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ABSTRACT

An aluminium melting furnace efficiency in a die casting plant was investigated
using energy and exergy methods. Energy efficiency and exergy efficiency values
were evaluated for the natural gas-fired furnace, and the efficiency improvement
was analyzed before and after two new regenerative burners were installed on the

furnace.

The tesearch analyzed and compared the environmental impacts attributable to
the melting furnace before and after the burner upgrading project, and also
provided a financial analysis of the capital investment of the upgrading project.

The study shows that the exergy method can be used beneficially to analyze the
furnace efficiency and that exergy efficiency is a more practical measure in reality.
Thus, it is believed that further applications of exergy methods are desirable to a

wider range of industrial and engineering applications.

From the results of comparisons, the study shows that the regenerative burner
technology and staged-combustion technique can improve combustion
performance, reduce fuel (natural gas) consumption and lower NOx and CO,
emissions. Adopting the regenerative burner and staged-combustion technique

will be beneficent to the die casting plant on energy saving and cost reduction.

Recommendations are also made for further efficiency improvements.
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CHAPTER 1

INTRODUCTION

This chapter will explore the rationale and need for the project, present a conceptual introduction

to exergy, and conclude with an overview of the report.

1.1 Rationale and Need for the Project

In 1992, the United Nations Conference on Environment and Deveiopment was held in Brazil. At
this conference, the Rio Declaration on Environment and Development was adopted. The action
plan was put into place to ensure the implementation of the Declaration against Global Warming,
These agreements and subsequent new environmental regulations have resulted in requirements for

reducing environmental impact from energy use.

Fossil fuels are the main form of energy sources used today. In order to control energy use, fossil

fuel consumption and its emission must be controlled as well.

Natural gas, a type of fossil fuel used widely in industrial, commercial and domestic applications,
provides heat after combustion and emits pollutants to the environment. Natural gas is mainly
combusted in industry, for example, for heating purposes in power generation plants and melting
putposes in metallurgical plants. In the industry sector, natural gas is a main fuel source that
requires regulated control because of the great amount of emission accompanying combustion,

even though the emissions per unit fuel energy for natural gas are lower than those for oil and coal.

In addition to environmental concetns, changes in the electricity market have caused fuel prices
(including natural gas prices) to rise. The historical records show natural gas prices have increased
3.5 times in Ontario, Canada from 1997 to 2001 (Direct Energy, 2003). The unit price of natural
gas has risen from 27¢/m’ to 30¢/m’ in December 2003, which is almost twice as much as in

December 2002 (Enetgyshop, 2003). Direct Energy, an independent, deregulated natural gas

-1-
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company, predicts that natural gas ptices will continuously increase in the future. Escalating fuel

expense has created a steady increase in the cost of producing natural gas.

Furthermore, when the automotive vehicle industry increases production, die casting goods are also
increasing in demand, especially die casting material that has shifted from iron/steel to aluminium.
The recent production of aluminium casting has increased with the demand for aluminium casting

goods.

As natural gas consumption increases, msing. costs and market competition often force
manufacturers to enhance natural gas efficency and reduce fuel expenses. Natural gas
manufacturers ate constantly seeking solutions and applying new technologies for reducing fuel

consumption.

For most gas-fired furnaces and boilers, one possible answer to environmental and economic
concerns is the use of regenerative hurner technology. The regenerative theory is not at all new to
combustion systems, but after some new techniques are applied on conventional regenerators and
burners, the performance of devices need to be examined. It needs to be investigated whether or
not a regenerative burner system is more efficient to combustion performance, and whether or not
it is more beneficial to energy efficiency improvement on natural gas-fired furnaces, such as melting
furnaces, heating furnaces and other furnaces.

The Dym Eto Casting (DEC) plant is selected here as a representative plant in which a regenerative
burner system has been newly installed on an aging melting furnace. This project evaluates furnace

efficiency improvement and provides comments on how to further improve furnace efficiency.

12 Exergy Method and Efficiency Evaluation

Using energy methods to evaluate efficiency has been recognized for years, but the exergy method
examines efficiency change in a more practical way. Exergy is defined as maximum theoretical
work possibly obtained in a process or a system referring to environment. For example, if a flue gas
exergy value is small, it shows that even if some energy is associated with flue gas, this part of

energy becomes less available in reality. Exergy efficiency is a measure of how near a process
.9
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approaches ideality and a measure of how near energy transfer approaches ideal transfer. Section

2.4 shows further exergy theory review.

1.3 Motivation and Objective of the Study
The motivation of this study is to identify and discuss the efficiency improvement after the

implementation of a new burner system on a melting furnace. The prime objective of the study is

to apply exergy analysis to a specific industrial application.

This project studied a melting and holding furnace in the DEC die casting plant after a set of
regenetative burner systems had been installed on the furnace. With exergy evaluation, the

efficiency improvement of the furnace is illustrated and compared to the results based on an energy

evaluation.

30 e A R

Another objective is to examine the environmental impact caused by the furnace upgrading from

the point view of exergy.

A third objective is to explore the financial benefits from the upgrading project .

Extending the influence of exergy to a wider range of industrial processes and promoting the

application of the exergy theory to more users are secondary objectives.

14 Scope of the Project
» Background introductions on the casting industry and metal die casting process.

o General introduction of exergy definitions and general principles, and compatison of exergy

and energy analysis methods.

o Site visit, observation and data collection at the plant, including material logs, metering

A 00 1 0 A A M

records and furnace operation monitoring on the floor.

o Thermodynamic calculations by both energy and exergy methods.

-3
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» Comparison and analysis of the calculation results.

o Discussion of the importance of exergy methodology on energy efficiency analysis and

improvement.

15 Overview of the Project Report

‘The main topics covered in this report are as follows:

» Background outlines of the die casting industry, typical casting processes and the
importance of studying melting furnace efficiency.

o Desctiption of the technologies applied in the upgrading project, illustration of regenerative
burner operation and staged-combustion design, which are two technologies providing the

possibility of efficiency improvement and emission reduction.
o Introduction of exergy and the differences between energy and exergy methods.

o Thermodynamic calculations of efficiencies using energy and exergy methods.

»  Analysis of the efficiency improvement after the upgrading project, based on the results of
calculation.
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CHAPTER 2

INDUSTRY, PROCESS AND PROJECT BACKGROUND

In this chapter, the overall background of the casting industry and melting process is presented.
Some energy issues, recent exergy research reviews and environmental impact from industrial
processes are addressed and general financial aspects are explained. Regenetative technology is also
Hlustrated in this chapter. In the last section of the chapter, the background of the selected plant

and profile of the upgrading project are introduced.

2.1 Die Casting Industry Background
2.1.1 Metal Casting Process
The metal casting industry uses molten metal to form cast metal components that are used in a

wide variety of manufactured products. The largest uses of cast metal products include motor

vehicles, railroad equipment and construction materials.
The basic casting process generally involves four main steps:

1) Pattern making: Using metal to construct 2 model of the designed cast part and a mold
through which molten metal can be poured into a model.

2) Metal melting: Melting ingot and scraps in a furnace.
, 3) Die casting: Pouring the molten metal into the mold, cooling and removing mold.
4) Finishing: Cleaning and coating the casting, recycling scrap.

The second step, metal melting process consumes a great amount of energy. Some melting furnaces
7 use electricity to generate heat. The furnace in this DEC plant uses natural gas as fuel. Combustion
of natural gas provides heat for the melting process.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The third step, casting process also is considered as an intensive energy consumption process.
Usually cooling water is used to cool down the model. Warmed cooling water can be utilized for
space heating or other heating purposes. In summer, however, cooling water rejects heat to the
atmosphere through a'cooling tower. The first and the last steps consume less energy as compared

with the melting process.

This study focuses on the melting furnace. The furnace particulatly selected in this project is a
furnace with combined melting and holding functions. After the melting process when the furnace
operates in a holding status, combustion takes place intermittently in order to maintain the furnace
temperature and contain liquid metal. The furnace holds the molten metal a few hours before the

melted metal is conveyed to the casting machine.

2.1.2 Increasing Aluminium Casting Production

Generally, there ate two types of metal used in die casting—ferrous and nonferrous metal. High
volume production in the nonferrous sector is often made using a die-casting process. Aluminium
casting has experienced continuous growth (IEC, 1998). Shipments of aluminium castings have
quadrupled from the 1950s to the 1990s, with an average of 1.4 million tons per year for the first
seven yeats of the 1990s. Aluminium castings also dominate the nonfetrous sector in general,
comprising 78% of total nonferrous shipments. Most aluminium cast goods are used for the

automobile manufacturing industry, such as engine components, wheels and body patts, etc.

Since one kilogram of cast aluminium alloy can offset the weight of 4.95 to 5.5 kilogram of cast
iron in a2 new automobile, the 1.4 million tons of aluminium castings could translate to over 3
million tons per year in reduced demand for iron. Manufacturers generally have felt that the
benefits of reduced automobile weight has been sufficient to offset the 30 to 100 percent price
premium over steel. Aluminium is three to five times as expensive as steel on a per kilogram basis,
but requires only one kilogtam of aluminium for each 5.5 kilogram of steel teplaced. The effective
cost of aluminium in automotive applications is therefore roughly 133 to 200 petcent the cost of
steel. The growing demands for lightweight vehicles call for increased productions of aluminium
die casting. Thus a greater amount of energy is consumed by a melting furnace than before. Some
- questions have been raised, such as how to conserve energy sources, how to reduce fuel

3 -6-
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consumption, how to reduce flue gas emission, etc. To answer these questions, it is necessary to

study the melting furnace’s fuel consumption and efficiency.

2.1.3 Industrial Pressute on Emission Reduction

Besides economical drivers explained in section 2.1.2, some forces from industries, particularly

from the automobile manufacturing industry, push furnace researchers and usets to study and

attain emission reduction of flue gas.

Industties have placed an emphasis on quality management due to increased international
competition and the demands of its customers. For example, the big three U.S. automobile
manufacturers have required their Tier 1, 2, and 3 suppliers to become certified in quality
management standards, e.g. ISO9000 and ISO14000. These quality management systems provide
opportunities of environmental performance improvement. Envitonmental regulation becomes

another dtivet to study environmental protection and reduce air emission.

2.2 Environmental Policy Issues

The first international official meeting to declare the need for action in terms of global warming
issues was held by the Canadian government in Toronto, Canada in June 1988. The World
Environmental Technology Development Congress adopted the United Nations Framework
Convention on Climate Change in 1992. In addition, the Kyoto Protocol adopted the United
Nations Framework Convention on Climate Change in 1997 to determine the detailed targets
associated with the reduction of CO, emissions for individual developed countries by 2010. These
wete determined on the basis of 1990 levels and have been adopted by most of the developed
countries (except United States) by 2002, including Canada.

In casting industries, by-products of high temperature combustion are essential elements to be
controlled for air pollution. The two oxides of nitrogen related to combustion are nitric oxide (NO)
and nitrogen dioxide (NO,). NOx refers to either one of these gases, which are considered toxic

and play a major role in the formation of acid rain, smog and ozone.
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2.2.1 Pollutant Emission from the Die Casting Process

Aluminium melting and casting industries use large quantities of energy and emit hazardous air
pollutants. The industry remains one of the main sources of emissions with higher emission density
than the average emission density of other manufactuting sectors (IEC, 1998). These industries

strive to recover waste heat and reduce pollution.
Common soutces of air emissions from die casting include the following:

1) Flue Gas: Consists of NOx, CO,, N, and CO, etc. High temperature combustion generates
NOx. Through combustion, hydrocarbon fuel transforms to CO,, and sometimes it also
transforms to CO due to uncompleted combustion. Metal oxide fumes are released while

some of the metal vaporizes and condenses.

2) Furnaces: Fume emission and waste gas emission occur duting metal injection; in fluxing

and dross removal, process can give off hydrochloric acid and oxide fumes.

3) Mold: Gaseous emissions can otiginate from the molten metal itself; such as the evolution
of chemicals from the lubricant as it is sprayed onto the hot metal die; and as the molten

metal contacts the lubricant.

As mentioned at the beginning of Section 2.2, regulatory drivers will continue to be the main factor

in industry efforts to improve their environmental petformance.

2.2.2 Nitrogen Oxides Generation

In high temperature combustion, the amount of NOx generation is related to flame ambient
temperature and oxygen concentration of combustion air. It means that the higher flame ambient
temperature, the mote NOx generated; the higher oxygen concentration, the more NOx generated.

In a melting furnace, combustion temperature is directly related to the flame temperature.

In normal furnace operations, when waste heat is partially recovered from flue gas and used to pre-
heat intake air supplied to the furnace, the problem is that if the temperature of pre-heated air is too
high, exceeding 1200 K (1700°F), the concentration of NOx in flue gases increases rapidly. As a

-8-
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result, operating normal furnaces at a high temperature of preheated air and high temperature of

combustion is not practical in terms of emission regulation.

Regenerative burner technology has been introduced to reduce the emerging influence of global
warming and acid rain by reducing CO, emission and NOx emission. This study aims in part to
examine the flue gas emission improvement that the regenerative burners can make on a melting

furnace.

2.3 Regenerative Technology Background

Thermal energy savings can be made in many ways. For example, unit fuel consumption could be
decreased through operational improvements, such as optimizing furnace pressure controls and ait-
to-fuel ratios which will prevent overheating. These energy saving techniques imptove combustion
performance and melting efficiency thereby increasing energy savings.

Besides operational improvements, hardware improvements such as strengthening furnace
insulation and furnace seals, and utilizing ceramic fibers in furnace walls, will also reduce waste heat

transferred through furnace enclosure which will, in tutn, save on fuel consumption.

2.3.1 Waste Heat Recovery

It is just as important to recover waste heat as it is to reduce waste heat. This is another solution to
saving thermal energy. Waste heat in industties has a wide range of temperatures and exists in
different forms, such as exhaust gas, exhaust steam, exhaust water, hot waste solids, hot waste

liquid, heat convection, radiation from hot surfaces, and heat leaks.

The waste heat in the aluminium die casting industry is mainly generated from the melting furnace.
Normal melting furnaces operate at high temperatures (often over 1000°C). If the high temperature

flue gases are exhausted without heat recovery, a great deal of heat would be wasted when flue

gases are emitted to the atmosphere. A regenerative burner system is often used to recover heat

from the flue gases and to utilize the recovered heat.
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2.3.2 Regenerator

A regenerative burner system is designed for recovering heat from the flue gas, preheating air for
combustion, mixing ait and fuel and igniting combustion. The system consists of butner
monitoring and control instruments which are also essential to the system. The regenerator is one

part of a regenerative burner system.

The regenerator is a heat exchanger that is usually used for recovering waste heat in flue gases from
equipment, such as the boiler or furnace. When combustion takes place in a furnace, fossil fuel (for
example, coal, natural gas) and air forms high temperature products of combustion (POC) and
exhausts high temperature flue gas. Before the flue gas exits to the' atmosphere, making flue gas
flow through a regenerator can reduce flue gas temperature and reclaim heat. The reclaimed heat is
often recycled for heating purposes, for example, to heat up water before it is supplied to the boiler,

to warm up the air before proceeding with combustion, or for domestic heating of the water

supply.

w

There are various types of regenerators, such as ball regenerators, tube regenerators and
honeycomb regenerators, which are defined by various media material and different forms of heat
transfer. In the ball regenerator, the ceramic ball media has strong endurance for high temperatures
and brings the temperature of preheated air to a level close to the temperature of flue gas, thus the
ball generator offets an efficient heat recovery when compared to using conventional methods such

as a tube heat exchanger.

