1, traditional
analyses of such systems, both energy and exergy, have
typically considered the direct fuel consumption [ (L’Ecuyer
and Zoi, 1993) and (Steadman, 1993) et al.]. Some analyses,

for simple components have considered also the exergy

-3
@ .
Q —_—
l_ f Process Process
A B

Ei'g Work output

Figure 3.1 Scheme of a general energy conversion system
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required for the materials of the component [ (Boustead and
Hancock, 1979) and (Aceves-Saborio, Ranasinghe and Reistad,
1989)]. However as shown in Figure 3.1, an energy conversion
system in general includes three major parts: the energy
conversion technique, materials which make up the equipment,
and input/output streams which include the fuel consumption
(direct exergy consumption). The equipment requires
materials and in turn the extraction and production of
useful materials requires exergy. Figure 3.2 illustrates
this important relationship between materials and fuels.

Therefore, when an energy conversion system is analyzed

Output to Material
consumers resources
Materiat Materiat
extraction processing
L I
Fuel Fuel
processing extraction

Fuel

resources Output to

consumers

Figure 3.2 Diagram of fuel and material production
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completely, it is necessary to consider the direct exergy
consumption, the fuel production exergy, and the material
exergy. Another important point of this work is how to
choose the system boundary. Usually when a system boundary
is selected, it only considers the system itself and streams
directly related to the system, as boundary A in Figure 3.3.
However from Figure 3.2, it can be seen that to extract and
produce fuel and material from ground (dead state),
additional exergy is needed. So, the system boundary should
include fuels and materials production processes (as
boundary B in Figure 3.3) and the total exergy used by the

system should include fuel and material production exergy.

Fuel
source

~.] Energy conversion
”~

| equipment —

V]
=3
2
o

>
-

| £

| &

| 3

| 2

13

a

g

[=R

Figure 3.3 Energy conversion system and its boundary
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This work focuses on an overall evaluation that
considers the direct exergy, the exergy for the material
which constitutes the equipment in the system (including
working fluids etc.), and the exergy required to obtain the

direct exergy fuel from its source.

3.2 FUEL EXERGY

The specifics of the procedure for calculating the
exergy requirement of any energy conversion system are key
to the extent of the exergy analysis. The required exergy
comes from fuel. The fuel can be divided into two groups:
primary fuel and secondary fuel. A primary fuel is a
naturally occurring raw material which can be used as a
technologically useful source of energy without modification
of its chemical structure. Examples of this type of fuel are
coal, crude oil and natural gas. A secondary fuel is a
source of energy which has been derived from a primary fuel,
such as electricity, gasoline etc.

To analyze the exergy of fuel, it is necessary to
obtain the exergy content of the fuel (EXg,.), which is the
work obtainable when the fuel is brought from it current
state to the dead state. For electricity, this is exactly
equal to the electrical energy, while for a pure chemical
fuel, this may be calculated by the equations presented in

Chapter 2:
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(EXpyer,c) = A G%+Enx (EX,,) (2.4)

Equation (2.4) applies when the fuel under consideration is
at the standard state; that is the temperature T of the fuel
equals the dead state temperature T,, and the pressure P of
the fuel equals the dead state pressure P,, T,= 298.15 K, and
P,= 1 atm.

For fuels such as coal or liquid fuels, which are
multicomponent mixtures, various models have been proposed
[ (Rant, 1960), (Szargut and Styrylska, 1964), (Reistad,
1970), (Shieh and Fan, 1982)]. The calculation for the exergy
content of such fuels in this work uses the method proposed

by J.H. Shieh and L.T. Fan (1982):

(EXfyec) =8177.79 [C] +5.25[N]+27892.63 [H] +4364.33[S] -
3173.66[0] +5763.41([F]1+2810.57[C1]1+1204.3[Br]+
692.5[1]-T°(s%,) (W) +0.15[0]{7837.67[C]+
33888.89[H]-4236.1[0]+3828.75([S]+4447.37[F] +

1790.9[C1]+681.97[Br]+334.86[I]1} (kcal/kg) (3.1)

where: {C], [H], [X], [N], [S] and [O] are the mass fractions
of C, H,, halogen, N,, S and O, respectively.
s° ., W, are standard entropy and molecular mass of
ash respectively.

This equation can be used to calculate the exergy content

(chemical exergy) for a variety of fuels when the chemical

composition of the fuel is known.


http:33888.89
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The exergy content of the fuel is the exergy in the fuel
at its specific sampling point. When an energy conversion
system uses a primary or secondary fuel as the source of
exergy, the consumption of the exergy contained in the fuel
at the system boundary is here referred to as the direct
exergy consumption. However, as referred to previously, in
order to produce fuels in a usable form and deliver them to
the system, additional exergy is expended. Figure 3.4
represents a schematic of the fuel production process. Thus,
the exergy that can be linked with the use of any fuel
includes the exergy content of the fuel and the exergy used
throughout the processing sequence from extraction of the
fuel in the fuel reservoir to the delivery to the system.
This second part of exergy is here termed the production
exergy of the fuel denoted by EX;,,. The total exergy linked
to the fuel is termed the resource exergy of the fuel,

EX;qr, defined as:

Fuel production system

) )

Raw fuel TT TT

P o orvery tor
fuel reservoir Y
consumer

Processing exergy input

Figure 3.4 Diagram of fuel production process.
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EXfea r = BXpac + EXpeap (3.2)

For evaluation of fuel exergy streams, the exergy
efficiency can be useful. The general definition of exergy

efficiency is given by:

Exergy available in the final product

Nex= (3.3)
Total input exergy
Thus, for a primary fuel, the exergy efficiency is:
EXfuel,C EXfuel,C
Nex= = (3.4)
EXferr [Exmuc + EXpop ]

For a secondary fuel, there may be several distinct
segments in the fuel production process. In such instances,
it is useful to show the production exergy of the fuel as

being composed of several terms:
EXpep = Z(EXpyp) = EXp + EXp + ... (3.5)
and the exergy efficiency becomes:

EXfucl,C
(3.6)

Nex=
( EXpee + EXgarp + EXgapr +- - -]

Due to the differences in fuel producing industries and
the production methods used, it is clear that no single
precise production exergy value can be determined for each

type of fuel. Also, with the introduction of new production
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techniques and the effort to improve the production

efficiency,

the exergy efficiencies change with time.

In

spite of these problems, values for production exergy are

needed in order to carry out an appropriate overall system

exergy analysis. Table 3.1 presents one set of values for

resource exergies associated with selected fuels.

Table 3.1

was developed with the method prescribed above and using

data values compiled from various sources.

Table 3.1 Typical values for the resource
exergy associated with fuel
Production | Exergy Resource | Exergy
Fuel & delivery | content | exergy production
exergy?? of fuel! | of fuel! | efficiency'
(MJ) (MJ) (MJ) (%)
Coal ( 1kg) 1.39 35.39 36.78 96.2
Electricity 7.72 3.6 11.32 31.8
(1 kWh)
Natural gas 7.16 46.77 53.93 86.7
(1kg)
(68% of CH,)
Gasoline 9.74 47.48 57.22 83.0
(CeH,q)
(1kg)
Diesel 8.89 47.23 56.12 84.2
(c12H26)
(1kg)
1: See Appendix A for detailed calculation.
2: Data source: I. Boustead and G. Hancock, 1979.
3: Data source: J. Szargut et al., 1988.
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3.3. MATERIAL EXERGY

As discussed above, besides the direct exergy
consumption and fuel production exergy, it is important to
consider the material exergy. There are several reasons why
considering material exergy is of great interest:
> First, the materials production industries are very
exergy intensive industries. In 1977, material production
industries accounted for over 20% of world fuel consumption
(J. Thomas, 1977). In the U.S.A., production of primary
metals consumed 15% of total industrial energy consumption
in 1990 (Union of Concerned Scientists et al., 1990).
> Second, during the designing of energy conversion
systems, it 1s important to consider both the efficiency and
the physical system size for a specified energy conversion
rate. If consideration is only given to improving the
efficiency, the system can be designed with excessively
large equipment sizes and is not practical. This is
particularly true as attempts are made to increase
performance of already quite efficient systems.
> Third, with the growing interest in reducing
environmental damage, the choice of less exergy intensive,
easier to recycle materials must be injected into the design
process of energy conversion systems.

As was the case for the resource exergy of the fuel, the
total exergy (resource exergy) of a material can also be

divided into two parts: exergy content of material EX ,. and
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production exergy of material EX,,,. To evaluate the exergy
content of material, Eq.(2.4) can be used. The exergy
content value of each material depends on the concentration
of this material in the environment (dead state). The
evaluation of the production exergy of a material is not as
easy as the evaluation of the exergy content. The production
exergy of the material is the exergy used to mine, refine
and shape the material to the final equipment parts of the
thermal system. The fundamental principle of finding the
production exergy of material is to calculate the total
exergy consumed by the material production process. There
are two major methods to estimate the production exergy of
materials:

(1) Statistical analysis:

When the supply of exergy to various industries is
available, this information, in combination with data on
industrial output, allows an estimate to be made of the
exergy consumed per unit output. For example, in 1973, the
U.S.A. reports the energy supplied to the primary aluminum
industry as 1.166x10Y(KJ) and the output of primary aluminum
as 4.53x10°(kg). This yields a value of 257 (MJ/kg)
aluminum. However, the result is not exactly the value we
seek, because it does not include either the exergy consumed
in generating the fuel (the production and delivery exergy
of the fuel as discussed above) or the exergy associated
with the consumption of raw material, that is, the exergy

for mining and delivery. In general, data from statistical



42

sources such as this do not take into account all the
subsidiary production exergy values, but the data can
provide an order of magnitude estimate of the production
exergy of material.