2.3.3 Regenerative Burner

The regenerative burner is usually equipped on a natural gas-fired furnace or oil fuel furnace. The
burner is designed for reduction of NOx emissions generated by oxidation of nitrogen in the ait. As
explained in Section 2.2.2, during high temperature combustion, the concentration of NOx

increases when the flame temperature is dsing.

The regenerative burner ignites fuel at a lower temperature so as to reduce the flame temperature
and to lower NOx concentration. The flame's chemical environment, ptimarily the oxygen

concentration within the flame, is another important vatiable.

-10-
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For achieving low NOx generation, combustion should be controlled to take place at the
supptession of maximum flame temperature, and at the prevention of excess amounts of oxygen.
At the approximate temperature of 800°C and above, the regenerative burner operates in the so-
called “flameless oxidation”, a mode with an invisible flame (Flamme, 2002). Temperature

distribution in the flame is vety homogeneous with the advantage of low NOx concentration.

Not only the NOx, but also the CO emission level is lower than the level of the conventional
countetpatt because better control of the air-fuel ratio makes completed combustion. Reduced CO,

emission is also achieved because less fuel is required to be consumed in the process.

A design, called adjustable directivity, optimizes the flame for various furnace types by adjusting
and directing the flame toward the metal being melted, without the problem of excessive burner
velocity, which could lead to excessive dross formation by constantly exposing fresh metal. This

function offers the possibility to reduce solid waste generated from combustion (Schalles, 2002).

2.3.4 Regenerative Burner System Operation

The common design of the regenerative system is to flow exhaust air through a loosely packed
casing of media so as to allow the flue gas to flow through but with low restrictions. This pack of
media is capable of storing heat at very high temperatures (up to 1150°C, 2100°F).

Thete are two cycles in a typical operation of a regenerative bumer system. Figure 2.1 illustrates

how the system operates.

-11-
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Figure 2.1 Tlustration of operation for regenerative burner.

e

The first cycle, illustrated on the left of Figure 2.1, exhausts the flue gas to the right duct when
j flowing through the casing and heats up the right side media. Simultaneously, fresh air supplied to
4 the combustion flows through the left duct while the left burner is firing. After the right side media
i is heated up to the desired temperatliie, the system will start the second cycle.

The second cycle, illustrated on the right in Figure 2.1, turns off the left burner flame, exhausts the
flue gas to the left duct, heats up the left side media and switches the fresh air intake to flow
through the right duct so it preheats the right side media so that the right burner starts firing. After
the left side media is heated up to the desired temperature, the reverse cycle starts again. Usually

one cycle takes a minimum of 40 seconds and a2 maximum of 90 seconds.

oo ol

il

Regenerative burner systems sometimes are integrated as several pairs of burners to the furnace.
They are alternatively operating as exhaust air ducts or inlet air ducts. Media cases must be emptied

every 3~6 months and cleaned out of contaminates that accumulate and testtict the flow of exhaust

gas and intake air.

The regenerator in a regenerative burner system can preheat combustion air but does not directly
change the emission to enhance combustion performance and control the emission. At this point,

staged-combustion is introduced.

s oo il ol
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2.3.5 Staged-Combustion Design Illustration

The fuel port is the major part in a regenerative burner. A technique called “staged combustion” is
used to solve the NOx emission problem. Staged air and staged fuel are included in the concept of
"staged combustion”. This process is different from the conventional combustion principal, as

combustion air and fuel are mixed twice and combustion take place in two regions, as illustrated in

Figure 2.2.

Preheated
Combustio
Air

Fuel \% Second Stage

> First Stage

2 \W

Combustion
Chamber

Staged Combustion

Figure 2.2 THustration of staged combustion

The “first stage™ air port is used to provide a stable operation at furnace temperatures below 1253K
(980°C). Air is fed to this port to provide a cold start and low temperature combustion. The

"cooler" combustion reduces nitrogen oxides generation.

At the second stage, the air is directly injected into the furnace chamber and mixed with the first
stage flame to form the second stage combustion.

2.3.6 Example Applications

The regenerative burner technology has been adopted recently. Many users have implemented the
system and succeeded in starting its practical operation. In Canada, this technology and equipment
has already been applied to at least eleven furnaces in past years. The burner was made and
constructed by the manufacturer, Bloom Engineering (Schalles, 2002).

-13-
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Another successful example in a die casting plant, Visteon Automotive Rawsonville plant, Ypsilanti,
MI, USA, which is similar to the DEC plant in this study, shows that the old 5,000 kg melting
furnace had a measured enetgy consumption rate of approximate 5,300 kJ/kg, compared to a new

rate of 2,300 k] /kg after upgrading the burner system (Guthrie, 1999).

A new die casting line of Toyota Auto Manufacturing Inc. was established at Kamigo, Japan, in
June 1999, in which the products are mainly aluminium engine blocks. A furnace with a

tegenerative burner was installed and achieved 21% reduction in energy usage compared to earlier

lines (Shiramizu, 2001).

The regenerative burner technology allows the aluminium die casting plant to improve the melting
performance and reduce flue gas emission levels. Besides economic and environmental demands,
regulatory efforts seemingly will be another driver to promote regenerative technology. For
instance, in Los Angeles, CA, USA, if a natural gas-fired bumer is operating without
implementation of the regenerative féchnology, it would be required to reduce operation hours in

otder to meet NOx emissions regulatory limits (Guthrie, 1999).

Pl L0000

Certainly, a regenerative burner is not a solution to zero-emission problems because the furnace
releases CO,. Total CO, emission elimination is possible when the natural gas is replaced by clean
energy cartiets such as hydrogen (Winter and Nitsch, 1990). Some researchers (Vetkhivkera and

Yantovskib, 2001) suggest that liquidation of CO, in flue gas gives zero emission to the
environment. In that studied case, a gas-fired power plant does not need any stack or chimney and

Al

might be located in a densely populated urban area, giving all kinds of clean energy to consumers.

: 2.4 Exergy Methodology Review

1 The increasing awareness that the world’s enetgy resources are limited has caused some
4 governments to re-examine their energy policies and take measures to reduce emissions of waste. It
& |
1

sparks intetest in the scientific community to take a closer look at energy conversion devices and to

~ develop new techniques to better utilize the existing limited resources.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



YR, i o i i i e sl
st M 1l A it s A ol a

MR 50 o 1 O N B

il o s, b33 kb

i i i, i e bt

il

2.4.1 Definition of Exergy

Exergy is defined as the maximum amount of work which can be produced by a stream of matter,
heat ot wotk as it comes to equilibrium with a reference environment. Exergy is a measure of the
potential of a stream to cause change, as a consequence of not being a completely stable

equilibrium relative to the reference environment (Rosen and Dincer, 1997).

Due to the irreversibility of real processes, the amount of exergy output from a process is always
less than the maximum amount of exergy output possible. Hence, by analyzing the exergy loss
within a process, imperfections can be evaluated and recommendations can be pinpointed. An

exetgy flow chart can be used to illustrate exergy flows across a system or process.

2.4.2 Differences between Exergy and Energy
Generally, energy efficiency is based on the first law of thermodynamics and exergy is based on

combination of first law and second law of thermodynamics. Unlike energy, exergy is not

conserved and the initial exergy is deé&oyed at least in part by the irreversibility in any process.

The first law of thermodynamics deals with the quantity of energy and asserts that energy cannot be
destroyed or created. The second law of thermodynamics deals with the quality of enetgy and

asserts that the destruction of exergy occurs during a irreversible process (Cengel and Boles, 1998).

For example, the energy associated with 11 litres of water at 80°C is approximately 1 kJ, at room
temperature, 25°C. Compared to 1 kJ of electricity, electricity is more useful than the 11 litres of
water since electricity can be used for a wider range of services, e.g. heating at low or high
temperatures, ot providing shaft work, etc. The differences of usefulness can be evaluated by

exergy value. The exergy value of 11 litres of water at 80°C in an environment of 25°C is

approximately 0.16 kJ, less than the 1 k] of electricity.

The exergy of a system or a flow is the sum of two contributions: the thermomechanical exergy and

the chemical exergy, when other forms of contributions, such as kinetic exergy or potential exergy,

etc., are neglected.

1) Thermomechanical exergy and chemical exergy
-15-
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On another hand, exergy efficiency
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From the point of view of exergy, when one analyzes a system or a process with defined incoming
flows to the system and outgoing flows from the system, the exergy flows balance can be expressed

as: Ay = Agupu T Loy s 1€ Ay ¥ A, pu - It shows exergy is not conserved in a real system.

When evaluating exergy, firstly, it is hypofhesized that the system is brought about without a change
in composition from a specified state to the state where it is in a thermal and mechanical
equilibrium with the environment. Secondly, it is hypothesized that components of the system are
allowed to react with environmental components to produce other environmental components
beginning and ending at the environment state. The components exergy can be expressed as: A =
A® + A™. The components exergy changes after chemical reaction ot certain process, particularly

such as combustion of hydrocarbon fuel, the change of exergy can be expressed as: AA = AA® +

If heat transfer between two states does not involve chemical reaction, then no change of chemical
exergy, ie. , AA® =0. For the melting process, not involving chemical reaction, metal chemical
exergy is cancelled between two states of the same composition. Only the thermomechanical exergy
changes in melting. For the heat transfer between gas and solid, it is considered that only the

thermomechanical exergy changes in the process as well. This is the exergy theory and calculation

There are many types of efficiencies, the following energy and exergy efficiencies are used in this
study. Energy efficiency is expressed as the ratio of product energy output to total energy input in a
system or process. Exergy efficiency takes into account the losses caused by itreversibility which

destroys exergy in the process. These expressions both gauge how effectively the energy/exergy
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€= Apmduct / Ainput =1- (Aloss + ICV) / Ainput (22)

Contrary to energy efficiency, exergy efficiency relates to the maximum amount of work (or work
equivalent; exergy efficiency also applies for non-work situations). Although this maximum can
never be reached, exergy efficiencies provide an indicator to identify those areas with large

improvement potentials.

Being more specific, in the melting process, E, . is the heat transferred to melted metal. E, is
the energy generated from fuel combustion. E,, includes all energy lost in the system. A, is the
exergy transferred to melted metal. A, is the exergy generated from fuel combustion. A, is the

exergy associated with all energy loss in the system.

Exergy efficiency has been defined in other ways (Bejan, 1988 and Ionita, 2002). However, this
study will only use the above equation 2.2 for analysis.

»

2.4.3 Exergy Research Review

The exetgy method is a tool for measuring the efficiency of processes or systems, especially energy
intensive systems. Some researchers have used exergy methods in many science studies and
engineering applications, for example, thermodynamics (Etele and Rosen, 2001) and thermal
engineering (Camdali and Tunc, 2001; Verkhivkera and Yantovskib, 2001; Struchtrup, 2002). Some
discussions specifically focus on topics in air-conditioning systems such as refrigerating compressor
cycling (Sagian, 2003 and Ratts, 2000), dehumidification (Ghaddar 2003), absorption (Zheng, 2001)
and other psychrometric processes (Bilal, 2003). Many exergy researches are also conducted in
fields of thermal storage (Dincer and Rosen, 1999), building energy management (Virtanen, 2002;
Rosen, 2001), fuel cell (Cownden, 2000), thermo-economics (Dincer, 2001; Rosen, 2001). Some
applications using exergy method have been studied and successfully practiced in industries like
combined heat and power (CHP or cogen), building design in heat pump system and refrigeration
system (Aprea, 2003), food process and sugar production (Béyrak, 2003), etc.

Meanwhile the exergy theory is used to study topics of environment impact. Any technologies that

increase efficiency will use lesser resources (or exergy) to drive the processes for the same products

-17-
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or services. This leads to less extraction from the environment of energy resources. When a more
efficient process uses lesser resources, a direct result is normally to emit lesser wastes to the
environment. Due to the character of irreversibility, exergy destruction often disotdets the whole
system, or destroys the order in an organized system, such as an environmental system, so
irreversibility of exergy destroys or impacts on environment. (Rosen, 1986; Rosen and Dincer,
1997; Dincer and Rosen 1999). By preserving exergy through increased efficiency (i.e. degrading as
little exergy as possible for a process), environmental damage is reduced. The exergy associated
with processed wastes emitted to the environment can be viewed as a potential for environmental

damage (Rosen and Dincet, 2001; Rosen and Dincer, 2002).

Exergy methods have been used to analyze fuel consumption and furnace efficiency improvement
in the iron making industry (Petela, 2002 and Bisio 2000). Some researches (Korobitsyn, 2002) also
found that the compatison of energy and exergy analysis, for a melting furnace, reveals the benefit
of heat recovering in regenerator. 'lf%xe recovered heat can dry air which may drive air tutbine to

generate electricity and compressed air (by-product) for industrial production.

Besides the exergy expression shown in this study, there are other different second-law-based
methods of analysis (Bejan, 1996, Sagian, 2003 and Ratts, 2000). These discrepancies of the

methods are various from definitions, wordings and expressions of exergy, etc.

2.5 Financial Aspects

2.5.1 Energy Cost in Metal Casting Industries

Metal casting industry is an enexgy—intehsive sector, in which fuel costs represent a large portion of
total costs. Material expenditute is one of the largest proportions in overall cost structure in this

industrial sector and fuel experise is an important component of material costs (NADCA, 1996).

Statistics show that enetgy is an important component of material cost in overall cost structure.
Besides the costs of raw material and labours, the third largest cost, energy expense, is 4% of the
total expenditure in nonferrous foundries (casting) sector. It is two to three times the average for
manufacturing overall (IEC, 1998).
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In a melting furnace system, careful evaluation of the fuel consumption, energy associated with

products and wasted energy will likely reveal economic opportunities to cost savings.

2.5.2 Pollution Abatement Cost

In nonferrous foundries casting industries, spending on pollution abatement and control only
appears as low as 0.7% of total expenditures (Exhibit 9, IEC, 1998). Most of the spending is on
operating measures rather than pollution prevention and control. This is a low capital utilization in
pollution abatement cost. In the nonferrous sector, pollution abatement expenditures are more
evenly distributed with the highest percentage spent on water pollution control, followed by solid

waste and air pollution.

In the metal melting process, some technologies for efficiency improvement will directly or
indirectly enhance the pollution prevention and will need capital investment. A regenerative burner

directly reduces air pollution by reducing the NOx and CO, emissions.

L4

As described in Section 2.1, the major competitive force in the industry is the shift from steel
castings to aluminium casting. This change has led to capital replacement and the need to improve
environmental controls and efficiency in the new equipment. Meanwhile, the industty faces other
changes in production, such as outsourcing and import substitution. Many old and inefficient
facilities are likely to become uneconomic. Upgrades or replacements could offer large reductions

in fuel consumption.

Some researchers use vatious concepts when conducting analysis of economic on energy and
exergy production processes, such as cost/quality ratio (CQR, $/k]) in energy method (Ionita,
2002), exergetic manufacturing cost ($/kWh) in exergy method (Silveira, 2002), etc.

2.6 Background and Process of the Project
The DEC aluminium die casting plant was established in 1965 in Totonto, Ontario, Canada. It
supplied cast patts for automotive vehicles. These parts consist of engine pistons and various

automobile components. The plant operates 24 hours a day, 7 days a week, about 50 weeks a year.

-19.-
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Thete are 4 melting/holding furnaces under manual operation for die casting production and 3
automatic production lines for piston casting production. Three melting furnaces were constructed
when the plant was built, another one was added in the early 1990's as production was increasing.

Three automotive piston lines were set up in the mid 1990's. This plant's history reflects the

|
|
=
s
=
|

development of the aluminium die casting industry introduced in previous sections.

Duting 38 years of service, three manual operation fumaces have undergone only minor

improvements but have not had any technological improvements that would have significantly

i e il

changed operating efficiency. After some tesearch, in 2002, a decision was made to replace the

i

inefficient conventional gas butners in the melting/holding furnace dperation in order to improve
the melting performance, which is the first objective of the upgrading project. This is to preheat
combustion ait by reclaiming heat from the flue exhaust with a pair of regenerative burners to be

installed on each of 3 furnaces (see Figure 2.3).

n

‘é { Stack Flue Gas Regenerator —, } { Stack Flue Gas

20%

Combustion
80% Gas
E’ Combusti Combustion Combustion
A‘i)xm ustion Air 7 _%mber
: ~ Fuel ~=
: Fuel = T
i — —— [~ Melted = =™ ﬁ:ﬁd

Preheated ——— Furnace System

Furnace System Combustion Air

Figure 2.3~ Illustration of furnace dperation before and after upgt.ading

il

Figure 2.3 illustrates the change before and after upgrading. Discharge from the furnace is melted
aluminjum. One rectangular frame represents the combustion chamber. The largest frame
H represents the furnace system as a whole, which consists of the chamber, the stack and the

regenerator.

_20-

%E
?i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=
=
=,
| |

=
=

T

sl e

i
il

WMMW"‘M N et e

To reduce natural gas consumption and fuel expense is the second objective of the project. The

third objective is to reduce the NOx and CO, environmental emissions. This project will also

reduce CO emission and solid waste.

This study focuses on Furnace #3, which is built with the largest capacity among four manual
operating furnaces. This furnace is a direct natural gas-fired furnace. The existing condition before
upgrades are explained as follows:

Ingots, scraps and hot metals are charged through a door at the side of the futnace. The melted
metals are discharged at the opposite side. Two old butners were mounted at the end wall without

material charge and discharge. Flue gas leaves the furnace at the opposite side to the burners.

After upgrades, two new burners are installed at the same sidewall of the two old butnets. Flue gas
will leave the furnace through one of the bumer ducts; however, if necessary, if the regenerator is
under repair, both burners will work and the flue gas will leave the furnace through the old ducts.

Ceramic ball media are used in a pair of regenerators in the new system.

There are 3 types of waste exergy emissions from the melting process: the gaseous wastes
exhausted through the stack, the waste heat is released to the atmosphere, and some solid wastes
are discharged in the furnace. Each of these waste exergy emissions has a potential impact on the

environment.

Next chapter discusses in details of energy and exergy calcnlations and analysis.
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CHAPTER 3

ENERGY AND EXERGY EFFICIENCY EVALUATION AND ANALYSIS

This chapter presents data sources and information, including calculation, summary and analysis.

Detailed equations and formulas are attached in Appendixes A.1.

3.1 Evaluation Summary for Efficiencies
Figures and tables for material and source consumption were collected and summarized from
production logs. The information of process and production was obtained from operation control

system, facilities administration personnel and archived documents in the plant .

3.1.1 System Schematic

The schematics in Figures 3.1 and 3.2 illustrate the process before and after upgrading project :

— —
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l Fuel 298K,115kPa . Chamber \
1380K
| Solid Metal 298K \
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—

Figure 3.1  System schematic before upgrades
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Figure 3.2 System schematic after upgrades

1)  The big rectangular frame represents the furnace system, which consists of a combustion
chamber, stack and regenerator (aftef upgrades). The small rectangular frame presents the
combustion chamber where high temperature combustion takes place. The dashed rectangular
frame denotes boundary of the combined system, which includes furnace system and reference

environment. This study assumes a reference environment at 25°C (298K) and 1 atm (1.01x10° Pa).

2) It is worth noting that after upgrades, the regenerator is a part of furnace system but is
examined as an individual device as well One energy/exergy input to regenerator is the
energy/exergy of combustion gas entering regenerator, and one energy/exergy output is the
energy/exergy of flue gas exiting regenerator and exhausted through stack. Another energy/exergy
input to regenerator is the combustion air, which flows through regenerator and another
energy/exergy output is the preheated combustion air. These are illustrated in flow charts in section

3.2 and considered in calculations attached in Appendix A.1.

3.1.2 Sources and Data Tables
All data is summarized in Tables 3.1 and 3.2. Both tables list source fuel consumption, combustion

ait input, melted metal production and flue gas exhausted from stack . Table 3.1 presents data

before upgrades and Table 3.2 shows data after upgrades.
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Table 3.1 Data Source Summary Table: Before Upgrades

Item Quantity Tem?f(’)a‘“m l(’lrgis;; ‘)’
Natural Gas 514,692 m’ 383,198 kg 298 1.15
Combustion Air 1,837,422m* | 2,163,435kg 298 1.01
Solid Metal 1,972,000 kg 298 1.01
Stack Flue Gas 8,809,656 m* | 2,546,633 kg 1180 1.01
Melted Metal 1,972,000 kg 1033 1.01
Table 3.2 Data Source Summary: After Upgrades
Stream Quantity Temgzr)ature gggs}l;;
Natural Gas 218,152 m’ 240,481 kg 298 1.70
Solid Metal 1,972,000 kg 298 1.01
Combustion Air 889,710m* | 1,059,345 kg 298 1.01
Preheated Combustion Air 2;264,371 m’ | 1,059,345 kg 750 1.01
Combustion Gas (Enter Regenerator) | 1,577,358 m’ 1,039,861 kg 1280 1.01
Stack Flue Gas 8,171,142m’ | 1,299,826 kg 540 1.01
Melted Metal 1,972,000 kg 1033 1.01

The following explains and justifies data collection methodology for the above tables.

1. Fuel Consumption and Production Days

For reasonable compatison, this study examines the energy and exergy consumption involved in
1,972,000 kg production before and after upgrade. After upgrades, cutrent production schedule is 3
shifts per day, 6 days per week. From December 2002 to March 2003, there are total 96 working

days, but 44 working days were not operating at full production capacity due to maintenance and

holiday shutdowns. Within the remaining 52 working days, total of 1,972,000 kg ingot and scraps

are charged in batches. Melted metal loss occurs in melting and conveying. Since the amount of

b

liquid aluminium loss is very small (less than 0.01 % from plant expetience), it is not considered in

this study. It is assumed that the same amount of melted metal is produced .
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Fuel consumption data are taken from the daily log of natural gas meter readings, total 218,152 m’

consumed within 53 days after upgrades. Previous material and fuel consumption is based on the

SN

latest statistics made in 1993. The assumption, that average 1 kg ingot input accompanies 0.261 m’
fuel consumption, has been confirmed by product operation personnel in plant, because during
past 10 years, the fumnace performed consistently according to material and fuel logs. Therefore
514,692 m’ gas would had been cost to produce 1,972,000 kg melted metal. Natural gas pressure

il . ol e

i ik

was 115 kPa (2 psi) and has been increased to 170 kPa (10 psi) while new burners are installed .

Based on operation, furnace only shuts down two weeks every year for maintenance. It gives 350

g sl o 5

wotking days and 24 hours per wotking day. This will be used for estimation in the study.

2. Raw Material Analysis
For simplicity, calculations are based on a pure aluminium ingot. The actual alloy used in melting
and casting production is categorized as alloy 306, whose properties are different from pure
aluminium. The melting process of ahoy 306 is more complicated than that of pure aluminium. But

normally the specific heat value of an aluminium alloy is lower than that of pure aluminium, which

s

means that the aluminium alloy needs less heat than the same mass of pure aluminium does if they

are to reach the same temperature. From records in the plant, material alloy 306 consists of 84%

il

aluminium, 10% Si, 3.5% Cu, 1% Fe and 1.5% other substances. Since the majority of alloy 306 is

aluminium, pure aluminium is treated as material in this calculation and the properties of pure

s i R

aluminium are used in the calculations. Scraps are recycled from processes in the plant and scrap

o R

quality is considered to be the same as the ingot. All terms of "material" or "ingots" in this

i e

sl

calculation include scraps.

aalfil

3. Combustion Atr, Flue Gas and Combustion Gas

O

Combustion air is supplied by a supply fan and taken directly from indoor air at the plant. To
balance the plant indoor air pressure, the plant pressurization is controlled by a group of air

handling units. The quantity of combustion air and the quantity of stack flue gas are computed

il

from the quantity of fuel consumed, i.e. , based on chemical equations (A.3) and (A.4) in Appendix
A.1 for before and after upgrades, respectively. In 1993, before upgrades, the plant recorded the

i

temperature of product of combustion (POC) at 1360K (2000°F); the previous stack testing in 1993

-25.
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registered the flue gas temperature at stack as 1180K (1665°F). After upgrades, the furnace
monitoring system displays a mean temperature of POC 1477K (2200°F) and also records flue gas
tempetature at 700K (800°F) while flue gas exits regenerator. In this study, “combustion gas” is

used for the gas exits furnace chamber and enters regenerator.

4. Hot Charge
In order to maintain furnace temperature, after the melted metal is discharged for casting, a hot
charge of melted liquid aluminium is delivered to furnace in batches at 1033K - 1088K (1400°F -
1500°F). Hot charges are held in furnace for short time (few hours) during a normal production
day. After new batches of ingot enter furnace and are melted, a mixture of hot charge and newly
melted metal is delivered to casting production at 1033K. Hot charge stay in the system for a short
time and consumes almost no energy, therefore the hot charge is ignored in energy and exergy

consumption calculation in this study.

3.1.3 Summary of Equations and Tables

This section explains energy and exergy balance equations and efficiency calculation for furnace
: system before they ate tabulated in tables. The detailed balances analysis and equations for

regenerator are shown individually in section 3.1.3.4 .

3.1.3.1 Energy and exergy balance equations and efficiency of furnace

Refer to Figure 3.3 and 3.4, energy input and output of furnace are shown as following equations:

Solid Metal | [————— | _ Melted Metal

A Fuel - | Furnace ————'1'\r~—> Heat loss

? i Chamber
7 Combustion Air | I‘ Flue Gas

==y

Figure 3.3 Schematic of energy balance of furnace system before upgrades
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Figure 3.4 Schematic of energy balance of furnace system after upgrades

Eiput = Eoource T Esotametst + Ecomb ai (3.1)
Eupu™ Ernetied meta T Eotue gas T Qioss T Quiss, eegen ™ Bt metst TAE e+ Egye g5 T Quoss T Qlogs, cogen (32
Energy balance equation is:

! Eiput = Eoupu

where E . i =0, E i mew =0; before upgrades Q.. rcgen=0.

As referring to the following figures, exergy input and output in furnace chamber are shown as

following equations:

/ ~— —_—_— — — = - \\
\ Solid Metal I— _\ . Melted Metal

} Fuel R Furnace —"J\l\—b A

|
> I Chamber | /
/C | . Flue Gas \
L ——

e — Environment T. p,
~

/

Figure 3.5 Schematic of exergy flows of furnace system before upgrades
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Figure 3.6 Schematic of exergy flows of furnace system after upgrades

Ao = A T At meras + Acomb ai (3.3)
A o= A eted meaF At gas T Atoss F Aoss — (A oiic mera T AA ) T A fe e Atose T A, regen (3.4
Where A, u=0-

Exergy balance equation is:

Ainpue = Aoupue T Tev Ty, regen T evmix ) 35

Exergy is not conserved in real system:

; Ainput # Aoutput
The energy (exergy) loss in furnace chamber, Q,,, (A, ), occurs in combustion, melting and water

cooling processes. The energy (exergy) loss exists in various ways, such as heat radiation and

convection through structural wall, and heat leaked from furnace doots. The energy (exergy)

associated with cooling water system is also part of the energy (exergy) loss. The energy (exetgy)
loss in furnace chamber can not be calculated directly since the lack of measuring tools, however it

can be shown from energy balance equation (3.1) and (3.2) as follows,
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Quoss = Einput - AE et = e gus (0F Ecopp, s foOr after upgrades)

i

) o sl ol ettt g S

The exergy loss in furnace chamber is estimated as

Aloss= Qloss(l- TO / Tloss )

T,

loss

upgtades.

ICV = Ainput - Ammsfet - 'Aloss = Ainput - (AAm:tzl + Aﬂuc ps) - Aloss

phenomena inside furnace chamber.

loss

sometimes A, and I, are not computable due to short of monitoring data.

loss

input energy (exergy) is associated with fuel only. Equations are:

N=AE, ./ Ea
-29.
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denotes a hypothetical mean temperature of general heat loss from furnace chamber to
environment. The heat loss includes all loss from furnace body, leaked through door and
transferred to cooling water. The mean temperature is not a real and measured temperature, but a
datum for estimating exergy loss accompanying méerall heat loss. T, = 420K is taken in this study.
The estimation also assumes the hypothetical temperature is not changed after upgrades (this
assumption can be found in analysis A.1.3.3), the heat loss from the furnace changes very slightly
from 7.97 TJ to 7.23 TJ in Table A.1.6. Therefore T,,, = 420K is taken for before and after

Now from equation (3.3), (3.4) and (3.5), the exergy destruction in furnace chamber is found,

The Iy calculated hete includes destructions of combustion, melting, water-cooling and other

Sometimes the exergy loss and exergy destruction inside furnace chamber is taken as combination,
e A + Iy = Appue — Avnstee = Aipue = DA e + Ague o) (equation 2 and 3, S. De, 2003). The

teason why exergy loss and destruction are merged to one part is unnecessary to do so or because

Energy efficiency ( 7 ) of melting furnace is measured as the ratio of product energy output to
source energy input. Exergy efficiency ( ¢ ) of melting furnace is measured as the ratio of product

exergy output to source exergy input with consideration of exergy destructed in process. Source



'E = A'l\met*zl / A fuel (310)

i b

The detailed analysis of energy and exergy balances in regenerator is shown individually in section

3.1.3.4.

3.1.32 Energy and exergy balances Tables

T The following Tables 3.3 and 3.4 present energy and exergy balances of the studied furnace system
for before and after upgrades. All detailed energy and exergy flows are listed in Table A.1.8 and
A.1.15 in Appendix A.1.

i i

Table 3.3  Summary of Energy Balance for Before and After Upégades

g Before Upgrades After Upgrades
* Items (I]) % (T]) %
Energy Input:
Fuel natural gas 21.40 100 13.43 100
Combustion air . 0 0
Solid metal 0 0
Total 21.40 100 13.43 100
. Energy Output:
Stack flue gas 11.28 53 3.25 24
Melted metal 2.15 10 2.15 16
Energy loss from furnace 7.97 37 7.23 54
Energy loss from regenerator 0.8 6
Total 21.40 100 13.43 100

Note:

1) 0.01 TJ or 1% tolerance of normalized value sometimes caused by tound off value. This is
applicable to other balance tables in this study.