(2) Process analysis:

Process analysis involves three stages. The first is to
identify the network of processes which contribute to the
final product, such as represented in Figure 3.5. Next each
process within the network has to be analyzed to identify
the inputs, in the form of equipment, material and exergy.
Finally an exergy value has to be assigned to each input.
The total production exergy of the material will be the sum

of these exergy inputs:

EX p = E (Exmat,Pi) (3 . 7)

mat,

This is not a simple calculation to accomplish this since it
is difficult to define and quantify all the steps of the
process from extraction of basic raw material to their final
products. For values representative of a country or region,
this calculation can only be carried out by using broad-
based primary data of each process. However, the published
data related to the performance of any industrial process is
unfortunately scattered throughout the literature and a
search for specific values can be very time-consuming.

Here, for the production exergy of selected materials,
results which have appeared in various publications are

used. Since the values are from a wide variety of published
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sources,

"the rounded values"

3.2 summarizes exergy content,

44 .

are used in this work. Table

production exergy and total

exergy of some selected materials.

Table 3.2 Exergy content and total resource exergy
for selected material and their products
Exergy Production Total exergy
Material content of | & delivery of material
material! exergy>**° used in this
(MJ/kg) (MJ/kg) work (MJ/kg)
Carbon steel 6.74 40-50 50
(general product)
Stainless steel 6.74 100-110 110
(general product)
Steel pipe 6.74 40-55 55
Steel sheet 6.74 40-55 55
& strip
Copper 2.11 90-120 110
(general product)
Aluminum 32.93 260-300 300
(general product)
Polyethylene 47.55 50-90 110

1: See Appendix A for

calculation.

2: C.Fussler and B. Krummenacher,

3: M. Ashby, 1992.

Frost and R. Hale,

exergy content of material

1979.

Boustead and F. Hancock,

1991.

1979.
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3.4. DISCUSSION

Most cf the human activity can be developed by consuming
the natural resources. The consumption of the natural
resources appears from raw material extraction to the final
stage of production. So a measure which can include all
these resource consumptions should be introduced enabling
the evaluation of the exhaustion of these natural resources.
The method presented in this chapter, which uses resource
exergy as a measure and adds the fuel production exergy and
material exergy into the consideration, allows more complete
exergy analyses to be conducted. The method developed here
is designed to include concerns about the natural resources,
where, the assessment of environmental friendliness is based
not only on the direct exergy consumption, but also on the
overall system and life-cycle view of the energy conversion
system including materials for equipment, working fluids
etc. It is apparent that material exergy and fuel production
exergy will be factored into energy conversion system
specification and design as well as equipment and substance

selection.



46

CHAPTER 4.

GLOBAL WARMING ENVIRONMENTAL IMPACT
CONSIDERATION OF ENERGY CONVERSION SYSTEM

4.1 INTRODUCTION

As indicated in Chapter 1, global warming, with the
effects of lower rainfall, decreasing soil moisture and
increasing temperature, has been the subject of worldwide
attention and research indicates that carbon dioxide and
CFCs are the major contribution (about 79%). In 1987, space
conditioning in the U.S.A. (the overall energy conversion
system}) used 5.4 quadrillion Btu of energy (not including
material exergy and fuel production exergy); this represents
9% of the total U.S.A. end-use energy. This energy
consumption results in about 433 million metric tons of
carbon dioxide emission. When combined with the emissions of
CFCs, which are used as refrigerants in the energy
conversion systems, the space conditioning overall energy
conversion system contributes more greenhouse gases to total
U.S.A. emission than most other activities. So "concern
about environment friendliness" must be injected into energy
conversion system analysis and design. In this chapter, the
global warming environmental impacts of energy conversion
systems will be examined. This will include not only the
impact of refrigerant emission on the environment, but also
the global warming impact associated with direct exergy

consumption (fuel consumption) as well as equipment material
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exergy consumption of the energy conversion system. Based on

this evaluation, a concept of total equivalent resource
exergy (TERE) of an energy conversion system will be
introduced, which will consider both resource exergy
consumption of the energy conversion system and the exergy
required to recover the greenhouse gases equivalent to the

emission of the system.

4.2 TOTAL EQUIVALENT GLOBAL WARMING IMPACT

In the last several years, in the energy conversion
industry, much attention has focused on the replacement of
working fluids (CFC’s) due to their role in ozone depletion
and the global warming potential. However as Figure 4.1
shows, the emission of working fluids into the atmosphere is
only one part of the global warming impact, this will be
termed the chemical emission effect. Another global warming
impact from the energy conversion system is the CO, emission
associated with the exergy consumption of the whole energy
conversion system, it is called the exergy-related effect.
The chemical emission and exergy-related effects of the
energy conversion system cannot be considered separately;
they are influenced by each other. Several recent
researchers [(Turiel and Levine 1989), (Fischer et al., 1991)
and (Calm et al., 1993)] combined these two effects on the
environment when they analyzed the energy conversion system.

However, during their analysis, for the exergy-related
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effect of the system they only considered direct exergy
consumption (fuel consumption) of the system and the
associated CO, emission. There is another exergy-related
effect which is the CO, emission associated with exergy
consumption for the fuel and the system equipment material
production. The previous chapter has discussed the fuel and
equipment material production and their associated exergy
consumption, which will then have a global warming impact.
The total equivalent warming impact, TEWI, can be used
to consider both the chemical emission and exergy-related

effects. The TEWI is defined as the equivalent amount of CO,

ATMOSPHERE TOTAL GREENHOUSE GAS
EMISSION BY ENERGY
CONVERSION SYSTEM
Cco,
co,
CO, tt CFC’s
FUEL |EXERGY | ENERGY CONVERSION | MATERIAL | \aTERIAL
SOURCE o SYSTEM MANUFACTURER

\
EXERGY

Figure 4.1 Total global warming impact
of energy conversion system
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that would give approximately the same integrated radiative
forcing over a particular integrating time due to the CFCs
and CO, of the complete system (Fischer et al., 1991). For

the energy conversion system, the TEWI is given as:

TEWI = EWIoy + EWIgy (4.1)
where: TEWI : Total equivalent global warming impact of the
system.

EWI.; : Chemical emission global warming impact of
the system.
EWI.y : Exergy-related global warming impact of the
system.
For EWI., here it 1s proposed that it includes the CO,
emission impacts due to the direct fuel exergy consumption
of the system and also the exergy which is used to produce
the materials (equipment and refrigerants). So, EWI. can be

written as:

EWIgx = EWIpxpa + EWIpxma (4.2)

where: EWIggg,: Exergy-related impact due to direct fuel
consumption of the system.
EWIgy n: Exergy-related impact due to material
exergy consumption.
The chemical emission impact and the exergy-related
impact which includes the total exergy consumption of the
system associated with environment impact will be combined

in this work and the result will be used to analyze various
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energy conversion systems. In the next section, the direct

emission of CFCs 1is related to equivalent CO, emission.

4.3 REFRIGERANT EMISSION AND GLOBAL WARMING IMPACT
(CHEMICAL EMISSION IMPACT)

To evaluate the global warming impact due to the system
chemical emissions, a relative measure, referred to as the
global warming potential index (GWP) developed by the
Intergovernmental Panel on Climate Change (IPCC) 1990, that
uses carbon dioxide as a reference gas will be used. The GWP
of the emission of a greenhouse gas is the time integrated
commitment to climate forcing from the instantaneous release
of 1 kg of a trace gas expressed relative to that from 1 kg

of carbon dioxide:

ITH

‘[afC{dt
Gwp=__2 (4.3)

f 8c02°Cooz'dl
0

where: a;: 1s the instantaneous radiative forcing due to a
unit increasing in the concentration of
greenhouse gas 1i.

c,: 1s concentration of the greenhouse gas i

remaining at time t after its release.
.0, C.p: are corresponding values for carbon

dioxide.
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ITH: is the number of years over which the
calculation is performed (integrating time
horizon) .

The GWP index provides a simplified means of estimating
the relative strength or potency of each CFC on the basis of
equivalent CO, emission. For some environment impacts, it is
important to evaluate the cumulative warming over an
extended period after the release of greenhouse gas, so the
calculation of the GWP value takes into account both the
impact and atmospheric lifetime of the greenhouse gas. Table
4.1 gives the GWP values for different greenhouse gases for
different ITH. From Table 4.1, it is easy to see that the
GWP is time dependent and that different rates of decay must
be considered in viewing GWPs. For example: one kg of CFC-22
would have the same impact on global warming as 4100 kg of
CO, during the first 20 years; this represents about 58% of

the impact of one kg CFC-12. However, the impact of one kg

Table 4.1 GCWP values of CFCs for different ITH"
(kg of CO, emission equivalent to one kg CFC)

ITH (years) | CFC-11 CFC-12 HCFC-22 HFC-134,
20 4,500 7,100 4,100 3,200
100 3,500 7,300 1,500 1,200
500 1,500 4,500 510 420

* Source: S. Fischer, et al. 1992.
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of CFC-22 would be comparable to only 1500 kg CO, over 100
years, representing an equivalent impact that is only 21% of

that for one kg of CFC-12.

4.4 EXERGY CONSUMPTION AND GLOBAL WARMING IMPACT
(EXERGY-RELATED IMPACT)

As discussed above, the exergy consumed by the system
also has an associated CO, emission, which comes from the
fossil fuel used in the power plant and material production.
To evaluate this part of the environment effect, it is
essential to relate the exergy consumption to the carbon
dioxide emission. This evaluation will involve consideration
of the direct use of fossil fuel, such as coal, natural gas
and oil; and the electricity generated by these fossil
fuels. Actually, the evaluation requires a consideration of
many factors, including: the exact nature and grade of fuel
used and the efficiency of electricity generation,
transportation and distribution. Table 4.2 gives the average
industrial energy consumption from all sources in the United
States. These values will be the assumed material resource
mix for this work. The average electricity generation
associated with fuel consumption to be used in this work is
given in Table 4.3. Using these two tables and considering
the CO, content of the fossil fuel, the CO, emission for the
average material resource exergy consumption and average
electricity generation can be evaluated; the results are

presented in Table 4.4.



Table 4.2 Industrial Energy Consumption by Source®

Fuel Percent
Coal 8.76
Natural gas 29.5
Petroleum 27.2
Electricity 34.4
Hydro 0.1

*Source: Energy Information Abstract Annual 1992.

Table 4.3 Fuel Consumption for Electricity

Generation® in the U.S.

Fuel Percent
Coal 53.7
Natural gas 9.6
Petroleum 4.0
Nuclear 21.9
Hydro and other 10.8

* Source: Energy Information Abstract Annual 1992.
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Table 4.4 CO, Emissions Associated with Exergy Consumption’

Exergy CO, emission
(kg)

Material resource

1 MJ 0.103

1 kWh 0.372
Electricity generation

1 MJ 0.178

1 kWh 0.64

* See Appendix B for detailed evaluation.
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4.5 TOTAL EQUIVALENT GLOBAL WARMING IMPACT OF THE ENERGY
CONVERSION SYSTEM

Using the definitions and method discussed above, the
total equivalent global warming impact of the energy
conversion systems for their lifetime can be evaluated.
Using Eg.(4.1), the TEWI of the energy conversion system is

expressed as:
TEWI,, = EWI.y + EWIg

For the energy conversion system,

» EWI.,; can be expressed as:
EWIoy = (oxY+0,) XxMyxGWPy (4.4)

where: Mq,: Refrigerant charge mass (kg).
o,: Refrigerant average annual loss rate
(fraction of charge/year).
o,: Disposal loss of refrigerant after life
time (fraction of charge).
Y: Energy conversion system life time (year).

» EWI., can be expressed by using Eqg. (4.2):
EWIgx = EWIgx g + EWIpx

where:

® EWIgy g may be evaluated by the following equation:

EWlgypa = Q + 7 X Y X B el (4.5)
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where: Q: Total energy required for the energy
conversion system in one year (MJ/year).
n: Energy conversion system end use efficiency.
Buq: Carbon dioxide emission associated with
specific fuel consumption (kg CO,/MJ..) .
(See Table 4.4 and Table B3).

® EWIgy,, May be calculated by this equation:

EWIEX,mal =X (1+7maIXY) anat,iXEXmal,Rixﬁmal,i (4 . 6)

where: 7v,.: Material replace rate (fraction of total
material/year) .
M, .:: Mass of material (kg).
EX .ri: Material resource exergy (MJ/kg).
Buui: Carbon dioxide emission associated with
material resource exergy consumption
(kg/MJg) . (See Table 4.4).

The evaluation of total equivalent global warming impact
for the energy conversion system based on the method
discussed above is illustrated by the following example.
Example: For the total space heating requirement in the
selected building is 45,260 (MJ/year), determine the TEWI
for two electric air-source heat pump systems one which uses
CFC-12 and one that uses HCFC-22 and for an electric
resistance heating system. Table 4.5 gives the design data

of these selected systems.
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Table 4.5 Design and performance data of selected systems’
Electric heat | Air-source Air-source
resistance heat pump (1) | heat pump (2)

Refrigerant CFC-12 HCFC-22
type
Refrigerant 3.5 3.5
(charge kg)
End use 1.0 2.44 2.44
efficiency
Life-time 15 15 15
(year)
Steel 200 350 350

(kg)
Copper 45 45

(kg)
Aluminum 30 30

(kg)
Material 3.33% 3.33% 3.33%
replace rate

{(v)
Refrigerant 4% 4%
annual loss
rate

(o)
Refrigerant 50% 50%

disposal loss
(o)

*

See Chapter 5

for detailed assumptions.



Using the above method, related equations and tables,

the TEWI values for these selected systems will be:

>

(*:

>

Electric resistance:

EW

EWI,

T —_
Iy = O

EWI EX ,fuel + EWIEX,mai

EWIegx i = (Q/ 1) xYxLBy

EWIEX‘mat

(45,260/1)x15%x0.178 = 120,800 (kg CO,)

E ( l+YX‘y) anat,iXEXmat,Rixﬁmat,i
(1+0.033x15)x(200%x74") x0.103 = 2,300 (kg CO,)

TEWI = EWIgyny + BWIg e + EWIgy

= 123,100 (kg CO,)

Considering 40% of steel is stainless steel.)

Heat pump system:

System (1): (Using CFC-12 as refrigerant)

EWIoy = (0xY+04,) xMogxGWPy

= (0.04x15+0.5)x3.5%x7,300" = 28,300 (kg CO,)

EWIgx = EWIgxfya + EWIpk ma

EWIgkpa = (Q/1) xYeuxBha
= 45,260+2.44x15x0.178 = 49,500 (kg CO,)

EWIEX,mat = E ( 1+’YXY) anat,iXEXmat,Rixﬁmat,l

+(0.04x15x0.5)x3.5x57] = 6,200 (kg CO,)
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= (1+0.033%x15)x[(350x74+45%x110+30x300)x%x0.103



TEWI = EWIcy + EWIgyr + EWIgy

5,800 (kg CO,)

= 84,000 (kg CO,)
System (2): (Using HCFC-22 as refrigerant)
EWI.y = (0.5+0.04x15)x3.5x1,500" =
TEWI = EWIqy + EWIgxpe + EWIgk
= 61,500 (kg CO,)
Table 4.6

shows the

{*: Based

on 100 year ITH.)

comparison of these results.
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summarizes the calculation results and Figure 4.3

Table 4.6 Global warming impact of selected
energy conversion systems
Electric heat | Air-source Air-source
resistance heat pump (1) | heat pump (2)
(CFC-12) (HCFC-22)
EWI oy 0.0 28,300 5,800
(kg CO,)
SERaC (34%) (9%)
EWT gy fuer 120,800 49,500 49,500
kg CO
teg €00 (98%) (59%) (813)
EWT gy 2,300 6,200 6,200
(kg CO,)
g (2%) (7%) (10%)
TEWI 123,100 84,000 61,500
(kg CO,)
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with HCFC-22

system
with CFC-12

(EWI)ch Ewnruel [l EW)mat

9
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selected energy conversion systems

Fig. 4.2 Global warming impact (TEWI) of
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4.6 THE TOTAL EQUIVALENT RESOURCE EXERGY OF ENERGY
CONVERSION SYSTEM

The above discussions and evaluation, lead to the
following results:

1: Resource exergy consumption and environment impact are
two key subjects of energy conversion system analysis.

So to optimize an energy conversion system, it is

necessary to consider both resource exergy consumption

and environment impact.
2: There is a strong relationship between exergy
consumption and environment impact.

Based on these results and some recent studies [ (Blok,
et al., 19%92), (T. Suda, et al., 1992) and (E.I. Yantovskii,
et al., 1992, 1993, 1994)] which present several different
carbon dioxide recovery techniques, the concept of Total
Equivalent Resource Exergy (TERE) of energy conversion
systems is introduced. The TERE considers not only the total
resource exergy consumed by the energy conversion system,
but also the resource exergy needed to recover the
greenhouse gases equal to the total equivalent CO, released
by the system. Figure 4.3 shows a combined system which
includes a general energy conversion system and a CO,
recovery system. From Figure 4.3, it can be seen that the
total resource exergy consumed by the combined system is the
sum of the resource exergy used by the two subsystems. This
total resource exergy is defined as the total equivalent

resource exergy (TERE) of the energy conversion system:
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TERE = (EXpqr)ee + (EXpur)ec + (EXpar)re + (EXpur) re (4.7)

where: (EXggp)ecs (EXpur)ee ¢ Fuel resource exergy and
material resource exergy of the energy conversion
system respectively.

(EXgar) rer (EXpurlre @ Fuel resource exergy and
material resource exergy of the carbon dioxide
recovery system respectively.

The sum of (EXj,p)ge 3nd (EX,,g)ge 18 called total

resource exergy of the CO, recovery system and described as:

(EXipu) e = (EXfucl,R)RE + (EX,.r)re (4.8)

For a special CO, recovery technique, which the exergy
required to recover one kilogram carbon dioxide is constant,

the value of (EX,,)zz depends on the chemical emission

r--r—-r———~—~~~"~""~""~""™"™"™"™"™"™"™"/"/"/"/"7"7/V/ 1
I
| TFuel & materioll Mool & moteria 1
Fuel & material Fuel & material,
(EX ) : : production : : production { | (X i e
| I Energy CO, recovery I m
conversion
: ; IL equipment system JI ; :
(Exmt.k)sc : L__ ] L ___| : (EXMR)RE
L |
I
I
: TEW (CO kg) EWl  (CO, kg |
U J

Figure 4.3 A general energy conversion system and
a carbon dioxide recovery system
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(Mcy) » fuel resource exergy (EXg,p) and material resource
exergy (EX,,r) consumption of the energy conversion system.

It can be written as:

(EXio) R = (Exfuel,R)RE + (EX.r)Rre

= Fl{ (MCH)ECI (EXfucl,R)ECI (EXmat.R)EC} (4.9)
and TERE is given as:

TERE = (EXfUClyR) EC + (EXma[.R) EC +

+ Fl{ (Mcy) ger (EXpyerr) ges (Exmat,R)EC}

F{ (Mcy) gc (EXpyerr) BCs <EXmal,R)EC} (4.10)

The total equivalent CO, emission of the combined system is:
(TEWI) oy = (TEWI)pgc + (TEWI) g (4.11)

where: (TEWI),.,, (TEWI)g. and (TEWI)g, are total equivalent
warming impacts of combined system, energy conversion
system and CO, recovery system respectively.