; 2) Before upgrade, furnace melting efficiency n, = 2.15 / 21.40 = 10%
' 3) After upgrade, furnace melting efficiency n , = 2.15 / 13.43 = 16%
The summaty of calculation results of exergy are listed below.
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Table 3.4  Summaty of Exergy Balance for Before and After Upgrades
Before Upgrades After Upgrades
Itemns
@m | @ ®
Exergy Input:

Fuel natural gas 21.98 100 13.95 100
Thermomechanical contribution 0.01 0.05 0.02 0.14
Chemical contribution 21.97 99.95 13.93 99.86

Combustion air 0 0

Solid metal 0 0

Total 21.98 100 13.95 100
Exergy Output: v

Stack flue gas 6.63 30 1.73 12

Melted metal 1.22 6 1.22 9

Exergy loss from furnace 231 11 2.10 15

Exergy loss from regenerator 0.07 0.5

Total 10.16 47 512 36.5
Exergy destruction '
in furnace K 11.82 53 7.56 54
in regenerator 1.2 9
in flue gas mixing 0.07 0.5
Total 11.82 53 8.83 63.5

Notes:

1) Before upgrade, melting furnace exergy efficiency ¢, = 1.22/ 21.98 = 6 %

2) After upgrade, melting furnace exergy efficiency e, = 1.22/13.95 = 9%

In this study, efficiencies of energy and exergy are summarized as follows.

Table 3.5 Furnace Enetgy and Exergy Efficiencies Compatison

Efficiency Before Upgrades (%)

After Upgrades (%)

Improvement (%o)

Energy 10 16 60
Exergy 6 9 50
3.1.3.3 Tables Analysis for Furnace

Comparing energy balance on furnace before and after upgrades, some conclusions can be found in

Tables 3.3 and 3.5:
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1)  Overall system energy efficiency increases from 10% to 16% due to less source energy
input ( from 21.4 T] to 13.43 TJ) when same production is maintained, i.e. 2.15 TJ energy
consumed for melting before and after upgrades. In real operation, the follows may reduce

actual energy efficiency : aluminium alloy instead of pure aluminium and no electricity

considered in overall energy input . After upgrades, electricity consumption could be
higher than before since more motorized devices are used and more monitoring devices
consume more electricity. On another hand, some other factors might increase energy
efficiency, for instance, depending on production demands, less holding time and more

charged ingot may operate furnace more effectively.

2) Energy saving 7.97 TJ (=21.40 - 13.43) from less energy source consumption is mainly
relied on better performed gas burner and regenerator. Refer to calculation Table A.1.4 in
section A.1.2, (h, - k), the unit heat transfer from combustion based on per mole of
fuel, is greatly improved,from 423,476 kJ/kmol to 625,501 kJ/kmol due to better
performed gas burner which gives higher temperature of POC (1280 K vs. 1180 K) and
better A/F rate (11.66 vs. 14.95), also due to regenerating system which gives higher

temperature of reactant air (750 K vs. 298 K).

, 3) After upgrades, heat rejection 24% (3.25 TJ) to the environment from stack flue gas, is
‘ significantly less than before upgrades. The reduction decreases thermal impact to

environment.

" 4)  After upgrades, the energy loss (7.23 TJ ) to environment from furnace chamber is slightly
reduced from previous loss (7.97 T] ). It is benefited from the new monitor and control

system which better operates pressure balance of combustion gas.

5) Before upgrades, total unused energy in system is 90% (19.25 T] =11.28+7.97); after
M - upgtades, total unused energy in system reduced to is 72% (9.67 TJ = 4.16+7.24+1.61).

The overall system performance is improved.

Exetgy comparison is observed from Tables 3.4 and 3.5. Some points can be found as follows:
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Overall system exergy efficiency increases from 6% to 9% due to less exergy input (21.98
TJ vs. 13.95 TJ) and additional input (0.94 TJ with preheated combustion air) while same

production is maintained, i.e. 1.22 T] exergy consumed for melting.

Source exergy supplied to process after upgrades is less than before, compare to previous

© 21.98°TJ, a total of 8.03 TJ (= 21.98 - 13.95) exergy saving is achieved.

As seen in Table A.1.10, molar fuel thermomechanical exergy is increased from 322
kJ/kmol to 1291 kJ/kmol. It resulted from gas pressure increased from 115 kPa to 170
kPa. However thermomechanical exergy contribution of natural gas is a small portion
compating to chemical contribution when temperature of natural gas is the same as
envitonment, so the thermomechanical exergy contribution is sometimes ignored when

calculating natural gas exergy.

Overall chemical exergy copsumption reduced from 21.97 TJ to 13.93 TJ. Molar chemical
exergy of fuel is improved approximate 1%, from 919,728 kJ/kmol to 928,951 kJ/kmol as
shown in Table A.1.10.

Waste exergy from stack flue gas is decreased from 6.63 TJ to 1.73 TJ because of
regenerating process. The reduction of waste exergy emission decreased the environmental

impact. Meanwhile, 12% waste exergy of flue gas still shows the availability of the flow.

After upgrades, 9.66 T] (=2.1+7.56) exergy loss and destruction from furnace chamber
appears less than before 14.13 TJ (=2.31+11.82). It shows the furnace performance is
improved. The change of exergy loss from furnace chamber, from 2.31 TJ to 2.1 TJ, is not

great.

The process inside furnace chamber destroys more than 50% of exergy input before and

after upgrades. The largest exergy waste in the system is the destruction in the processes of

combustion, heat transfer and melting due to the nature of the furnace operation.
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8) Exetgy destruction in regenerator is 1.2 TJ (9% of total exergy input). Miscellaneous

exergy loss in regenerator is only 0.07 TJ (0.5% of total exergy input).

9)  Overall unutilized exergy reduced from 20.76 TJ (= 6.63+2.31+11.82) to 12.73 T] (=
1.73+2.10+0.07+7.56+1.2+0.07) while retaining the same production.

For analysis and illustration, the above tables are converted to flow charts and assessed in Section

3.2.

3.1.34 Energy and excergy balances Tables for Regenerator
Here is the calculation of the regenerator energy and exergy efficiency. The below figure is the

illustration of regenerator.

Combustion . Eu __Flue Gas
Gas” Eowwem = g

Ecl.l . Efg‘l

> [ — »! Flue Gas

| Regenerator H?at loss
loss, regen
Epfﬂllll< 4KEcmlﬂur
Preheated — ] Combustion Air

Combustion Air

Figure 3.7 Schematic of energy flows in regenerator

In regenerator, energy balance equation is:

E..=E

input — output »

Energy input to regenerator E,,,, = E; + E 0

Energy output from regenerator E ... = Epensie + Egt + Qiogg, regen
Energy loss in regenerator Q. pen = (Eip1 + Ecormpaid = Bprensic + Egg1)
Energy (heat) recovery Erecovery (Qrecovety )= Eprch air Ecombair

/E

input
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In regenerator, exergy flows shown as follows
T T —
/ Combustlon _Ag . Stack Flue Gas
Gas™ Ay o - )
l Aﬁg.l Af..l /
el
\ > | » Flue Gas {
l Regenerator Aonsegm \
‘ Acxehnr < I Acnmbnt
Preheated | | Combustlon Au-/
Environment T p /
— -

\Combustlon Air
Figure 3.8 Schematic of exergy flow in regenerator

input Ac&l + Acombair

Exergy input to regenerator A,
+ Afg,l + Aloss.regm

L

Exergy output from regenerator A, = A

Exergy loss in regenerator Ay, .ce™ Qioseregen (1= To / Trogspegen )
= 325 K (52 °C) is estimated for the surface of the regenerator body because the

Tloss,zegm -
tegenerator body is warm and touchable when it operates
fg,l) - A]oss, regen

ICV regen —( Acg,l + Acomh aix) (Apreh air

Exergy recovery Am‘my A et air = A comb ai
Regenerator exergy efficiency e, = A ver / Ajpour
It must be noted that the exergy destruction Iy, exists in heat transfer processes between
combustion gas and media (ceramic ball) and between media and combustion air. The following
table lists energy and exergy balance for regenerator
Table 3.6 Energy and Exergy Flows for Regenerator
I Energy Exergy
rems ) % ) %
-35-
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Input:
Combustion air 0 0
Combustion gas (1) 5.15 100 3.21 100
‘ Total 5.15 100 3.21 100
Output:
Flue gas (1) 1.96 38 1.0 31
- Preheated combustion air 2.38 46 0.94 29
Loss from regenerator 0.8 16 0.07 3
Total 5.15 100 2.01 63
Exergy destruction \ 1.2 37
Notes:

1) Regenerator energy efficiency n, = 2.38/5.15 = 46%
2) Regenerator exergy efficiency &,= 0.94/3.21 = 29%
For detailed calculation refer to Appendix attached.

3.1.3.5  Analysis of Energy and Exergy Calculation for Regenerator

Energy and exergy comparison is shown in Table 3.6. Some points can be found as follows:

1) Exergy efficiency (e, = 29%) is lower than energy efficiency (n, = 46%) while two

different methods are used to study the same system.

2) Even though 16% energy loss (heat rejection) from regenerator seems to be a large
portion, the 3% exergy loss indicates less availability associated with the loss. In another
word 3% exergy loss indicates that one should spend less effort on focusing on recovering
3% exergy loss (or 16% energy loss) because the availability of the loss is limited. This is

an example showing exergy value is a more practical tool in analysis of application .

3) 'The flue gas exergy is 31% exergy input to the device. This reminds to recover the
availability.

4)  37% exergy destruction shows the irreversibility of heat transfer in regenerator.

The energy efficiency (n, = 46%) is lower than manufacturer’s expectation in this time period of

opetation. The designed performances of burner and regenerator are better than the observed and

Lp— g
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3.2 Analysis and Assessment
321 Flow Charts and Normalization

flow chart .

3.2.2 Comparison of Before Upgrade and After

conclusions.

|

y
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collected data from monitoring system. For instance, fuel combustion would take place at 1550K
(vs. 1477K obsetved, i.e. 2330 °F vs. 2200 °F respectively), combustion air would be preheated to
1277K (vs. 750K obsetved, i.e. 1840 °F vs. 890 °F respectively) and flue gas (80% combustion gas)
would exhaust at 450K (vs. 700K observed, i.e. 350 °F vs. 800 °F respectively). The best petformed
regenerator can preheat combustion air to 1390K (2040 °F). There are several reasons which may
cause the discrepancies of design specification and obsetved parameters, for example, the
regenerative system did not operate steadily after commissioning when this investigation and
observation wete conducted, the winter weather and rainy days also may influence preheated air
tetnperatute, furnace operators were not familiar with the new system, more unnecessarily frequent
charging solid metal (ingot) may lower furnace temperature, etc. Analysis of energy and exergy

distributions about furnace system from Tables 3.3, 3.4 and 3.5 are explained in next section.

Flow chatts present energy and exergy distributions in systems. The width of flow is proportional
to respective value of commodity. Rectangular frame presents furnace system as a whole. In order
to assess regenerator performance, a small rectangular frame presents regenerator next to

combustion chamber inside furnace system. Exergy destruction is shown as hatched area in exergy

For illustrating an easy compatison, all energy/exergy valﬁes are normalized. Th.e following Table
: l 3.7 shows the normalized results that are based on Tables 3.3 and 3.4. For example, before
upgrades, based on Tables 3.3, energy input before upgrades 21.40 T] is normalized as 100%; so
based on Tables 3.4, exergy input before upgrades 21.98 TJ] is normalized as 103%. The
discrepancy between 100 and 103 shows difference in energy and exergy of fuel when adopting two
| l methods. The other values of energy and exergy are also normalized as shown in Tables 3.7.

Adoption of energy and exergy methods to analyze the same process gives some different



Table 3.7  Normalization of Enetgy and Exergy for Before Upgrades

Energy Exergy
Items ) % 1) %
Input:
Natural gas 21.40 100 21.98 103
Combustion ait 0 0
) Solid metal 0 0
Total 21.40 100 21.98 103
Output:
Stack flue gas ‘ 11.28 53 6.63 31
Melted metal 215 10 1.22 6
Loss from furnace 7.97 37 2.31 11
Total - 21.40 100 10.16 48
Exergy destruction in furnace 11.82 55

1) Before Upgrades

Furnace
Chamber\
—————— Heat Loss

]
I 37 |
I | N\ Melted
Fuel 100 | ’ 10 |v> Metal
: 53 I Flue Gas
Solid{ I_ Tumace System
Metal ————
Combustion
Air

Figure 3.9 Energy flow chart before upgrades
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Solid |
Metal _‘&_ - T T
. Furnace :
Combustion Chamber

Air

Figure 3.10 Exergy flow chart before upgrades (1)

Figures 3.9 and 3.10 are illustrating energy and exergy flows before upgrades based on Table 3.7.

Some conclusions from reading flow charts are listed as follows:

1) Exerpy destruction (55%) shown in hatched areas illustrates that exergy is not conserved.
gy gy

Combustion, melting and cooling processes are irreversible and cause exergy destruction.

(2) In old system, without any control on exhaust flue gas, 53% energy associated with flue gas
exhausted to environment. In view of exergy, actually 31% exergy associated with flue gas is
emitted. This relatively large quantity (31%) exergy should not be considered "wasted", but
should be considered availability to people. It reminds that 31% exergy should had been

utilized. This is another example showing exergy. value is practical and meaningful in

application. It reminds users to focus on the material with more availability.

(3) Exergy value sometimes is greafer than energy value, at this circumstance, 103% >100%. Recall
calculation results in section A.1, molar exergy input 920,050 kJ/(kmol fuel) is slightly greater
than molar energy input, 895,761 kJ/(kmol fuel) in Tables A.1.10 and A.1.3A respectively.

4) In view of energy, 10% was transferred to product. The rest were released to plant and
2 P %

\ atmosphere through enclosure, stack and cooling system, ie. 90% (=100-10) energy was

_39.
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wasted. From Figure 3.10, 6% exergy transferred to product shows 42% (= 103-6-55) exergy
was wasted. The both low efficiencies of 10% and 6% show potential benefit to upgrade those

facilities. This was the subjective of the upgrading project.
2) After Upgrades

Based on Tables 3.3, energy input before upgrades 21.40 TJ again is normalized as 100%; refer to
Table 3.8 below, input energy after upgrades 13.95 TJ is normalized as 74%; source natural gas
enetgy input before upgradesiof 3.43 T] is normalized as 63%.

Table 3.8  Normalization of Energy and Exergy Flows for After Ui) des

Energy Exergy
Items ) % ) %
Input:
Natural gas 13.43 63 13.95 65
Combustion air 0 0
Solid metal 0 0
l Total 13.43 63 13.95 65
Output:
Stack flue gas 3.25 15 1.73 8
Melted metal 2.15 10 1.22 6
Loss from furnace 7.23 34 21 9
J Loss from regenerator 0.8 4 0.07 0.5
‘ Total 13.43 63 5.12 235
Exergy destruction
in furnace 7.56 35
in regenerator 1.2 6
in flue gas mixing 0.07 0.5
Total 8.83 415
[ The table shows 37% (=100-63) energy saving than before upgrades when maintaining same

production, 10% energy on melting. Refer to Tables 3.8 for other normalized energy and exergy

values, the following figures illustrate enetgy and exergy flows after upgrades.

~goiice
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Figure 3.11  Energy flow chart after upgrades
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Figure 3.12  Exergy flow chart after upgrades (1)

Some points are addressed as follows:

(1) Compare to previous soutce exergy input, 65% source exergy input shows 38% (=103% - 65%)

exergy saving as comparing to 100% energy input before upgrades.

(2) Again, exergy value of fuel is greater than energy value, for after upgrades, 65% >63%. Like
' ( unit values (per kmol fuel) shown in sections A.1.2 and A.1.3, molar exergy input 1,054,609
-41-
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kJ/(kmol fuel) is greater than molar energy input, 895,761 kJ/(kmol fuel) in Table A.1.10 and
A.1.3A respectively.