Defining the exergy required to reduce the CO, in the

atmosphere by one kilogram as:

(ex ) — (EXtotal)RE - (Exfuel,R) RE+(EXmat,R) RE (4.12)
COZTRE (TEWI) vorar (TEWI) po+ (TEWI) g

So, Eg.(4.9) can be rewritten as:

(EXipu) g = (€Xcop) % (TEWI) oy

= (eXcoy) X [(TEWI)ge + (TEWI) gl (4.13)
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where:

(TEWI) ge (EWIcy)ge + (EWIEX,fuel) ec T (EWIEX,mat) EC

(TEWI) e (EWIcy)ge + (EWIEX,fuel) RE t (EWIEX,mal> RE

Considering for a specific CO, recovery system, the material
resource exergy and fuel resource exergy consumption have a

linear relationship, that is:

(EXpur) re = A X (EXperr) re (4.14)
where: A is a constant for a specific CO, recovery system.
Introducing Eg. (4.5) and Eg. (4.6):

EWIgy e = (EXfuel,R)xBﬁlcl (4.5)
EWLgx e = (EXpuir) XBo (4.6)
Substituting Eq. (4.5),Eq. (4.6) and Eq. (4.14) into Eqg.(4.13):

(EX, ) re= (€Xcop) X [ (TEWI) gt (TEWI) g
= (€Xcop) X{ (TEWI) g+ [EWIcy+ (EXgar) *Bructt (EXparr) XBuna] ret
= (eXcgy) X { (TEWI) gt [EWIcy+ (EXpor) *BructBx (EXpyar) XBunu] re}
(4.15)

Combining Eq. (4.15) with Eqg. (4.9) gives

(EXiou) e = (EXpr) reT (EXpur) re= (1+A) x (EXgeir) re
= (€Xcoy) X { (TEWI) g+ (EWIcy) ppt (EXfyer r) REXB e+ AX (EXfyerr) ReX Bt}

(4.16)


http:Eq.(4.15
http:Eq.(4.13
http:Eq.(4.14
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The above equation can be rewritten as:

TEWI o+ (EWI ) gg

(EX ) o= {€Xnns ) prX (4.17)
fuel, k7 RE Coz7RE (l +A) - (eXCOZ) RE‘.>< [ﬁfuel +AXBmat]
TEWI. .+ (EWI..)
(E ) on=AX (€% ) puX Ec CH RE (4.18)
Frnac. ) ve COLEET{1+A) - (eXeop) peX [Bruer tAXBrac]
Finally, the TERE is given as:
TERE = (EXpgp)ec + (EXpur)ec + (EXfar) re + (EXpur) re (4.7)

where: (EXgugr)re: 18 defined by Eq.(4.17).
(EXpur)re: 18 defined by Eqg. (4.18).
(€Xcop) g ¢ 18 defined by Eq. (4.12).
TEWIg.: is defined by Eq. (4.1)
(EWIcy)ge: 1is defined by Eqg. (4.4).

A: is defined by Eq. (4.14).

From Eqg. (4.7), it is easy to see that TERE is function of

(EXper) g (EXpur) ger (EXpgr)re @nd  (EXjup) get
TERE = Gx{ (EXfucl,R) EC/ (EXmat,R) EC* (EXfuel,R) RE/ (EXmut,R) RE}

since (EXggg)ge and (EX ,g)ps are function of A, (eXce;) e,
(EWIcw)ee, (EWIew)res (EXpar)ecr (EXpwr)ecs Bra and Bu,. IE
considering A, (eXcoy)grer (EWIey)re: Brg and B, are constant
numbers, then TERE will only be the function of (EXgqg)ec:

(EXpur) e and (Mey) ge, that is:

TERE = G{ <EXfuel,R)ECI <EXmal,R)ECI (MCH)EC} (4.19)


http:Eq.(4.14
http:Eq.(4.12
http:Eq.(4.18
http:Eq.(4.17
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The objective function which is to minimize the TERE of an

energy conversion system can be expressed as:
Minimize {TERE} = G{(EXN%RMEF(EXm&RMII(N%H)KJ (4.20)

This equation considers both the system resource exergy
consumption and the system environment impact, it will make
energy conversion system analysis, optimization and design
more reasonable.

In recent years, many different approaches to the CO,
recovery proplem have been shown in the literature. In most
cases, the removal technologies are for power plants.
Generally there are three main methods for removal of CO,
from power plant flue gases:

» Chemical absorption, using amines as absorbing agent to
absorb carbon dioxide from flue gases [(Suda, et al.
1992) and (Bolland, et al. 1992)]. CO, is absorbed by a
solvent at low temperature and/or high pressure and
released at high temperature and/or low pressure. In
Bolland’s study, for one kilogram of CO, recovery, about
6 MJ resource exergy is consumed.

» Membrane separation, using membranes to remove carbon
dioxide from flues gases [(Feron, et al. 1992),
(Hendriks, et al. 1992), (Saha, et al. 1292) and
(Jansen, et al. 1992)]. This method relies on
differences in solubility and diffusion of gases in
polymers or other type of membranes materials.

Hendriks’ work shows that about 4 MJ resource exergy is
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required to recover one net kilogram CO,. Some other

results show that using membrane method will increase

electricity cost by 20% to 40%.

» Modifying the power plant in such a way that uses oxygen
as the combustion medium instead of air. Then the excess
flue gas (most is CO,) is compressed and liquified
[(Allam, et al. 1992}, (Ruyck, 1992) and (Yantovskii,
et al. 1992,1993)]. Estimates vary widely, with the more
conservative indicating the overall power plant
efficiency will be reduced by up to 30% with this method
of recovery.

Present schemes for keeping the CO, out of the
atmosphere are to dispose of it at high pressure into
abandoned oil wells or deep into the ocean.

Although there are different options for recovery of the
CO, emissions from the atmosphere, most of these approaches
are either theoretical work (computer simulation), or
laboratory test. Thus, the estimation of a precise value for
the CO, recovery exergy of a real system is not feasible.
This work will use a value of 5 MJ of resource exergy to
recover one net kilogram of CO,. It is developed from the
power plant CO, removal technologies reported by (Hendriks,
1992), (Suda, 19%2), and (Bolland, 1992) and represents a
nominal value within the approximate range of 4 MJ to 6 MJ
per kg CO,. The value selected above is not to be considered
a precise value and serves here for the purpose of

demonstration. This work also assumes that the material



resource exergy for CO, recovery systems represents about
eight percent of the total resource exergy, similar to what
has been observed in energy conversion system. Combining
these assumptions with the equations proposed in this
chapter, the exergy required to recover the total equivalent
CO, emission and the TERE values for the energy conversion
systems in the previous section’s example can be evaluated.

Eg. (4.12) is set equal to the 5 (MJ/kg.CO,) value.

(EXfye1,r) ret (EXpae, r) re
(eXeo ) ay™ Hess at, =5 (MJ/kgCO,)
€O 7 BX (EWI) po+ (TEWI) o 2

Combining the above result with Egs. (4.17) and (4.18), and
congidering:

A = 0.08

Buu=0.103 (kg CO,/MJ) (Table 4.4)

Buq=0-103 (kg CO,/MJ) (Table 4.4)
the exergy required to recover CO, and the TERE value for

electric resistance heater are:

TEWI o+ (EWI ) gg

(1+A) - (excoz) REX [Bfuel+Axﬁmat]

(EXfuel,R) re= (€Xcoz) REX

-
ey 123,130x10 1,200 (GT)
(1+0.08) -5x(0.103+0.08x0.103)


http:Eqs.(4.17
http:Eq.(4.12

(EXmat,R) re=AX (€X0,) peX

= 1,200 x 0.08 =

TERE =

Using the same procedures,

TEWIpp+ (EWIy) pe

2,200 + 1,200 + 100 =

3,500

100 (GJ)

(GJ)

(1+2) ~ (eXcon) reX [Bruer TAXPrat]
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the TERE values of the two heat

pump systems can be calculated. The results are presented in

Table 4.7. The comparison of the total CO, recovery exergy

and TERE values of the selected energy conversion systems

are shown in Figures 4.5 and 4.6.

Table 4.7 The TERE values and CO, recovery exergy of
selected energy conversion systems
Electric heat | Air-source Air-source
resistance heat pump (1) { heat pump (2)
CFC-12 HCFC-22
Fuel 1,200 800 600
resource
exergy of CO, | 345 44% 37%
recovery (GJ)
Material 100 70 50
resource
exergy of CO, 3% 4% 3%
recovery (GJ)
Total 2,200 950 950
resource
exergy of
energy 63% 52% 60%
conversion
system (GJ)
Total
equivalent 3,500 1,820 1,600
resource
exergy
(TERE) (GJ)
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4.7 CONCLUSION

In the energy conversion industry, when people consider
the global warming impact of the system, most put their
attention on either alternative refrigerants or reducing the
direct exergy consumption (fuel consumption) of the system.
In this work, the global warming impact due to the chemical
emission and impact associated with direct exergy
consumption (fuel consumption) as well as system equipment
materials consumption of the energy conversion system are
considered together. The TERE method presented in this
chapter indicates that the resource exergy of the energy
conversion system and environmental impact exergy are both
substantial impacts and should be compared together.

In this work, 5 MJ of resource exergy [(ex.,)ge] 1s used
for the calculation of recovering one net kilogram of carbon
dioxide from the atmosphere. The specific value of this
impacts the comparison. The question arises: what is the
minimum resource exergy required to recover CO, from the
atmosphere and what is the maximum this could be and still
allow a net CO, recovery. From the exergy calculation it can
be seen that the exergy difference between CO, at the state
of atmosphere (P,, T;, and X.y; and the state (P=100 atm,

T,, and X ,=1), which the CO, is recovered and compressed
from atmosphere, is about 0.5 MJ. So the minimum exergy
required to recovery CO, from atmosphere should be no less

than 0.5 MJ. From Eqg.(4.17) it can be seen that the maximum


http:Eq.(4.17
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value of (eXcy,)geg Would be that which would satisfy the

following equation:
1+Az (eXeg ) peX [Bryer TAXBrat] (4.21)
or:

+
(eXcy ) gp< 1A (4.22)

RET ﬁfuel +Axﬁmat

For the fuel consumption model used in this thesis, the

maximum value of (eXqq,) g Will be:

1+0.08
- =9.7 (MJ/kgCO
(€Xco,) re,vax™ 510370 . 08x0. 103 (MJ/kgCO,)

For a specific CO, recovery method, if the value of (eX¢p)ge
is greater than the value of (eXcp)gremxs that means the CO,
emission associated with CO, recovery exergy would be
greater than the CO, to be recovered and hence such a CO,
recovery method would not work.

For comparison, it is noted that the theoretical minimum
for the exergy of recovering CO, from the atmosphere and
disposed of it at 100 atm pressure is about 0.5 (MJ/kgCo,) .
Thus the nominal value of 5 (MJ/kgCO,) used in this work not
only lies midway in the nominal range for systems presented
in the literatures (4 to 6 MJ/kgCQO,), but also roughly
midway between the minimum value of 0.5 (MJ/kgCO,) and the
maximum value of 9.7 (MJ/kgCo0,) .

The Total Equivalent Resource Exergy (TERE) proposed in

this chapter, which considers both resource exergy



consumption and the glcocbal warming impact of the energy
conversion system, is based on the exergy concept. The TERE
value uses the exergy as a measure to compare the energy
conversion systems the utilization of natural resources
(both fuel and material resources). Even though the
calculation equation (Eg.4.7) proposed in this chapter only
considers the global warming impact, it appears it could
readily be extended to evaluate other global environmental

impacts. Rewriting Eq.4.7 in a general form yields:
TERE = (EXfuel,R) ect (Exmat,R) EC+Z (EXfucl,R) Rc.i+E (Exmat,R) Re,i (4 .23)

where:  (EXg,p)ge;: 18 fuel resource exergy of recovery
global environmental impact gas 1i.
(EX,ur)re;: 18 material resource exergy of recovery

global environmental impact gas 1i.

The general TERE calculation equation (Eg.4.23) can then be
used for the situation where any other global environment
impact is considered during the energy conversion analysis.
The concept of TERE makes the analysis more reasonable and
more complete and can be used as the objective function for

energy conversion system design and optimization.
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CHAPTER 5.

A COMPARISON OF TOTAL EXERGY CONSUMPTION AND GLOBAL WARMING
IMPACTS OF ENERGY CONVERSION SYSTEMS IN THEIR LIFETIME

5.1 INTRODUCTION

As discussed in previous chapters, to analyze an energy
conversion system completely, it is necessary to consider
both the total resource exergy consumption and the total
equivalent environment impact of the system. For the system
resource exergy consumption, it includes direct fuel exergy,
system material exergy and exergy required to obtain fuel
and material from its source. For the total equivalent
environment impact of the system, it includes the impact due
to the chemical material emission, impact associated with
direct fuel consumption as well as impact associated with
system material production and transportation. In this
chapter, the total resource exergy and total equivalent
environment impact of three different types of energy
conversion systems will be evaluated for a single family
home of load in a specific climate by using the method
discussed in previous chapters. The total equivalent
resource exergy consumption of selected energy conversion

systems will also be evaluated and compared.
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5.2 TOTAL EXERGY CONSUMPTION OF ALTERNATIVE ENERGY
CONVERSION SYSTEMS

A "typical" single family home, located in the Portland
Oregon area, that would require a three-ton heat pump
system, is used for the basis of this analysis. For this
system the design heat load is 25.83 (MJ/hr) with a design
temperature of -5°C and total space heating requirement in
the selected area is 45,260(MJ/year). These specific values
are taken from L’'Ecuyer et al. (1993). The three chosen
energy conversion systems are:

» High efficiency air-source heat pump
» Direct-expansion ground-source heat pump
» Vertical ground-coupled heat pump
Table 5.1 provides a comparison of the design data of
these three heat pump systems.

Estimates of equipment materials consumed by each system
in this study are summarized in Table 5.2. Although little
data is reported in the literature, the materials used by
the different systems varies quite widely. The specific
numbers used in this study (Tables 5.1 and 5.2) are based on
limited data available to the author [(Lennox Industries
Inc, 1994), (Lenarduzzi,b1991), (Kavanaugh, 1992) and (Bose,
1983)1 and the author'’'s assumptions and are used here for
illustrative purposes only. They do not represent actual

values based on an extensive investigation.
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The following assumptions are used in this analysis:

1: The systems have an application life-time of 15
years, and during that life-time, 50% of the equipment
material will be replaced (equivalent to an annual material
replace rate of 3.33%). The replacement of material during
the life-time and the estimated 15 years life-time are due
to a combination of equipment failure (e.g., compressor and
some auxiliary system replacement after 10 years, etc.) and
remodelling.

2: Since no reliable data are found on refrigerant
annual loss rate in unitary heat pump systems for recent
years and considering extreme annual loss is about eight
percent (Fisher et al., 1991), an average four percent
annual loss rate is used in this work. In recent years,

Table 5.1 Design and performance data of
the selected heat pump systems

Three-ton Air-source | Direct- Vertical

heat pump heat pump’ expansion ground—coupled

system ground-source heat pump?”
heat pump'

Refrigerant HCFC-22 HCFC-22 HCFC-22

Refrigerant 3.5 12.7 2.0

(Charged kg)

End-use 2.44 2.85 3.1

efficiency

(heating)

Life-time 15 15 15

(year)

1: Lenarduzzi, 1991.

2: L'Ecuyer, 1993.

W

Bose, 1983.
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Table 5.2 Material consumption of the selected systems
Heat pump Subsystem Material Mass
(kg)
Air-source Outdoor units Copper 25
heat pump (compressor, fan unit, | Steel 95
exchanger, and Aluminum 15
auxiliary duct)
Indoor units Copper 20
(fan unit, exchanger, Steel 55
and auxiliary duct) Aluminum 15
Heat resistance Steel 200
and duct system
Total Copper 45
Steel 350
Aluminum 30
Direct-expansion [ Indoor units Copper 25
ground-source (compressor, fan unit, | Steel 95
heat pump' exchanger and duct) Aluminum 15
Ground coil Copper 340
Steel 15
Heat resistance Steel 200
and duct system
Total Copper 365
Steel 310
Aluminum 15
1: Lenarduzzi, 1991.
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Table 5.2 continued

Heat pump Subsystem Material Mass
(kg)
Vertical Indoor units Copper 25
ground—cougled (compressor, fan unit, | Steel 95
heat pump?® exchanger and duct) Aluminum 15
Outdoor units Copper 15
(exchanger, fan unit Steel 50
and auxiliary duct) Aluminum 10
Ground pipe Propylene 200
Heat resistance Steel 200
and duct system
Total Copper 40
Steel 345
Aluminum 25
Propylene 200

2: Bose, 1983,

3: Kavanaugh, 1992.

after the system’s life-time, most refrigerant can be
recovered. However, the unitary equipment technician skill
levels may nonetheless prevent complete recovery and for
some systems, due to part of the system equipment or piping
being broken, the total refrigerant may be released to the
atmosphere. Based on these considerations, it is assumed
that 50% of the total refrigerant (working fluid) will be
released to the atmosphere at the end of the system life-
time.

3: The values in Table 5.2 for the vertical ground-

coupled heat pump are based on using water as the working
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fluid in the ground; if an antifreeze is used in the system,
account must also be taken of this fluid.
4: The GWP values of CFCs are based on a 100 year ITH.
Based on the above assumptions and using the method
discussed in previous chapters, the direct fuel exergy
requirement and resource exergy consumption of the heat pump
system for its life-time can be written as Eq.(5.1) and Eqg.

(5.2) respectively:

L (EX ) = (Q/n)xY (5.1)
Exifuel,rec = EXifuel,req /niEX,fuei (5 . 2)
where: 7'gxng @ Fuel exergy production efficiency of fuel 1i.

EX'ueireqr EXfurre: Fuel exergy requirement and

resource exergy consumption of fuel i respectively.

Using these equations and data from Tables 3.1 and 5.1,
the total fuel resource exergy consumption of the selected
heat pump systems for their life-time will be:
» Air-source heat pump:

EXppeiree = (Q/0/Mpxae) XY

=45,260+2.44+0.318x15 = 875,000 (MJ)
» Direct-expansion ground-source heat pump:
v d

EXqetree = 45,260%15:0.318+2.85 = 749,100 (MJ)
» Vertical ground-coupled heat pump:

EXfeee = 45,260x15+0.318+3.1 = 688,700 (MJ)

For the material resource exergy of the systems, the

following equation can be used:


http:45,260x15+0.318+2.85

EXmatl sys E (‘Yl,iXY+’Y?.,i) XNIiXEXmat.Rn (5 - 3)

where: M: Mass of material i (kg).

EX,.r: Resource exergy of material i (MJ/kg).

Vi Replace rate of material i (fraction of

total mass/year) .
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Yait Material 1 disposal loss after its life-time

(fraction of total mass).