(3) Energy loss (34%) from furnace chamber to environment reminds a possibility of utilizing heat
loss from furnace, however exergy value 10% shows less availability of the loss. This again

examples the benefit of using exergy value .

(4) Comparing normalized 11% (2.38 TJ) energy recovery, only 4% (0.94 TJ) exergy recovery

transferred to combustion air.

3.2.3 Comparisons of Energy Analysis and Exergy Analysis

Traditionally, energy method is used in vefﬁciency analysis. Efficiency also may be evaluated by
exergy flow charts. The values of energy and exergy are normalized here. Energy input (21.40 TJ)
before upgrades is normalized as 100% in energy analysis when energy input (13.43 T]) after upgrades
is normalized as 63%; exergy input (21.98 TJ) before upgrades is also normalized as 100% in exergy
analysis when exergy input (13.95 TJ]) after upgrades is normalized as 64%. The other values are
normalized based on Tables 3.3 and 3.4 and all results are summarized in Tables 3.9 and 3.10.

In this section, both of traditional energy method and current exergy method are used to evaluate

changes of efficiencies of furnace and regenerator.
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Table 3.9 Normalization of Energy Balances for Before and After Upgrades

Before Upgrades After Upgrades
Items 1) % ) %
Energy Input:
Fuel natural gas - 21.40 100 13.43 63
Combustion air 0 0
Solid metal 0 0
Total 21.40 100 13.43 63
Energy output:
Stack flue gas 11.28 53 3.25 15
Melted metal 215 10 215 10
Energy loss in furnace 7.97 37 . 7.23 34
Energy loss in regenerator : 0.8 4
Total 21.40 100 13.43 63

1) Energy method analysis

L]

As the same normalizing rules applied, recall Figures 3.9 and 3.11 in previous sections and

introduce here for convenient comparison.

Furnace
Chamber—\l\'
______ Heat Loss

| M
| 37 |
| | N\ Melted
Fuel 100 | ' ] 1o |'> Metal
|| 53 I Flue Gas
Solid { l_ " Furnace System
Metal? ¢ —— — — — —
Combustion
Air

Figure 3.9 Energy flow chart before upgrades
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Figure 3.11 Energy flow chart after upgrades

Energy flow charts are shown as Figures 3.9 and 3.11 for before and after upgrades respectively.
Some conclusions are explained from reading these figures.

(1) Energy saving 37% (=100-63) a::hieved when maintaining 10% energy for melting production
{ in both charts. As shown in Table A.1.4 , after upgrades, the new bumer offers higher unit
energy input (1,054,609 kj/kmol fuel) than before (895,761 kJ/kmol fuel). This results from
higher pressure of fuel supply (1.75 x 10° Pa vs. 1.15 x 10° Pa) and better performances of

| system, such as higher combustion temperature etc.

' (2) After upgrades, 3% reduction of energy loss from furnace chamber (34%) is found less than
before (37%) .

(3 11% (2.38 TJ) energy transferred to combustion air reduced total energy input and fuel
consumption. Refer to Table A.1.4, the regenerator improve unit enthalpy of reactant from (-

76,700 k] /kmol fuel) to (82,148 kJ/kmol fuel). The Figure 3.11 tells this type of regenerator can

save 11% energy in similar systems.

2) Exergy method analysis
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Subsequently, based on Tables 3.4, exergy input before upgrades 21.98 TJ now is normalized as
100%; refer to Table 3.10 below, input energy after upgrades 14.89 TJ is normalized as 68%;
exergy flow charts are shown in Figures 3.13 and 3.14 for before and after upgrades respectively.

Table 3.10 Normalization of Exergy Balances for Before Upgrades and After

Before Upgrades After Upgrades

Items ) % () %

Exergy Input:

Fuel natural gas 21.98 100 13.95 64
Thermomechanical exergy contribution 0.01 0.05 0.02 0.10
Chemical exergy contribution 21.97 99.95 13.93 63.9

Combustion air 0 ' 0

Solid Metal | 0 0

Total 21.98 100 13.95 64
Exergy output:
Stack flue gas 6.63 30 1.73 8
Melted Metal . 1.22 6 1.22 6
Exergy loss from furnace 2.31 11 21 9
Exergy loss from regenerator 0.07 0.5
Total 10.16 47 5.12 235
Exergy destruction
in furnace 11.82 53 7.56 34
In regenerator 1.2 6
in flue gas mixing 0.07 0.5
Total 11.82 53 8.83 40.5
5 — |
| 53 Furnace ’
| System '
Fuel ) 100 l : Exergy Loss
7=\ Melted
| V Metal
| 30‘ Flue Gas

Solid L
Metal{ —l _____
Furnace

C9mbustion Chamber
Air

Figure 3.13  Exergy flow chart before upgrades (2)
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Figure 3.14 Exergy flow chart after upgrades (2)

Some conclusions are listed as below when reading two figures.

(1) 36% exergy saving (=100-64) 'is achieved when maintaining 6% exergy for production.

Thermomechanical exergy contribution increased from 0.05% to 0.1% shows the benefit of

higher gas pressure. This also can be referred to in Table A.1.10: unit thermomechanical exergy
contribution are relatively small (322 kj/kmol and 1291 kJ/kmol , for before and after upgrades
respectively) when compare to chemical exergy contribution (919,728 kJ/kmol and 928,951
kJ/kmol , for before and after upgrades respectively). The improvement (0.1%) of unit
chemical exergy (919,728 kJ/kmol fuel vs. 928,951 kJ/kmol fuel) is attained from better
perfbrmance of gas burner, which consumes less oxygen, ie. increasing logarithm part in
(vo,)™

- ——) in equation (A.12).
(760,) ™ Vio)e™

chemical exergy calculation equation: RT, In(

(2) Waste exergy of flue gas at stack is greatly reduced from 30% to 8%.

(3) Exergy loss from furnace slightly reduced from 11% to 9%. Compatre to 4% exergy tecovety,
0.5% exergy loss in regenerator appears relatively small (showing less availability).
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(4) 4% exergy is transferred to combustion air reduces total exergy input. This small number shows
chemical exergy of preheated combustion air is zero because it is not related to temperature of

pteheated air.

(5) Unused exergy is reduced from 94% (=100 - 6) to 58% (=64— 6). The 43% (=34+9) loss and
destruction from furnace body show the possibility of recovery. The feasibility of the energy

recovery will be addressed in next section .

(6) In all above analysis, it is noticed that the thermomechanical exergy of solid metal ingot is zero,
because ingot temperature is the same as of reference environment. If ingot temperature is to
be increased before melting, total exergy input will be decreased and fuel consumption would

be reduced more. This is discussed in further details in next section.

.Stemmed from the above sections, the following two sections discussed about futthet cost saving

and efficiency improvement: preheating ingot and utilization of waste from the system.

3.2.4 Preheating Ingot and Fuel Cost Saving

~ In this study, the 1,972,000 kg production of melted aluminium occurs duting 52 wotking days in
this plant. From section 3.1.3.3 energy comparison, after upgrades, heat rejection 21% (3.25 TJ) to
the environment from stack flue gas in this time period; on the other hand, in exergy comparison,
12% waste exergy (1.73 TJ]) of stack flue gas still shows the availability of the flow. If a preheating
process were to use flue gas to warm up ingot, the waste of energy will be reduced, less energy will
be consumed and efficiency of furnace will be improved.. The follows examine the possibility of the
proposal.

Firstly, if a device is designed to increase ingot temperature to 398 K (125 °C), which is 100 K
above reference environment, the requested energy and exergy from equation (A.G) in A.1.3.1 and

(A.14) in A.1.5.1 in Appendix A.1 respectively are
Energy consumption is the heat transfer to ingot :

AQ= m ¢, AT= 1,972,000 kg x 0.903 k] /kg.K x (398-298)K x 10 TJ/kJ=0.18 TJ,
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Change of exergy of ingot would only be the change of thermomechanical exergy contribution ,

AA=A 4T

metal

= AQ-T,mc, [1n(ZTf_)]= 0.18— 1,972,000x 298x 0.903x In(398/298)x10™ TJ/k]

i

0.02 TJ

When the ingot preheating device were to be designed as the following efficiency, it is found the

following table,

Table 3.11 Energy and Exergy Savings from Preheating Ingot

It Stack flue Designed Recovery  Designed Designed Designed Fuel
o gas (T]) efficiency (%)  Recovery (T]) Saving’) (%) Savingz) (%)

Energy 3.25 5.5 0.18 84 1.4
Exergy 1.73 1.2 0.02 1.6 0.1
Note:

1) the designed saving is the ratio of designed recovery to production energy and exergy
consumption, 2.15 TJ and 1.22 TJ respectively.

2) the designed fuel saving is the ratio of designed recovery to total energy and exergy inputs,
13.43 T] and 13.95 TJ respectively.

The table shows that to recover 5.5% energy (1.2% exergy) would preheat ingot up 100K and
saving 1.4% energy (0.1% exergy). The follows evaluate financial feasibility of designed device.

The recent local price of natural gas supply is $0.30/m’ averagely in 2003, ECG, 2003. The

estimated 5 year saving of fuel expense on the melting furnace is known as
$0.30/m” x 218,152m’/52 days x 350 days/year x 1.4% x 5 years = § 30,800

The estimation shows that if the cost of the designed device would be not more than $30,800, and
if the device would recover 5.5% energy or 1.2% exergy from flue gas so as to preheat ingot up to
398K (125°C), the device would reduce 1.4% fuel consumption and payback period would be 5

’ years, based on current fuel price.

The similar estimation can be made that if the cost of the designed device is not more than $58,600,

and if the device would recover 11% energy (4.6% exergy) from flue gas so as to preheat ingot up
-48 -
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to 498K (225°C), the device would reduce 2.7% fuel consumption and payback period would be 5

years.

To explote the feasibility of technology to preheat ingot economically is beyond the scope of this
study and should be further investigated by others in future.

3.2.5 Cooling Water Utilization and Efficiency Improvement

From Table 3.3 in previous discussion (3.1.3.3), the energy loss from the furnace is evaluated at
7.23 TJ after upgrades, which is approximately 10% reduction from 7.97 T] before upgrades. This
54% energy loss (in Table 3.3) is still considerably large. The following analysis assesses the loss and

efficiency improvement.

The major patt of the heat loss is the energy transferred to the environment through the furnace
enclosure and to the cooling water system, which removes excessive heat from the furnace roof
and walls in otder to ensure the furnace body is not overheated. But the heated cooling water is not
fully utilized usually. In winter, the water is supplied as a small part of a supplementary space
heating source for the plant; the major space heating source is a group of gas-fired boilets; in
summer, the water is cooled by cooling towers located on the roof and the return water is re-
circulated to furnace. Should this part of lost energy/exergy be utilized, the overall furnace
efficiency would be improved.

These calculation results approximately conform to an example in Table 7.5 in Szargut, 1988. After
a similar melting furnace is examined, the results show that exergy loss is 17.5% of the exergy input
. That exergy loss includes exergy associated with leaks from the furnace (17%) and with cooling
watet (0.5%) . Since exergy loss in the cooling water is small, recovering cooling water exetgy is not

possible.

The utilization of lost energy/exetgy could be used for space heating in the plant and office area,
domestic water heating and even ingot preheating etc. The usage of energy /exergy loss relies on

the parameters of the cooling water system. Because of lack of monitoring data and the limited
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from the furnace should be researched by others in future.

future.

3.2.6 Combustion Air Replacement and Efficiency Improvement

discussed elsewhere (Schalles, 1998).

3.3 Closute

system before and after upgrades. Some points are summarized as follows:

9% - 6% = 3%.

maintained. 37% of energy and 36% of exergy savings are attained.

mole of fuel.
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scope of this study, the technical and econotnical feasibilities of utilization of lost energy/exergy

If the entire furnace is not to be re-built, it is impossible to reduce or recover heat loss from

furnace. The plant is very unlikely to demolish the furnaces and construct modemn ones in near

The exergy of combustion air was zero before and after upgrades. To replace combustion air with
pute oxygen will reduce fuel consumption. The “oxy-fuel” furnaces combusts fuel with pure
oxygen. Because the combustion gas flow volume is five times smaller than that at a comparable
air-blown furnace (Korobitsyn, 2002), the smaller flow reduces the amount of flue gases and waste
heat. This type of furnaces can lead to energy savings of up to 20%. Pure oxygen is notmally
supplied as a liquid and is theoretically beneficial to the environment (Table 5 in Korobitsyn, 2002),
but the high cost of pure oxygen ttades off the advantages. The feasibility of pure oxygen is

This chapter analyzes calculation results and illustrates energy and exergy distribution in the furnace

1) Both efficiencies of energy and exergy of the furnace are improved after upgrades.
Furnace energy efficiency improved 16% - 10% = 6%, furnace exergy efficiency improved

2) Soutce energy and exergy consumptions are reduced with the same production

3)  After upgrades, the new burner provides higher values of energy and exergy based on per



4)  The regenerating system shows 47% energy efficiency and 29% exergy efficiency.
5  The regenerator recovers 15% energy and 6% exergy.

6) Recovering heat from the stack flue gas to preheat the ingot is one of possibilities to
further cost saving. Exergy associated with cooling water system shows energy of cooling

watet is less useful and not worth recovering in reality.

3
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CHAPTER 4

ENVIRONMENTAL IMPACTS AND FINANCIAL ANALYSIS

This chapter evaluates environmental impacts and performs a basic financial analysis, based on

calculation in the previous chapter.

4.1 Environment Analysis

The first section presents the exergy-based insights into the environmental impact. Some suggest
that exergy is a more insightful mean than conventional methods of examining environmental
impact (Dincer and Rosen, Environment 1999), for not only is the quantity of exergy related to the
state of the system itself, but is also related to the reference environment. Departure waste exergy

could be zero only when the flow of substance is in equilibrium with the reference environment.

Zeto waste exergy is not possible in this studied case, or in any hydrocarbon fuel combustion
process. Flue gas always is associated with a greater amount of CO, and NOx than that in the
environment that the flue gas enters. Even if a "perfect” heat exchanger were to be invented for a
regenerator and 100% waste heat is recovered, the chemical exergy associated with CO, and NOx
in flue gas would definitely form a potential impact on the environment. Exergy evaluation helps

researchets to better determine environmental impact.

4.1.1 Potential Impacts from Exergy Waste
The waste exergy of flue gas emissions represents a potential impact on the environment. The

following discussions only use normalized energy or exergy values.

In a combustion process, natural gas becomes stack gases, causing a destruction of order in the

environment while lesser exergy is associated with products of the process.

After upgrades, unused exergy of 4.08 TJ (=1.73+2.10+0.25), excluding exergy destructions, refer
to Table 3.4) is calculated at 28% of exergy input ( 16.64 T] ) in 52 work days; annual exergy waste
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is then estimated at 27.5 TJ for 350 work days per year. This is equivalent to approximately
430,000m’ natural gas wasted through the stack every year. These unconstrained emissions of
exergy impact the environment in an uncontrolled manner. The exergy values of the stack flue gas

show the ability of changing environment.

The melting process consumes a finite natural resource, natural gas. The combustion degrades
natural gas because lower degraded energy is associated with the combustion product. Improved
ptocess efficiency can reduce this degradation without effect on production. In this study, the aim

of the upgrade was to tecover exhausted heat and to preheat combustion ait.