Using this equation with the data in Tables 5.2 and 3.2,

material resource exergy for these three systems are:

» Air-source heat pump:

Copper : (EXmal,R) Co = (’YI,COXY+72,C0) XMCOXEXCO,Ri

= (0.033x15+1)x45%x110 = 7,430 (MJ)

Steel: (EXpur)st = (0.x5+1)x350x75" = 39,370 (MJ)

Aluminum: (EXpur)ar = (0.1x5+1)x30x300 13,500 (MJ)

Refrigerant: (EX,r)ps = (0.04x15+0.5)x3.5x57 = 220 (MJ)

Total material resource exergy:

(EXmat,R) Total = (EXmaI,R) co t (EXmaI,R> st T (EXmat,R) Al t (EXmat,R) Ref

=7,430+39,370+13,500+220 = 60,520 (MJ)

Due to lack of information of production exergy of
refrigerant, comparison with some chemical products,
50 (MJ/kg) material production exergy for all
refrigerants is assumed in this work.

*%: Considering 40% of steel is stainless steel.
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The same method can be used to evaluated the ground-
source heat pumps. The results are summarized in Table 5.3.
The total resource exergy consumed by these three heat pump
systems should be the summation of the fuel resource exergy
and material resource exergy. This summation is given in
Table 5.4. Figures 5.1, 5.2 and 5.3 give the comparisons the
resource exergy consumptions of the heat pump systems.

Table 5.3 Material resource exergy consumption
of selected systems (MJ)

Air-source | Direct-expansion | Vertical
heat pump ground-source ground-coupled
heat pump heat pump

Refrigerant 220 800 130
Copper 7,430 60,200 6,600
Steel 39,370 34,900 38,800
Aluminum 13,500 6,800 11,250
Propylene 0 0 33,000
Total 60,520 102,700 89,800

Table 5.4 The total resource exergy consumption
of selected systems

Air-source | Direct-expansion | Vertical
heat pump ground-source ground-coupled
heat pump heat pump

Fuel 875 750 690
resource . . -
exergy (GJ) 94% 88% 88%
Material 60 103 90
resource R R R
exergy (GJ) 6% 12% 12%
Total
resource 935 853 780
exergy (GJ)
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Figure 5.1 Fuel resource exergy consumption of
selected systems during their life-time
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Figure 5.2 Material resource exergy consumption of
selected systems during their life-time.
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5.3 TOTAL GLOBAL WARMING IMPACT OF THE
ALTERNATIVE ENERGY CONVERSION SYSTEMS

Combining the method proposed in Chapter 4 with the
results obtained in the previous part of this Chapter, the
total global warming impact of the three selected heat pump
systems will be analyzed in this part.

Using Eq. (4.4) and the data from Tables 5.1 and 4.1, the
chemical emission global warming impact of the selected heat
pump systems are:

» Air-source heat pump:
EWIoy = (0xY+a,) xMcgXGWPy
=(0.04x15+0.5) x3.5x1500 = 5,780 (kg CO,)
» Direct-expansion ground-source heat pump:
EWI.y = (0.04x15+0.5)x12.7x1500 = 20,960 (kg CO,)
» Vertical ground-coupled heat pump:

EWI. = (0.04x15+0.5)x2x1500 = 3,300 (kg CO,)

The global warming impact associated with fuel resource
exergy and material resource exergy consumption of these
heat pump systems can be evaluated by means of Egs. (4.5) and
(5.3) with Tables 4.4, 5.3 and 5.4:
» Air-source heat pump:

EWIgx fue = QXY+ xfy,

45,260x15+2.44x0.178 = 49,530 (kg CO,)

EWIEX,mat = E(’)/2,i+’yl,ixY) XMiXE}(mal,imeat

0.103x{(0.033x15+1)x (45x110+350x75+30x300)

+(0.04x15+0.5)x3.5x57} = 6,240 (kg CO,)
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Combining the above results, the total equivalent warming

impact (TEWI) of the heat pump system is:

TEWI = EWIcy + EWIpgpa + EWIgy o

5,780 + 49,530 + 6,240 = 61,550 (kg CO,)

Using the same method, the greenhouse effect associated with
exergy consumption and the total equivalent warming impact
(TEWI) of the ground-source heat pumps are calculated and
the results are given in Table 5.5. The comparisons of
global warming impact due to the different sources of these
heat pump systems are shown in Figures 5.4, 5.5 and 5.6. The
total equivalent warming impact (TEWI) of selected systems
are also compared with the electric heat resistance system
which works at same condition. Figure 5.7 shows this

comparison.



Table 5.5

The total global warming impact
of selected heat pump systems

Global Air-source | Direct- Vertical

warming heat pump expansion ground-coupled

impact ground-source heat pump
heat pump

Chemical 5,800 21,000 3,300

emission

(EWIcy)

(CO, kg) 10% 28% 6%

Direct fuel 49,500 42,400 39,000

consumption

(EWIEX,fuel)

(CO, kg) 80% 57% 76%

Material 6,200 10,600 9,300

consumption

( EWIEX,mal)

(Co, kg) 10% 15% 18%

Total

equivalent 61,500 73,930 51,600

Warming

impact (TEWI)

(CO, kg)
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Figure 5.4 Global warming impact associated with
chemical emission of selected systems
during their life-time
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Figure 5.7 Total global warming impact (TEWI)
of selected systems during their
life-time
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5.4 THE TOTAL EQUIVALENT RESOURCE EXERGY OF
ALTERNATIVE ENERGY CONVERSTON SYSTEMS
From the above discussions and comparisons, for the
selected heat pump systems, it has shown two different
results. If only considering the total resource exergy, the
air-source heat pump has the highest exergy consumption; if
considering global warming impact, the direct-expansion
ground source heat pump has the most global warming impact.
In this part, the concept and calculation method of total
equivalent resource exergy (TERE) will be used to calculate
and compare the selected heat pump systems.
Considering:
A = 0.08,
Bia = 0.103 (kg CO,/MJ)
B.. = 0.103 (kg CO,/MJ)
(EXcon)re = 5 (MJ/kg CO,)
Combining these data and results obtained in previous part
of this chapter with Egs. (4.17) and (4.18), the exergy
needed to recover equivalent CO, emission and the TERE

values for selected heat pump systems are:

» Air-source heat pump:

TEWI et (EWIcy) pe
1+A) - (excoz) REX [ﬁfue1+Axﬁmat]

(ExﬁmlJJREz(eX&R)ECX(

61,550x1073

=590 (GJ)
(1+40.08)-5%x(0.103+0.08x0.103)

=5x



http:Eqs.(4.17
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TEWI o+ (EWT o) pg

(€Xcgp) peX [Bruer *AXP sl

(EXpat,r) re=AX (€Xcoz) peX (1+A) -

= 590 x 0.08 = 50(GJ)
TERE = 940+590+450 = 1,580 (GJ)

The TERE values of ground-source heat pumps can be
calculated by using the same method, and the results are
given in Table 5.6. Comparison of TERE of the selected heat

pump systems are shown in Figures 5.8 and 5.9.
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Table 5.6 The TERE values and CO, recovery exergy of
selected energy conversion systems
Air-gsource Direct- Vertical
heat pump expansion ground-
ground-source | coupled
heat pump heat pump

Fuel 590 710 500

resource

exergy of CO,

recovery(GJ) 37% 44% 38%

Material 50 60 40

resource

exergy of CO, 3% 4% 3%

recovery (GJ)

Total 640 770 540

resource

exergy of CO, 40% 48% 41%

recovery (GJ)

Total 940 850 780

resource

exergy of

energy | 60% 52% 59%

conversion

system (GJ)

Total

equivalent 1,580 1,620 1,320

resource

exergy

(TERE) (GJ)
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Figure 5.8 The total CO, recovery exergy for

selected heat pump systems
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5.5 CONCLUSION

The work presented in this chapter illustrates the
calculation procedure of the total resource exergy, total
equivalent global warming impact (TEWI) and total equivalent
resource exergy (TERE) for the general energy conversion
systems. The calculation results and the comparison of
selected heat pump systems for the specific case are shown.
The major conclusions drawn from the calculation are:

» The total equivalent resource exergy (TERE) proposed in
the previous chapter, which includes the resource exergy
consumed by the energy conversion system and exergy
needed to recover the global warming gases, allows an
overall comparison of energy conversion systems. From the
calculation results, it can be seen that if only
system exergy consumption is considered, the direct-
expansion heat pump uses less resource exergy than the
of air-source heat pump. However, using TERE as a
criterion to analyze and compare these energy conversion
systems during their life-time, the air-source heat pump
system is better than direct-expansion ground source heat
pump system considered here. The concept of TERE, which
makes the analysis more complete, thus can be used
effectively as the objective function for energy
conversion system optimization.

» The calculation results have shown that the system
material exergy and associated environment impact are

important factors when an energy conversion system is
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analyzed completely. Tables 5.4 and 5.5 show that

the material resource exergy amounts to about 6% to 12%
total resource exergy consumption of the selected heat
pump system; and the global warming impact associated
with this material exergy consumption amounts to about

10% to 18% of total system global warming impact.
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CHAPTER 6.

MATERIAL AND REFRIGERANT RECYCLING

6.1 INTRODUCTION

In the previous chapters, material resource exergy and
associated environmental impact have been discussed. In this
chapter, the focus of the study will shift to the secondary
production of materials and refrigerants (recycling of
materials and refrigerants), which are made from waste
materials. The role of refrigerants and materials recycling
will be examined and the potential for reduction of the
resource exergy, material resources and the associated

global environmental impacts will be evaluated.

6.2 MATERIAL AND REFRIGERANT RECYCLING

The calculation and discussion in previous chapters are
based on the following two assumptions:

(1) All materials are produced from the dead state
(natural environment) .

(2) All materials will go to waste and become
irrecoverable at the end of system equipment life-
time.

The evaluation has shown all materials contain exergy
(chemical exergy and primary production exergy). Exergy is
used to produce materials from the natural environment (dead

state). So when materials are used, exergy is used, and with
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the consumption of materials and exergy, there is associated
with environmental impacts. When the energy conversion
system equipment reaches the end of its life-time, the
exergy within the materials as well as the material itself
(one of the natural resources) is still useful. These used
materials can be recycled and served as "ores" of new
material. Figure 6.1 shows this recycle process. In Chapter
3, the calculation equation for the resource exergy of

material has been discussed and been given by Eqg. (3.2):
EXmat,R = EXmat.C + L (EXmat,Pi) (3 .2 )

For the recycling materials, the resource exergy can be

expressed as:
(EXmat,R) Recycle = EXmat,C + E (E)(maL,Pi) Reeycle (6 M l)

Comparing Figure 6.1 and Figure 3.5 and these two equations,
it can be found that for the material recycling process,
there are used material collection and pre-treat sub-
processes instead of raw material ore exploration, mining
and extraction sub-processes; the difference between the
material resource exergy, EX ,r, and the recycled material
resource exergy, (EXp,p) %", will depend on the difference
of the exergy input in these two different processes.
Previous researchers [(P.F. Chapman and F.Roberts, 1983)

and C.R.Fussler and Krummenacher, 1991)] have shown that for



— e |
| I
] ) |
| Refine Smelt I
: and cast | :
I M [
e e e e e e —— | — —
[—————f—————
EX 4 \y :
::ZZ§:> Fabrication : Separation
|
|
f
EXs v :
Product I Clean and
j manufacture : dry
I \
(I | B
W { __________
Equipment | Collection
serves its : and sort
purpose |
[ \
|
'V |
. |
Equnpmept | | Potential
reaches its F— P s
. . ! Material ’ores
life—time :
L

Figure 6.1 Material

recycling processes

101



102

some materials, the production exergy required for the
material recycling process is much less than that of new

material production process. That is:

L (EXparpi) 7 < E (EXp pi)

Or, it can be said that for these materials, the material
recycling exergy efficiency (Mexma) ¥ is much larger than

new material production efficiency (9gxma) :

Recycle >

( n EX,mat) ( n EX,mat)

Table 6.1 gives the some exergy requirements for material
production from natural environment (primary production) and

from recycling material (secondary production).

Table 6.1 Comparison of the exergy requirement for
primary and secondary material production

Material Primary Secondary?®
(MJ/kg) (MJ/kg)

Steel 40 9

Thermoplastic 14.2 5.7

polymers®

Copper 100 20

Aluminum 270 17

a: Excludes the pre-treat exergy.
b: Excludes hydrocarbon chain exergy value.
Source:

(1) Chapman et al., 1983.

{(2) Fussler et al., 1991.
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Since recycled materials (secondary production

materials) consume less exergy than the primary production
materials, so the more used materials to be recycled, the
more exergy and natural resource to be saved and less
environmental impact. Currently, the recycled materials are
usually mixed with primary production materials to new make
material products. Figure 5.2 shows this production process.
the total

For this mixed material production process,

resource exergy of the mixed material is given as:

Figure 6.2

¢5x4

Secondary
Production

\b EX4

Recycling
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) Recycle

(BXpar) mix = EXpact01xZ (EX 0 pi) +0,xZ (EX

‘mat, mat,Pi

(6.2)

where: §,, 0, are mass fraction of raw material and recycled
material in the material production product

respectively.

Then, the material production efficiency is given as:

= EXmat,C
Exmat,c"'élxz (Exmat,Pi) +62x2 (EXmat,Pi) Recycle

MNex (6.3)

From Table 4.1 in Chapter 4, it can be seen that the
global warming potential indexes of refrigerants (CFCs) can
be quite high. Thus, global warming impact caused by one
kilogram of refrigerant (CFCs) released to the atmosphere
will be equal to the impact by releasing thousands of
kilograms of CO,. So it has become important to reduce
refrigerant leakage and recycle the refrigerant at the end

of the system life-time. This is evident in Eqg.4.4:

EWIoy = (0yxY+0,) xMyXGWPoy (4.4)

where it is important to reduce the annual loss rate (o)
and disposal loss (o,) to as small of value as possible.
The following example will show how recycling materials
influences the total resource exergy consumption and
associated global warming impact. Considering an air-source
heat pump system and a direct-expansion ground-source heat

pump system, the design data are given in Table 6.2. For
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Case 1, the design data of the two systems are exactly same

as discussed in Chapter 5;

less annual refrigerant

some recycled materials.

leakage,

for Case 2,

the systems will have

Determining the total resource

less disposal loss and use

exergy consumption and global warming impact for their life-

time. Using the results in Table 6.1 and obtained in Chapter

5, the total resource exergy consumption, associated with

global warming impact and total equivalent resource exergy

for these system are given in Figures 6.3,

6.4 and 6.5.

Table 6.2 Design and performance data of
selected heat pump systems
Air-source Direct-expansion
heat pump ground-source
heat pump
Case 1 Case 2 Case 1 Case 2

Refrigerant HCFC-22 HCFC-22 HCFC-22 HCFC-22
type
Refrigerant 2.44 2.44 12.7 12.7
{(charge kg)
End use 2.44 2.44 2.85 2.85
efficiency
Life-time 15 15 15 15
(year)
Refrigerant
annual loss 4% 2% 4% 2%
rate (o)
Refrigerant
disposal loss 50% 20% 50% 20%
(a,)
Recycled
materials 0 40% 0 40%
(%)
Steel (kg) 350 350 310 310
Copper (kg) 45 45 365 365
Aluminum (kg) 30 30 15 15
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6.3 DISCUSSION

A discussion and an evaluation of the potential exergy
saving by recycling materials and refrigerants were
presented in this chapter. Although the evaluation is
preliminary, it still shows that recycling old materials and
refrigerants after the end of system life-time is a positive
way to reduce system resource exergy consumption and
associated environmental impact and influence system
selection. From the calculation and discussion of selected
heat pump systems in Chapter 5, it concludes that using TERE
as a criterion, the air-source heat pump system, which has
TERE value 1,580 GJ, is better than the direct-expansion
ground-source heat pump system (TERE value of 1,620 GJ).
However, the results in Figure 6.5 shows that if the systems
using some recycled materials, reduce refrigerant leakage
and recycle more refrigerant at the end of the system life-
time, the direct-expansion heat pump system with a TERE
value of 1,420 GJ will save more resource exergy than the
air-source heat pump system with a TERE value of 1,480 GJ.
This result shows that during the heat pump design and
optimization, material and refrigerant recycle may be the
trade-off between one system and another. It also should be
noted that after years of mining and extraction ores in the
natural environment have declined. Thus, more exergy will be
consumed in extracting and hauling waste rock, and in
crushing of the ores. So recycling will not only save

resource exergy, but also the limited material resources.
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Traditionally, whether the system is easy to recycle or
not is not an important consideration for an energy
conversion system designer. But 1f one takes a life-cycle
view, it must be recognized that the principles of
increasing recyclability (using easily recycled materials,
ease of system disassembly, etc.) should be of concern to

the energy conversion system designer.
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CHAPTER 7.

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The major conclusions drawn from this work and
recommendation for potential future research work are

presented in this chapter.

7.1 CONCLUSIONS

A general method for energy conversion system analysis
is presented in this thesis. This method uses exergy as a
measure to compare and analyze the natural resource
consumption (both fuels and materials) and the global
warming impact of different energy conversion systems for
their life-time. The method, which makes the analysis more
complete, can be used for energy conversion system design
and optimization.

The process analysis method, which adds the fuel
production exergy and material exergy into the
consideration, allows more complete exergy analyses to be
conducted. The method developed in this thesis is designed
to include concerns about the natural resources, where, the
assessment of environmental friendliness is based not only
on the direct exergy consumption, but also on the overall
system and life-cycle view of the energy conversion system
including materials for equipment, working fluids etc.

The global warming impact due to the chemical emissions

and impact associated with direct exergy consumption (fuel
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consumption) as well as system equipment materials
consumption of the energy conversion system are considered
together in this thesis.

Based on the concept of exergy, the total equivalent
resource exergy (TERE), which includes both direct resource
exergy consumption and resource exergy needed to recover the
total equivalent global warming gases of the energy
conversion system, is proposed in this thesis. TERE uses
exergy as a criterion to compare the energy conversion
systems and providing information of how effective a system
is regarding the use of natural resources (both fuels and
materials). The calculation of TERE values for the selected
energy conversion systems indicates that the resource exergy
of the energy conversion system and environmental impact
exergy are both substantial impacts and should be compared
together. This concept of TERE which combines these can be
used as the objective function for the system design and
optimization.

Even though the application equation of TERE presented
in this thesis is only for the global warming impact. It
appears that it can be extended for many other global
environmental impacts to be considered during the energy
conversion system analysis.

A general application using the method and associated
equations proposed in the thesis shows that the system
material exergy and its associated global warming impact are

important factors when the energy conversion system is
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analyzed completely. The results shows that for the systems
selected, material resource exergy amounts to about 7% to
12% total system resource exergy; and the global warming
impact associated with this material exergy consumption
amounts to about 10% to 18% total system global warming
impact.

A discussion and an evaluation of the potential exergy
saving by recycling materials and refrigerants are presented
in this thesis. The preliminary evaluation shows that the
recycling is a positive way to reduce system resource
exergy, and natural resources (material) consumption as well
as associated global warming impact. The calculation results
also shows that during the energy conversion system design
and optimization, material and refrigerant recycling may be
significant trade-off options between one system and

another.