4.1.2 Nitrogen Oxides Emission Evaluation

Contaminants released from the furnace are combustion by-products and include nitrogen oxides
(NOx), carbon dioxide (CO,) and water vapor. In many circumstances, some other chemical
components such as sulphur dioxide (SO,), carbon monoxide (CO) and suspended particular
matter (SPM), exist in the flue ghs as well. Sulphur dioxide may result from alloy material.
Sometimes carbon monoxide results from mcomplete combustion. Because SO, and CO are a
small portion of gross emission and also because this project’s scope includes the study of
regenetative technology, which focuses on reducing of nitrogen oxides (NOx) and catbon dioxide
(CO,) emissions, the rest of combustion by-products (SO,, CO, SPM and flux emissions) are not

consideted in this discussion.

The following equations show that a small quantity of nitrogen and oxygen flow is involved in

through the combustion process, when comparing before and after upgrades:
Before: 1 (Fuel) + 3.14 O, + 11.8 N, — 1.15 CO, +[0.91 O, + 11.8 N,]+2 H,O (A3)
After: 1 (Fuel) + 2.45 O, + 9.21 N, — 1.15 CO, +[0.22 O, + 9.21 N,]+2 H,0 (A4)

Further details and explanations for the above equations (3) and (4) can be found in section A.1.1
in Appendix A.1. As illustrated in section 2.3.5, staged combustion generates less nitrogen oxides,
as shown in equations (A.3) and (A.4). When it is assumed that only NO, is generated in flue gas,

the following are found:
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Before upgrades: 0.91 O, + 11.8 N, — 0.45 NO, + 11.69 N,

After upgrades: 022 O, +9.21 N, — 0.11 NO, + 9.16 N,

The left sides of equations are the same terms as the bracketed terms in equations (A.3) and (A.4)

respectively. In reality, the mixture of both NO, and NO is generated and can be expressed as in

the following equations :

Before upgrades: 0.91 O, + 11.8 N, — 0.45 (a, NOZ +b, NO) +11.69 N, (4.1)

After upgrades: 0.22 0, + 921N, — 0.11 (a, NO2 +b,NO)+ 916N, (4.2

From previous analysis, it is known that only 64% ’of the exergy is consumed after upgrades, i.e.
After upgrades, 64% (0.22 O,)+ 64% (9.21 N, ) — 64% [ 0.11(a, NO,+ b, NO)]+ 64% (9.2 N,

)
This gives that, after upgrades, the reduction of NO, emission as [1 — (64% x 0.11 )/0.45] = 85%.

This is a good improvement on reduction of nitrogen oxides emission.

4.1.3 Carbon Dioxide Emission Evaluation
It can be found in above equations (A.3) and (A.4) that CO, is generated and emitted propottional

to the amount of consumed hydrocarbon fuels. Regenerative technology does not directly reduce

CO, generation or emission, but CO, emission reduction will be achieved when less fuel is

consumed as expressed in the followings :

Before upgrades: 1 mole (Fuel) generates (1.15 moles CO, )

After upgrades: 1 mole (Fuel) generates (1.15 moles CO, )

Since it is known from above that 36% fuel saving is attained, 36% treduction of CO, generation

~and emission is achieved by adopting new the burner technology and as result of regenerator

program.
-54-
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4.2 Financial Analysis

In this section, assessment of project investment is examined. The currency unit is the Canadian

dollar.

4.2.1 Capital Investment

The overall project costs $1.45 million to purchase and install three sets of regenerative burners.
The plant invests $120,000 on upgrading the natural gas supply system. The plant will receive
$68,000 in rebate from the local gas supplier when the project is fully implemented in all three
furnaces. After upgrades, operation of the new burner system does not require an increased labour
cost. The labour cost is neglected in this evaluation . Some other expenses are not consideted in the
study because they are under a maintenance budget, which occurs every year and does account for

payback years.

The above capitals ate invested for three furnaces. Since this study focuses on only one furnace,
only one-third of the above investment and benefit is attributed to this assessment . The total

capital input per furnace is :
[$1,450,000 - $68,000 + $120,000 ] /3 = $501,000 per furnace.

4.2.2 Fuel Cost Saving

From Table 3.1 and Table 3.2, the fuel saving is 296,540 m’ (=514,692-218,152) when the same
production maintained. The unit price of natural gas was approximately $0.188/m? (in March, 2003,
it became $0.30/m’). This gives a total $55,749 saving for 52 working days, or an average $1,072
per day.

The actual average daily saving will be less than $1072, because the selected 52 wotking days
operated at full capacity, but in actual operation such as on Sunday, the furnace only operates in a
holding mode and will not achieve the $1,072 daily saving. From expetiences of the plant
personnel, approximately 25% working days are low production days, and low production only
consumes 50% fuel of high production. These operation expetiences give the fuel saving in 350

working days per year as:
-55-
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$1072 x (350 x 75%) + ($1072 x 50%) x (350 x 25%) = $330,000 /year furnace

4.2.3 Payback Analysis
From the above estimations in sections 4.1.1 and 4.1.2, the simple payback period will be 18

months:

[ $501,000/$330,000 | x 12 months/year = 18 months.
Further analysis is broken-down as follows:

1) Burner maintenance cost is excluded. Approximately every 6 months, regenerators need to
be cleaned in order to remove clogging and to reduce resistance when gases flow through.

Cost of material (media) in regenerators and cost of labour are unanticipated.

2) During regenerator maintenance, the regenerative system will be switched to the
conventional mode. Therefore no combustion air will be preheated, and this operation

mode will decrease expected fuel cost saving .

3) Some merits on environmental issues are not undertaken in the payback analysis, such as
the fact that flue gas temperature has been reduced, NOx and CO, emission has been
decreased, potential environment impacts are less than previous. In a detailed financial

analysis, these factors should be considered .

4.2.4 Discussion

Some research papers (NCCIT, 1998) explained typical batrtiers to the implementation of emission
reduction technologies in the transportation manufacturing sector, such as the relatively long
payback period (greater than 2 years), are disadvantages in the competition for capital, and highet
operating costs associated with increasing energy prices will reduce the competitiveness of the

Canadian industry, etc.

In this study, an approkimate 18 months payback petiod is shorter than usual expectation of 24

months, and regenerative butner system operates with well designed PLC control and thus does
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not requite extra operating cost. In the selected plant, for one furnace, the average $501,000
investment versus $323,000 fuel saving per annum is a worthwhile decision and the project meets
initial objectives.

In the upgtaded natural gas distribution system (including new pressure regulating valves), the total

of $120,000 was invested for increasing fuel supply pressure. It is helpful to increase energy and
exergy pet mole of natural gas and increase total inputs of energy and exergy.
4.2.5 Exergy Costing Analysis

Financial assessment can be carried out in several ways. The exergy approach is a practical tool to
discuss worthwhile (or not) investment in thermal engineering projects, as exergy values present the

availabilities of streams in a system and exergy loss shows the waste of tesources, ie., waste of

investment. Some researchers studied a thermoeconomic approach with the exergy method (Pehler,
1983) and found that, by using exergy (availability) values to exam a system, the method gives very

close conclusions and accurate suggestions. Sometimes the ratio of exergy loss to capital cost is a
direct parameter to analyze a thermal system (Rosen 1986).

An exergy-costing investigation is beyond the scope of this study scope; also, to gather detailed

financial information on the project and detailed operation cost is not objective of this study. Thus
the exergy costing method is not employed in the financial analysis in this study.

=
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the accomplishments and findings of the study. Conclusions and

~ recommendations for further study are given.

5.1.  Summary of Accomplishments

The study conducted background investigations of the die casting fndustry and aluminium melting
process, while addressing environmentél issues and the capital investment in the industry and
process. This report carried out a literature review of exergy methodology, comparison of energy
and exergy methods and applications of exergy theory. The report introduced regenerative
technology and detailed system operation after communicating with the manufacturer and
understanding product information. System efficiency and emission are calculated based on the
energy and exergy methodology while illustrating efficiency analysis and considerations. Analysis
was made to assess the environmental impact and evaluate exhaust emission and pollutants. A

financial analysis predicts a payback period of 18 months.

5.2.  Summary of Findings
The study found the following relating to the exergy method and thermal technology.

1) The calculations show the benefits of using exergy values. The first example in Table 3.4,
before upgrades, shows that 30% of the total exergy input associated with flue gas should
be considered available for use and should have been utilized. In the second example in
Table 3.8, after upgrades, the energy loss of 34% (of total energy input) from furnace
chamber to environment indicates a possibility of utilizing the loss, however the exergy
value 9% shows less availability of the loss. In the third example in Table 3.6, in the
tegenerator, a relatively large exergy destruction (37% of exergy input to tegenerator)

indicates it may be better to improve heat transfer performance of the regenerator instead
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2

3)

4

5)

6)

of to improve insulation of the regenerator. The heat transfer performance of regenerator
includes the heat transfer between combustion gas and media and heat transfer between

media and combustion air.

The overall system energy efficiency increases from 10% to 16% and the system exergy
efficiency increases from 6% to 9%, when the same production is maintained . (h, - k),
the unit heat transfer from combustion based on per mole of fuel, is greatly improved
from 423,476 kJ/kmol to 625,501 kJ/kmol due to the higher temperature of POC, better
controlled A/F rate and higher temperafure of reactant air. The unit thermomechanical
exergy of natural gas is increased from 322 kJ/kmol to 1291 kJ/kmol by increased gas
pressute. The chemical contribution is improved approximately 1%, from 919,728 k] /kmol
to 928,951 kJ/kmol.

36% exetgy saving and 37% energy saving of fuel consumption are mainly obtained from
the regenerative burner system with the same production. The payback pedod for the

whole system is approximate 18 months.

After upgrades, the emission of nitrogen oxides (NO, and NO) is reduced by 85% and CO,

emission is reduced by 37%.

After upgrades, heat rejection 3.25 T] to the environment from the stack flue gas is
significantly less than 11.28 T] before upgrades. The reduction of waste exergy emission
decreased from 6.63 TJ to 1.73 TJ. Both reductions decrease the thermal impact on the

environment.

Before upgrades, the total unused energy in the system is 90%; after upgrades, the total
unused energy in the system is reduced to 72%; current 9.66 T] exergy loss and destruction

from the furnace chamber is less than before (14.13 TJ). These show the overall furnace

system performance is improved.
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7) The gas combustion, melting and water-cooling processes inside the furnace chamber
destroy more than 50% of exergy input before and after upgrades. This is the largest exergy

waste in the system.

8) The exergy value sometimes is greater than energy value, such as in this calculation. The
molar exergy input 920,050 kJ/(kmol fuel) is slightly greater than the molar enetgy input,
895,761 kJ/ (kmol fuel).

9) Before and after upgrades, both energy and exergy inputs of solid metal (aluminium ingot
including scraps) are zero. If a device were designed to recover 5.5% energy or 1.2% exergy
from the current flue gas so as to - preheat the ingot up to 398K (125°C), the device would
reduce 1.4% fuel consumption and the payback period would be 5 years only when the
device costs less than $30,800; if one expects the device to recover 11% energy (4.6%
exergy) from current stack flue gas so as to preheat the ingot up to 498K (225°C), the
device would save 2.7% fuel ‘consumption and the payback period would be 5 years only

when the cost of the device is not more than $58,600, based on cutrent fuel price.

10) In the regenerator, exergy efficiency (e, = 29%) is lower than energy efficiency (n, = 46%)
when two different methods are used to study the same system. Exergy destruction in the
regenerator is 37% of the total exergy input to the regenerator. Miscellaneous exergy loss in
the regenerator is less than 3% which indicates the availability of the loss is limited even
though 16% of the total energy associated with the loss.

5.3. Conclusions

1) Exergy is a more practical tool compared to the conventional energy method when

examining the thermal performance of the same melting furnace and the same regenerator.

2) Implementing regenerative technology results in enhanced system performance indicated
( by an exergy efficiency improvement. Staged burner and regenerator benefits meet the
tatgets of design. The environmental friendly regenerative bumner system improves

efficiency, lowers NOx emission, achieves fuel saving and provides quick financial payback.

-60 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3)

4)

3)

5.4.

The thermomechanical exergy contribution of natural gas is a smaller portion of total

exergy compatring to the chemical exergy contribution, which is more important to natural

gas.

Preheating combustion air helps to improve furnace efficiency. The recovered energy and

exergy save fuel consumption in furnace.

The stack flue gas exergy (1.73 TJ) still shows the availability. Preheating the ingot will
increase the total exergy input to system. If a preheating device were to recover heat from
the stack flue gas to warm up the ingot, the waste of energy and exergy will be reduced, less
fuel will be consumed and the efficiency of furnace will be improved.

Recommendations

The recommendations below follow from this study:

1)

2)

3)

The exergy methodology should be extended to analyze a wider range of industrial and

engineering problems.

More regenerative technologies should be considered in similar applications. Regenerative
burner systems have been commercially available for use on aluminium melting furnaces
for many years. There are many melting furnaces in North America equipped with
regenerative combustion systems. The furnaces successfully keep NOx generation below
the regulated level while attaining increases in heating capacity. Despite the proven benefits
of high fuel efficiency and high productivity, many plants remain reluctant to adopt this
technology, Schalles, 2002. Since environmental regulations are likely to become more

severe in the future, all furnaces should be forced to adopt the regenerative burner system.

In future exergy calculation, the thermomechanical exergy contribution of natural gas can
be neglected when natural gas is supplied at the same temperature of environment, even

though it is compressed to 170 kPa (10 psi).
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4) To recover heat from the stack flue gas and preheat the ingot is recommended, as it directly

reduces waste while saving fuel when the device design is economically possible.
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GLOSSARY OF TERMINOLOGY

Availability: is also called Available Energy or Exergy, see Exergy
Chemical Exetgy: is equal to maximum work obtainable when the substance under
consideration is brought from the environmental state to the dead state by process involving

heat transfer and exchange of substance only with the environment (Kotas, 1995)

Exetgy: is the maximum work potential of a given form of energy within the reference
environment. (Kotas, 1995)

Exergy destruction: is a phenomenon of loss of work potential of a system which take place
during an irreversible process (Kotas, 1995)

Hot metal: is melted liquid metal that is charged to melting furnace for keeping furnace
temperature and occupancy, also called hot chatge

Ingot: is raw material for melting process, aluminium alloy in this study, also called ingot rack,
bar, etc.

Molten: is liquid melted metal that is ready for casting

Regenerator: is a heat exchanger to reclaim heat associated with flue gas and to preheat
combustion reactants

Regenerative burner: is a set of system that combined with regenerator and burers that is
designed to reduce nitrogen oxides emission

Scrap: is recycled unqualified product or scrap timmed from qualified product after casting
process

Thermomechanical Exergy: is the exergy associated with a heat interaction. (Kotas, 1995)
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APPENDICES

APPENDIX A.1

| Energy and Exergy Calculations

The calculations are based on theory and equations in Moran and Shapiro, 1995. All source
values of enthalpy, entropy and other properties of vatious types of gases are taken from the

same book, unless otherwise noted.
The following assumptions are made in the study:

1) The reference environment temperature T, is taken to be 25°C; the reference
environment pressure p, is taken to be 1 atm. The annual average temperature is 7.2°C
in Toronto, Canada. In cold weather, the actual system efficiency will be lower than the
calculated in this study; on the other hand, utilizing cooling water in space heating
systetn increases overall system efficiency. For simplicity, average temperature 25°C is

used in this study.

2) The system within the control volumes indicated on Figures 3.1 and 3.2 by a dashed
‘ frame operates at steady state. Also Wy =0.

3) Each mole of O, in the combustion air is accompanied by 3.76 moles of N,.
4) The fuel and combustion products are treated as an ideal gas mixture.