7.2 RECOMMENDATIONS FOR FUTURE WORK

Some areas of potential future work that needs to be
accomplished are:

» Material production exergy is one of the key factors for
the energy conversion system analysis. However, existing
data about material production exergy (especially for
the recycling production exergy) is limited. Accurate
material production exergy needs to be evaluated; this
would assist more precise system analysis.

» The application of TERE in this thesis only includes the
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global warming environmental impact. Work extending the
TERE to other global environmental impacts is
recommended. This would allow the method proposed in
this thesis to be more complete.

The analysis method and concept of TERE developed in
this thesis make the system analysis more complete.

The use of TERE as the objective function for energy
conversion system design and optimal is recommended for
optimization and evaluation of potential candidate

energy conversion systems being developed.
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APPENDIX A.

CALCULATION OF EXERGY CONTENT OF FUELS AND MATERIALS
AND THE FUEL PRODUCTION AND DELIVERY EXERGIES

The calculations in this work are based the following
assumption:

The fuels or materials under the consideration are at
the standard state. That is the temperature T and pressure P
of the fuels or materials are equal to those of the dead
state, i.e. T, and Py,; and T, = 298.15 K, P, = 1 atm.

For a pure fuel or material, the exergy content of the

kY

fuel or material can be evaluated by using Eqg. (2.4} :
EXpac= AG® + InxEX,,; (2.4)

For example: diesel (C,Hy), the reaction of formation

can be expressed as:
12C + 13H, = C,,Hy

The exergy balance of reaction of formation of diesel is:
12xEXy e + 1I3XEXyy + A#§%UH%= EXn,c12m26

Introducing:

EX;c=410.26 (kJ/mol)

EXy p=236.1(kJ/mol)

[(Szargut. 1988) and (Reid. 1987)1,
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EXunciome= 12x410.26+13x236.1+50.1 =

= 8,042.5(kJ/mol)= 47.3 (MJ/kg)

This method can also be used to calculate the exergy
content of a specific material, such as aluminum (Al). The

exergy balance of reaction of formation of Al is:

AL+ ><Si+% xOZZ% xA1,Si0,

_ 1 1 5 1
EXen,a17 " > xA (G OAlzsio5 3 XEXcn, 517 1 XEXch,0,* > XEXcn, a1,s40,

Introducing free energy of formation and chemical exergy of

the elements, the exergy content of Al is:

EXde=%x2,625.8—%x854.6—%x3.97+%x15.4

888.4 (kJ/mol) = 32.93 (MJ/kg)

For a multicomponent fuel such as coal, Eqg.(3.1l) can be
used to evaluate the exergy content. Considering the mass

fraction of coal is: 86% of C, 5.5% of H,, 2.5% of N, and 6%

of 0,. Eg.{3.1) gives:

(EX) qouc= 8177.79 x 0.86 + 5.25 x 0.025 + 27892.63 x 0.055-
3173.66 x 0.06 + 0.15 x 0.06 x {7,837.67 x 0.86 +
33,888.89 x 0.055 - 4,236.1 x 0.06}

= 8,451.9 (kcal/kg) = 35.39 (MJ/kg)

Using the same procedure, the exergy content of

multicomponent fuels (such as natural gas, which the mass


http:33,888.89
http:7,837.67
http:27892.63
http:w4c-8177.79
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fraction is 67.8% of ¢, 3.5% of H, and 9.9% of N,) can be
calculated.

As discussed above, it is not easy to calculate the
production and delivery exergy of fuel and material. Here
electricity is used as an example to describe how to
calculate the production and delivery exergy. Figure Al is
the electricity production process. The production exergy of
electricity can be calculated by using process analysis. The
fuel production efficiency 7%, and fuel delivery efficiency 7,

are given as:

(9,X95) o = 0.945

i

(91%712) o 0.827

(7]1)(1”2) natural gas™ 0.875

electricity generation efficiencies 9;:

thermal efficiency: n; = 0.35
hydro efficiency: 7; = 0.83
nuclear efficiency: 75, = 0.30

and delivery of electricity efficiency 7yu:

N, = 0.864.

The exergy input at electric utilities in U.S.A. in 1991 is
given at Table Al. (Energy Information Abstracts Annual 1992)
Assuming primary fuel production and delivery efficiencies
of hydro, nuclear and other are 100%, the values for the

U.S.A. in 1991 are:



124

Primary fuel| |Primary fuel||Conversion to| |Delivery of
production Hdelivery electricity Helectricityl|-
LD N2 UK N4
Figure Al Production sequence of electricity.

Table Al Exergy input at electric utilities. (1991)
(Quadrillion Btu)
Coal Natural | Oil Nuclear Hydro Other total
gas electric | electric
power power
16.1 2.883 1.178 6.542 3.05 0.192 29.91
53.74% | 9.64% 3.94% 21.9% 10.2% 0.644% | 100%

(7,XM3) we = 0.5372x0.945+0.0394x0.827+0.0964x0.875

+(0.2187+0.102+0.00644)=0.9517=95.17%

(73) we = (0.5372+40.0964+0.0394)x0.35+0.102x0.83+

(0.2187+0.00644)%x0.30=0.387=38.7%

thus, the total efficiency of electricity production and

delivery in the U.S.A. in 1991 is:

(Nex) o= M1XN2XN3Xny = 0.9517x0.387x0.864 = 0.318 = 31.8%

Knowing the production exergy efficiency, the production
exergy can be evaluated. Using Eq. (3.4), the production

exergy of electricity in the U.S.A. in 1991 is:


http:x0.35+0.102x0.83
http:0.2187+0.102+0.00644)=0.9517=95.17
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EXele,P = EXelc,C+n EX "~ EXcie,C

= 3.6+0.318-3.6 = 7.72(MJ)

EXgor = EXgoc+tEXgep = 7.72+3.6 = 11.32(MJ)
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APPENDIX B.

CO, EMISSION FROM MATERIAL RESOURCE EXERGY
CONSUMPTION AND ELECTRICITY GENERATION

Several different sources of information are used in
this work to estimate the CO, emission from material
resource exergy consumption and from electricity generation.
This appendix provides the details of the estimating

procedure and some comparisons with values from others.

» 1. CO, emission from electricity generation:

Table Bl presents typical compositions of fuels and
Table B2 lists fuel resource exergy values.
Using the data of these two tables, the CO, emission
associated with different fuels for one MJ material resource

exergy are as presented in Table B3.

Table Bl Mass Fractions of the Elements of Fuels

Fuel C H, N, CO,

(kg/kg Fuel')
Coal 0.86 0.055 0.025 3.15
Natural 0.678 0.035 0.099 2.48
gas
Fuel oil 0.85 0.14 0.01 3.12

Source: Szargut, 1988.

1: Assuming complete combustion.



Table B2

Resource Exergy of Fuel

Fuel Exergy content | Resource exergy
(MJ) (MJ)
Coal 35.39 36.78
Natural gas 46 .77 53.93
Fuel oil 45.45 54.34
Electricity 3.6 11.32
(1 kWh)
Table B3 CO, Emission Associated with
One MJ Resource Exergy
Fuel CO, emission
(kg)
Coal 0.089
Natural gas 0.053
Fuel oil 0.069
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Using Table B2 and Table B3, the CO, emission associated

with one kWh electricity generation from any specific fuel

source can be evaluated;
Combining Table B4 with Table 4.3, the CO, emission

associated with one kWh of electricity generation in the

United States is:

CO, emission of one kWh electricity

these are presented in Table B4.

= 0.537x1.01+0.096x0.60+0.04x0.78+0.219x%

x0.008+0.108x0.007 = 0.64



128

Table B4 CO, Emission Associated with
1 kWh Electricity Generation

Fuel CO, emission
(kg/kWh)
Coal 1.01
Natural gas 0.60
Fuel oil 0.78
Nuclear 0.008!
Hydro and other 0.007!

1: Source: San Martin, 1989.

» 2. CO, emission from material resource exergy:

Combining the above data with the industrial energy
consumption by source in the United States (see Table 4.2),
on average, the CO, emission associated with one MJ of

resource exergy is:

CO, emission of one MJ resource exergy
=0.0876x0.089+0.295x0.053+0.272x0.069+

+0.344x0.178 = 0.103 (kg)

» 3. Comparison of results with values from others:

Prior studies by Marland et al. (1983), San Martin
(1989), Fischer et al.(1991) and Yau et al. (1991) presented
some results and procedure of estimating carbon dioxide
emissions associated with fossil fuel consumption and
electricity generation. Tables B5 and Bé present results

from these prior studies and the values of this work.
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Table B5 Comparison of Carbon Dioxide Emission
from Electric End-uses of Energy (kg/1lkWh)

Fuel Fischer Yau Robert This work
(1991) (1991) {1989)

Coal 1.14 1.082 0.964 1.01

Fuel oil 0.96 0.875 0.726 0.78

Natural gas 0.58 0.61 0.484 0.60

Nuclear 0.0 0.0 0.008 0.008

Hydro and 0.0 0.0 0.007 0.007

other

Average 0.672 0.73 0.64
notes:

Fischer’'s data are based on the results of Marland and
using the combined efficiency 0.297 for electricity
generation and transmission; the average value is for
North America.

Yau’'s results are for the years 2000: assumptions are

based on EPRI Technical Assessment Guide Assumptions.
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Table B6 Fuel Consumption at Electric Generation

Fuel Fischer Yau This work
(1991) {1991)

Coal 37% 53% 53.7%
Fuel oil 19% 8.9% 4.0%
Natural gas 12% 12.9% 9.6%
Nuclear 13% 17.5% 21.9%
Hydro and 19% 7.5% 16.8%
other

Notes:

Fischer’'s data are based on the North America
electric power generation.

Yau’s data are based on EPRI Regional System and EPRI
Technical Assessment Guide Assumptions.

This work’s data are based on "Energy Information

Abstracts Annual" 1992.