5) All product of combustion exit furnace chamber and exhaust through stack . Some
combustion gas or the flue gas leaked from furnace door and flue duct are not
considered in mass balance this study . In actual operation a slight positive pressure is

‘ maintained in furnace in order to prevent outside cold air from entering furnace. But air

leaked from furnace door to outside is small quantity when comparing to combustion
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gas exiting furnace chamber. Therefore the combustion gas leaked from furmace door is
ignored. It is assumed that all flue gas (or combustion gas after upgrades) exits furnace

chamber.
6) The kinetic and potential energy effects are negligible.

7) The electricity consumption is not considered in energy and exergy input to system since
the expense of power is small as comparing fuel expense. The electricity is consumed on

various types of motor and devices in monitoring system and control system. By far no

power record is metered particularly for furnace system, either for before and after
upgrades; however, in the plant, monthly electricity bill related to production is usually
only few percentage of natural gas bill. Therefore to neglect electricity consumption

does not affect overall energy efficiency significantly.

8) In composition of natural gas supplied by local gas vender also includes nitrogen (N,),
catbon dioxide (CO,), hydrogen sulphide (H,S) and water vapor (H,O), from ECG
2003. hydrogen sulphide (H,S) is added for safety concerns. Since volumes of N,, CO,,

———— s+

H,S and water vapor (H,O) ate very small so they ate neglected in this calculation, and

their molar fractions are not considered in natural gas composition.

9) The studied time period is from December 2002 to March 2003, there are total 96
] working days, but 43 working days were not in full capacity of production due to
l maintenance and holidays shutdown. The production data and fuel consumption are

taken from the rest of 53 working days.
Source data collected from plant and recorded from furnace operation are summarized in Tables

3.1 and 3.2.

A.11 Chemical Equation

‘; The chemical equation for the complete combustion of methane is
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CH,+20, — CO, +2H,0

Considering the above assumption 3) at start of Appendix A.1, combustion air which supplies

O, are taken from environment, above equation becomes
CH, + 2 (0, + 3.76 N,) — CO, + 7.52 N, +2 H,O

On a molar basis, the air-fuel ratio is

(A/F)ye = 2/ 1) x4.76 = 952
| In actual furnace operation, A/F is always higher than (A/F),,, .

Befote upgrades, A/F ratio was controlled by furnace operators observing flame color. After
upgrades, regenerative burner's PLC control system adjusts the actual ait-fuel ratio mainly based

on furnace temperature. The actual chemical equation becomes
CH,+ n (O, + 3.76 N,) — CO, + (n-2) O, + 3.76n N, +2 H,0O A1)

Natural gas supplied is not pure methane (CH,). The natural gas compositiori is shown in Table
A.1.1, where values have been taken from Gas Handbook, 1966. The molar enthalpy and Gibbs

function of formation at reference environment of fuel natural gas is calculated in the following

table.

Table A.1.1 Natural Gas Composition

e e — e e ——

Substance Chemical Form | Mole Fraction | & }’ (fue) (kJ/kmol) g} (fuel) (kJ/kmol)
Methane CH, 0.90 -67,365 -50,790
Ethane CH, 0.0463 -3,921 -32,890
Propane C3Hs 0.0391 -4,061 -23,490
| Butane C:Hypo 0.0098 -1,236 -15,710
| Pentane CsHi, 0.0008 -117 -8,200
Natural Gas 1.0 -76,700 -48,313

To introduce natural gas composition to equation (A.1):
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(0.9 CH, + 0.0463 C,H, + 0.0391 C,H, + 0.0098 C,H,, + 0.0008 C;H,,)+ n (O, + 3.76 N;) —

1.15 CO, + (n -2.23) O, + (3.76n) N, + 2.15 H,0 (A.2)

In the following discussions, n, and n, are defined as coefficients in equation (A.2) for before

upgrades and after upgrades, respectively.

Before upgrades, stack testing (on wet basis) on furnace was conducted by plant, 6% O, in

volume of emission was found in flue gas exhaust. According to equation (A.2)
(n, - 2.23)/[1.15+(n,-2.23)+3.76n,+2.15]1 = 6 %

Thus n,= 3.14 makes equation (A.2) balanced. Thus, before upgrading project, chemical

equation is
Before: 1 (Fuel) + 3.14 O, + 11.8 N, — 1.15 CO, + 0.91 O, + 11.8 N, +2.15 H,0O (A.3)

The undetlined short term in equation (A.3) is used to present fuel natural gas composition in
equation (A.2). This short term will be used in the study. Then, ratio (A/F), = (3.14 / 1) x 4.76
=14.95

After upgrades, the regenerative burner's emission analysis is based on lab testing for this type of

burner. The testing was catried out in manufacturer's lab, Bloom Engineeting. 1.74% O, is

s e N i

found in flue gas. From equation (A.2), it gives:
(n, - 2.23)/[1.15+(n,- 2.23)+3.76n, +2.15] = 1.74 %

so n, = 245 and the equation (A.2) is balanced. Thus, after upgrading project, chemical

equation is

1 After: 1 (Fuel) + 2.45 0, + 921 N, - 1.15 CO, + 0.22 O, + 9.21 N, +2.15 H,0 (A4)
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Then, ratio (A/F), = (2.45/1) x 4.76 = 11.66. Equation (A.3) and (A.4) are used in the rest of
calculation. Each coefficient ( n; ) shown in the following equations in the Appendix is the same

as the corresponding respective coefficient of the chemical equation (A.3) and (A.4).

A.12 Energy Input to Fumace System
| The chemical reaction (fuel combustion) generates the majority of energy input. It must be
| noted that another part of energy input is the energy associated with combustion air (and with

preheated combustion air after upgrades). The two parts are calculated separately as following.

A.121  Energy balance of combustion
Since fuel and air enter combustion chamber separately, the following figure illustrates the

combustion for the following calculation.

OOV P U ———

et

To P ||

‘ . Combustion Gas
VTctmbgu po

’ Furnace
Chamber
Combustion Air , - I

Teomoair Py I_________j

Figure A.1.1 Schematic of energy calculation of fuel combustion

The lower heating value (LHV), £.,, is used here for calculating energy input of combustion.

g, 0 /kemol fuel) = 3 n, (47), - Y m,(7) (A.5)

where zne(hﬁ )e = N (;;)COZ + ng, (}—lfo)OZ +ny, (’—'fo)Nz + 50 (,Tfo)HZO
P
| and 3", (1), = et (B + 2 (B 2 + 1 (B0 e = (B
R

The values of enthalpy of formation of the component at reference environment are on basis of

per kmole fuel. Energy input of combustion from natural source fuel can be expressed as:
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Eqa = NEye) by,

i N, denotes total moles of fuel consumed. With enthalpy of formation values from Tables A-
q 24 in Moran and Shapiro, 1995, calculation results are tabulated in Table A.1.2,

Table A.1.2 Calculation of Energy Input to Furnace Chamber

| Items : Before upgrades After upgrades
| Zpln, (7). G/ kmol fuel) 972,461 972,461
;ng (1), =(} rus (] /kemol) . 76,700 ~76,700
h?, (k] /kmol fuel) -895,761 , -895,761
D (kmol) . 23,890 14,993
Ef ZEqpee = Ny B (T)) -21.40 -13.43

Note: In accord with the usual sign convention for heat transfer, negative values of E, in above
table show combustion reaction transfers heat to environment. It is converted to a positive

value in the following study.

£ 4

A.122  Energy associated with preheated combustion air
Another source of energy input to system is the combustion air, and preheated combustion air
(after upgrades). The energy associated with combustion air E_,, .= 0 as air taken directly from

environment. The enetgy associated with preheated combustion ait, E is equal to the heat

preh air 3

|
] recovered in regenerator, Q.. - Refer to the following figure,
|
|
l
|

Combustion Gas Qi . ~I Flue Gas R
T coms g ! - | Thuew o
I Regenerator l
__Preheated I _ lCombustion Air
~Combustion Ai T
T?,::, ustion er _ _J a

Figure A.1.2 Schematic of energy calculation of preheated combustion air

l
g Epensic = Quecovey = Beruep [ D02 (hr=ho)or+ e (A= ko)l
!

-73-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e s ot embemte . —ars smn

The values of enthalpy of the component are on basis of per kmole fuel. Recall energy balance

equation 3.1 of furnace in section 3.1.3.1,
Before upgrades, E, ... = Ea + Eqid me T Ecomb aic
After upgrades’ Einput = Efuel + Esolid metal + (Ecomb air + Qrecovery)

With enthalpy values h r and FO from Tables A-17 and 18 in Moran and Shapiro, 1995,
calculation results are tabulated in Table A.1.3,

Table A.1.3 Energy Input to Furnace Chamber

Items ' Before upgrades | After upgrades

Tcomb air (I<) 298 298

Tren e 1 750

I:‘-“comb air (‘[J) O 0

Epmh air (=chovery ”‘[J)' 2-38

E e (T 21.40 13.43

E(id mewt (TJ) 0 0

Einput =Esource +Esolid metal + (Ecombair +chovety ), (ID 21.40 1581

Note: E_ .. values from Table A.1.2 are converted to positive when calculating total energy
input.

The total energy input to furnace chamber also can be calculated via &, and k, , enthalpies of

the combustion product and reactant per mole of fuel, the change of the two enthalpies presents
the heat librated from combustion. The following figures are shown for before and after

upgrades,

Fuel r——_—,

To P | g , . Flue Gas
VTcombps po

| Furnace |
Chamber

Combustion Air| . < I Quw

Tcomhairpo l_——_—’tlf\_

Figure A.1.2A  Schematic of alternative energy input calculation before upgrade
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Fuel i_ » _]
To P | I . Combustion Gas
Furnace Temaw B,
greh%atct(_l on Al l Chamber |
ombusti ir]| €
Tprehﬁr P 0 L . —J QCV

Figure A.1.2B  Schematic of alternative energy input calculation after upgrade

Before upgrades, E,,,, = Egg + Eomp s

Followed the combustion system’s energy balance equations in section 13.2.2 in Moran and

Shapiro, 1995, Ega + Eoomb s = Eguegam Qcv
Similarly, after upgrades, B, = Eqa + Epen e = Beombgam Qv

Wherchv=n(Fue,)(ITP-}TR) o

And h, - by (k) /kemol fueh= 3" n, (1 +[A(T,) ~ H(T,)]), - 3 n, (B +[A(Tp) - B(T,)), (A5A)
P R

Then for before upgrades Eg, = E; o - Ecomp e (A.5B)

For after upgrades Eqy = E, - B uic (A.5C)

Molar energy input of combustion based on per mole of fuel is found from E,,, x10°/ T
(k] /kmol fuel). All terms are defined as same as in previous section, all molar entropy values are
based on per mole fuel and available in Tables A-17 to A-24 in Moran and Shapiro, 1995, and

|
J
|
|
|
J
|
|

Egye gos Ecomb o) n€€d to be referred in next section A.1.3.2, the calculation results then are

tabulated in the following table,
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Table A.1.4 Alternative Calculation of Enetgy Input to Furnace Chamber

The results E;, and E,__,, conform to the calculation results in Table A.1.3.

input

Before upgrades | After upgrades
h, (k] /kmol fuel) -500,176 -543353
hy, (k] /kmol fuel) -76,700 82,148
(h, - k) (kJ/kmol fuel) -423,476 625,501
D,y (kmol) 23,890 14,993
Qo (I -10.12 -9.38
Epe e Beompg) (1)) 11.28 6.43
i Eiput = Efue g Qov (T) 21.40 15.81
; Molar enetgy input (k] /kmol fuel) 895,761 1,054,609
; Embar (TJ) | 0 0
Epenac (1)) : 2.38
3 Eta = Eiput = Ecomb e Eprenaid (1) 21.40 13.43
]
i

A.13 Energy Output from Furnace System
Energy output from furnace chamber consists of three parts, energy associated with melted
! metal for production, with stack flue gas (or combustion gas) exiting furnace chamber, and with\

heat loss transferring to cooling water and furnace surroundings. These three parts of energy

output are calculated separately as follows.

Al131 Energy change of metal in melting process

The total enetrgy (heat) transferred to metal in the melting process is:

E iting = Qunetted metat = Qunt + Qusion T Q2

|
|
i
i
i

Where heat transfer to solid metal, Q,,, = ¢, m (T;; - T;;) (A.6)
Fusion heat to metal, Q ¢ = Dpeca c £alum A7)
Heat transfer to liquid metal, Q , = ¢, m ( Ty, —T);) (A.8)

cpy » specific heat for solzd aluminium; c;, , specific heat for lguid alaminium and Ef, aum > Specific

heat of fusion for aluminium ate taken from Kanicki and Kirgin, 1996.
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T;and T; denote final and initial temperatures, respectively, of melting metal. Heat transferred to

melted aluminium ingot (m=1,972,000 kg, 1.y = 73,145 moles) are:

i | 1) To heat metal from 298K (T;)to 933K (Tj,) (melting point), metal is solid, ¢, = 0.903
kJ /kg K; from equation (A.6), Q,; = 1.13 T]

2) At melting point 933K, metal is mixtute of solid and liquid , ¢ 4,,=10,790 kJ/kmol , from
equation (A.7), Q,= 0.79 TJ

3 3) To heat liquid metal from 933K (T,)to 1033K (T,), metal is liquid, ¢, = 1.17 k] /kg K from
equation (A.8), Q,, = 0.231 T]

Melting 1,972,000 kg ingot from 298K to 1033K, total consumed energy (heat transfer):

Eping = Qut + Q¢+ Qo = 113+ 0.79 + 0231 = 215 T]

This is shown in Table 3.3. Based on explanation in section 3.1.1 (1), for reasonable comparison
before and after upgrades, same quantity of solid metal material charge is considered. Thus, after
upgrades, same amount of heat required for same quantity of production, i.e. 2.15 TJ. This is
shown in Table 3.4.

A132  Energy associated with flue gas

enthalpy of each component in the mixture of flue gas, refer to the following ﬁgﬁres,

i
!
; Energy associated with flue gas (and combustion gas after upgrades) can be calculated by sum of
i
|
|

1 |
| | Melted Metal
‘r Em:lnn o
Furnace *
| Chamber |
I | Flue Gas
r Eﬂuew o
| !

Furnace System
uBefore Upgrades_)_]
Figure A.1.3 Schematic of energy calculation of flue gas (before upgrades)
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\

Flue Gas |
Regenerator| T, ..
Furnace System |

After U des
| Aerem ]

I I Metal
Furnace | Combustion
|| Chamber Gas g ‘| Flue Gas
I Ecol:b!l' - VI
3 , Ec;‘l Efs-l I
|
l

Figure A.1.4 Schematic of energy calculation of combustion gas and flue gas (after upgrades)

Eﬂuegas (Ecornbgas) = n(Fuel) Zni(ZT _Zo)i

= Ny [ncoz(’7 —h o)coz"'noz(’7 1”7 Dozt Dao( = b et ﬂmo(’7 1~k Quzol A9

»

The enthalpies of the component are on basis of per kmole fuel. After upgrades, the

temperature of stack flue gas, Tj,, ., , can be calculated by the enthalpy of the components of
flue gas. Refer to the following figure,

[ 1
Flue Gas (2)_| Stack Flue Gas
T 22 o T flue gas

}

L

|
Flue Gas (1) | l

T fg.1
- — —
Figure A.1.4A Schematic of mixing flue gas

Eguegs = Eg1 T Eg; - From the energy balance equation, it is found AE,, = AE,, . Being more
specific, to a particular component in flue gas, , such as CO, , then it’s found (AE,)co, =
(AEg2)cor

80% l’1('Fuel) (I—I gl ™ }7 ﬂueg;as)COZz 20% n(FueI) (}_lﬂucgns—- }7 ng)COZ

i
J
l_
|
!
|
|
|
|
|
|
|
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(Zﬂuegas)C02= (’7 f52+4}7fg.1)/5

The enthalpies of the component are on basis of per kmole fuel. Extract temperatures and

enthalpy values from previous, it is found (% g, gdcoz = 33,376 kJ/kmol fuel. From Table A-21
in Moran and Shapiro, 1995, T g, .., = 820 K is found. The result can be validated by calculating

enthalpy of other components in flue gas, such as, (4 g, gdoz = 25,210 kJ/kmol fuel, (R g N2
= 24,381 kJ/kmol fuel, (% g, gdizo = 28,853 kJ/kmol fuel, and all the final temperatures

conform to 820 K. The energy loss (heat rejection through flue gas duct to environment) is not

environment,

i
|
i
J
!
|
‘

| Summarizing data from above A.1.3.1 and A.1.3.2 for flue gas and combustion gas from furnace

] chamber, the following table is found:

; Table A.1.5 Energy Calculation of Flue Gas and Combustion Gas

considered since the loss can be merged to waste energy with mixed flue gas directly exiting to

i Before upgrades After upgrades
g T e e K) 1180 Ty =700 | T,,=1280 | Tpu .. =820
| 2.k —ho), (J/kmol of fuel) | 475 755 163,593 429,108 111,819
i Epye s (T]) 11.28 E,, =129, | E,=196, | E,, =325
J oo, e () 1280
| E eyt s (1) 6.43
E.: (I]) 5.15
Eang () 2.15 2.15

A133  Energy loss from furnace chamber
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energy balance can be shown as referring to the following figure,
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As discussed in section 3.1.3.2 , in furnace, the relationship between energy loss (heat loss) and



’_ — — —l Flue Gas
| {Combustion Gas)

——
| | ] | Eneos (Bcomss)
| Furnace
Eua Chamber | | Melted Metal
i E v,
' JJ Hea:t loss

———" Q.

Figure A.1.5 Schematic of heat loss from furnace

Qloss = Einput - Etmnsfet = Einput - Emching - Eﬂueys

The energy loss (heat loss) in regenerator is discussed in next subsection. Summarizing data

from previous sections, energy loss in furnace can be found in following table:

Table A.1.6  Calculation of Energy Loss from Furnace Chamber

% Items Before upgrades After upgrades
’ Ejppue (TJ) . 21.40 15.81
3  Eneting (TJ) 215 215
_’ Eﬂue gas(Ecomb gzs) (Ij) 1 1 28 6.43
Qs (1T) 7.97 7.23

—

A134  Energy calculation in regenerator
1 As introduced in section 3.1.3.4, referring to the following figure, energy balance equation in

| regenerating process can be expressed as

: Combustion _ Eg. _ Stack Flue Gas
\ Bcl-l — Eru
»- ™ gl »- Flue Gas
‘ ' Regenerato?[ S gif,t.l‘.)ss
’ Epreh air | I Y Ecunbair
Preheated Combustion Air
l Combustion Air =—— — —J
{

Figure 3.7 Schematic of energy balance in regenerator

E, = Eoutput

input
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Where E,,, = E_; + E b

cg,1

And Eoutput = Epmh air + Ef&i + Qloss, regen

E_,=0.80E while E known in Table A.1.6, then Q, can be calculated by all

g1 'comb gas 'comb gas oss, regen

known terms from previous sections,

Qloss, regen = (Ecgl + Ecombair) - (Epreh ait + Efg.l)

where E =0, and the results are tabulated in the following table:

comb air

Table A.1.7  Energy Balance Calculation for Regenerator

Items In Regenerator
E, (I)) 80% x 6.43 = 5.15
| B (T)) 0
Epn e (T)) 2.38

j Eg, (1)) ’ 1.96

| Qs gen (T) 0.80

Note: The designed (minimum) 80% of combustion gas goes through regenerator and other

(maximum) 20% of combustion gas bypass regenerator and exhaust from stack. The bypass

design is for controlling and balancing interal pressure of regenerator. In real operation, bypass
flue gas usually work at 10% of combustion gas . This helps to recover mote heat and to

increase overall efficiency.

The previous sections A.1.2 and A.1.3 list equations, formulas, calculation for enetgy analysis of
the furnace before and after upgrades. The following detailed figure and table summatize and

normalize the above results for reference.

SolidMetal [ [————— |  Melted Metal

—

Fuel || Furnace ——}—» Heat Loss

Chamber
Combustion Air _ " I .-

L

Figure A.1.6 Schematic of energy flows of fumace system before upgrades

Y

Stack Flue Gas

It o A
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- - m—
| _ |, Melted Metal
Furnace -~ Qm
Solid Metal || | Chamber ombustion |
I ‘gas _ [|Stack Flue Gas
Fuel - Twm-i . =
Preheated > F]ue=Gas
Combustion Air | [T Regenerator ] LQ.,..
Qe - -
Combustion |
Air I Fumace System ,
e |

Figure A.1.7 Schematic of energy flows of furnace system after upgrades

Table A.1.8  Summary of Energy Flow Details for Before Upgrades and After

Before Upgrades After Upgrades

Energy Flows (1)) % (1)) %

Fuel natural gas } 2140 100 1343 100

Combustion air 0 0

i Solid metal 0 0

Stack flue gas 1128 53 3.25 24

“ Melted metal 2.15 10 2.15 16
Energy loss in furnace 7.97 37 7.23 54
Energy loss in regenerator 0.8 6
Preheated combustion air 2.38 15
Combustion gas 6.43 41
Combustion gas entering regenerator : 5.15 33
Flue gas exiting regenerator 1.96 12

Note: 1% tolerance of normalized value sometimes caused by round off value.
The next section shows exergy calculation for the study.
A.14 Exergy Input to Furnace System

‘ Exergy is calculated in this section through study of 2 combined system consisting of a furnace

| system and an environment. The object of the calculation is to express the maximum theoretical

-82.
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work obtainable from the combined system as the furnace system comes into thetmal and

mechanical equilibrium with the environment.

Refer to the following figure and recall equations (A.3) and (A.4) as follows,

—_—

“\//__\
/Fuel ,_ _l \\
( Toprw '¢ I —

™~
|| Fumace || Flue Gas Tomm P, \

/ Chamber| ™ Combustion Gas /
l Combustion Air | | l o —

(Preheated {
\ Combustion Air) [ “————— _‘
~ — Environment To p, \
— -
Boundary of \—-Boundary of
furnace system combined system

Figure A.1.8 Schematic of exergy calculation of fuel combustion

Before: 1 (Fuel) +3.14 O, + 11.8N, — 1.15CO, + 091 O, + 118N, +215 H,0  (A.3)

H
H
!
1
H
!
i
]

After: 1 (Fuel) +2.450,+ 9.21 N, — 1.15CO, + 0.22 O, + 9.21 N, +2.15 H,O (A4)
As addressed in Section 3.1.3.1, exergy input to furnace chamber is expressed by:

A = A + Agidmea T (A

comb air

+ Arecovery ) (A.10)

A

comb air

= 0, due to combustion air taken at temperature of reference environment

| A mew are considered zero since the raw material are used at temperature of reference

environment and no chemical reaction involved in melting process.

1 The following sections will discuss about A, , Aga and A ., -

l.ﬂpllt 2
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A141  Input exergy associated with combustion reaction

Exergy associated with fuel, Ap,,, is the sum of two contributions, thermomechanical exergy

(4™ ) and chemical exergy (A

Suel

AFuel = A'M + AC’I

Juel Sfuel

—im

m —
A f:el - n(Fuel) a fuel

), Le.

@ e , molar thermomechanical exergy is obtained from following equation

ana=(h - B o) - Ty (F - §,) +RT, In(22el)

Py

—ch

N —
A = Opuy g

@ , molar chemical exergy is obtained from following equation:

—ch

A juel = [§3 @y T Doz §2 ©o2] — [ncoz §;(c02)+ N0 E}(HZO)_*.RT;) In(

(v5,)"™

(0éo,) " Uio)y™

(A.11)

(A.12)

2° ey = 48,313 KJ /kmol, 2% 05 =0, 2° o= 394,380 kJ /kmol, g% 4120)= -228,590 kJ /kmol,

y; denotes molar fraction of i component of reactants and products in reference envitonment.

¥/ and n, are listed in the following table:

Table A.1.9 Air Composition of Reference Envitonment and Combustion Gas

,* . n
Component Y
: Before Upgrades After Upgrades
; 0, 0.21 3.14 2.45
' Co, 0.0003 1.15 1.15
5 H,0es 0.0303 2.15 2.15

U
f
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(0.2 1)3.14

) = 23,035 kJ/kmol

Before upgrades, RT, In(

(0.21)2%
(0.0003)"%(0.0303)>"

After upgtades, TM'O In(

(0.0003)"(0.0303)2"

) = 32,258 kJ /kmol

Some major terms in equation (A.11) and (A.12) are tabulated below:

Table A.1.10  Calculation of Fuel Exergy
Items Before upgrades | After upgrades
Prua (10° Pa) 1.15 - 1.70
po (10° Pa) 1.01 1.01
ana (KJ/kmol) 322 1,291
A = Dgy @ (T]) 0.01 0.02
To = T e K 298 298
T 750
@ (k] /kmol) 919,728 928,951
A% = P G (T)) 21.97 13.93
Apa = A, + 45, (1) 21.98 13.95
Molar fuel exergy am + as (kJ/kmol) 920,050 930,242

A14.2

Input exergy associated with combustion air

In equation (A.10) in last section, exergy input to furnace chamber includes exergy associated

with combustion ait. Before upgtrades, no combustion air was preheated, A

=0.

comb air

After upgrades, A

A

preh ait(:Arecovcry): n(Fucl) a preh air

a denotes unit exergy of preheated comb

preh air

comb air — 0’ and Atecovery

0, however, exergy associated with preheated combustion air is:

ustion air on basis of per kmole of fuel,

-85-
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@ e = N6[(B - 7o) - To(F - 5o+ Mral(B - ) - To(5 - 5oy (A.13)

preh air

The values of enthalpy of the component in equation (A.13) are on basis of per kmole fuel
Refer to Figure A.1.2 and Tables A-17 and A-18 in Moran and Shapiro, 1995, calculation results

ate tabulated in following table

Table A.1.11  Summary of Exergy Input

Items Before upgrades After upgrades
T oomb aic 7 ‘ 298 298
Toenaie 750
Acomb e (T]) 0 ' 0
Apeen aix (T]) ' 0.94
A covey (I 0.94
Asidmeeat (T]) 0 0
Apa (T)) 21.98 13.95
A=At Asidmers TG TA ) (T]) 21.98 14.89
|
|- A.15 Exergy Output from Furnace System

Exergy outputs consist of three parts, which are exergy change of melted metal (AA,,,), exergy
associated with flue gas (Ag,. ,,) and with heat loss (A,,,) These three parts of exergy output ate

calculated as follows.

A151  Exergy change of melted metal in melting process
Exergy change of melting metal from 298 K to 1033 K can be expressed as the sum of changes

of thermomechanical and chemical conttibutions, i.e.

AA = A Ar‘n";ral A A:l’;tal

AA™ . denotes thermomechanical exergy change accompanying heat transfer to metal in

‘metal

melting process (not in fusion stage), it can be shown as follows. :

A4y, =m[h-hy)-T,(s- 55 imea

- 86-
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where the values of enthalpy of the component are on basis of per kilogram metal. To

breakdown the equation, the A 4,7 , accompanying heat transfer to solid metal

Ady, =mle, Ty, -T,)-Toc 1n(—)]a) Qm-Tymg, [ln(—)](,) (A14)
and the A 4" = accompanying heat transfer to liquid metal,

Adny2= Qu-Tome, [ln(——)]@) | | (A.14.1)

and the A 4™

metal

accompanying fusion heat transfer to metal,

Ady, = m[(b-h) - T (550 mem fusion) = Q gusion™ M To (5~ So) mera usion) (A.15)

n

The fusion heat transfer to metal can be treated as a internally reversible process, thus (s - sg) e
fusiony denotes the entropy change in the internally reversible process on basis of unit mass, i.e. s-

0= Qpusion/ ITm Recall Q¢ from section A.1.3.1. T,, = 933 K, then equation (A.15) becomes

A = Q puin(1- To/ T = 0.79 x (1-298/933) = 0.54 T

metal £
The major terms in equation (A.14) and (A.14.1) are listed in the table below:

Table A.1.12  Part of Thermomechanical Exergy Change of Melted Metal

Ttems 298K (T,,) to 933K (T 933K (T to 1033K (T,
Q. @) 113 023
T,m (K x kg) 298 x 1,972,000 298 x 1,972,000
¢ ()/kg K) 0.903 117
T
In¢h) In (ﬂ) =114 In (———1033) =01
i
A A (1] | 0.53 0.15
o & -87-
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= 0.53+0.54+0.15=1.22T]

+A Ar‘:;fal £ + AA:n"e"ral 2
= 888.4 kJ /kmol , chemical

m —_— m
A Ameml - A Ametal 1
—ch
metal

Standard chemical exergy of aluminium, from Szargut, 1988, g
A,f,':,,a, = 0 in the whole melting process.

exergy change of metal A

Summarizing above, exergy change of melting metal is:

AA, = AA"  +AAT =122+0=122T]
Since same production of melted metal is taken account for befote and after upgrading, same

exetgy value is used for analysis after upgrades.

Output exergy associated with flue gas
Exergy of flue gas is sum of two contributions, thermomechanical exergy and chemical exergy,

A152
(A.16)

ie.

— tm h
Aﬂue s ( Aﬂuegas + A;Iuega.v)

-_— —tm
= OFue) 2 fluegas

Where Az, ...
denotes unit thermomechanical exergy on per mole of fuel basis, it can be expressed as:
. (A17)

a_jr';::egas ’
Zi}l’:egas = Zni [(}_1"70)°T0(§'§0)]1

And A5 = Dpuy Tpugge
denotes unit chemical exergy on per mole of fuel basis, it can be expressed as
(A.18)

—ch

a Sfluegas ?
—ch  — Y
ajcluegas — iy Z n; ln(y_‘e)

i i
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where y, and y/ denote the molar fraction of component i (CO,, O,, N, , and H,0) in flue

gas and in refetence environment, respectively. y; , y, and n, are listed in the following table

Table A.1.13 Air Composition of Reference Environment and Combustion Gas

. Before Upgrades After Upgrades
Component Y
Vi n; Vi n;

CO, 0.0003 0.072 1.15 0.09 1.15
0O, 0.21 0.057 0.91 0.017 0.22
N, 0.76 0.737 11.8 0.723 9.21
H;0gas) 0.0303 0.134 2.15 0.169 2.15

e ]

l Furnace | Combustion |

I Chamber Gaé R AI';.Z ‘, Flue Gas
| .écombw |
Ac;.l Af..l
| i ool |
| - Flue'Gasl
Regenerator,
| Furnace System |
After Upgrades
| oreroeemle L 1 _

Figure A.1.9 Schematic of exergy of flue gas and combustion gas

Refer to the above figure, some major calculated results in equations A.16, A.17 and A.18 are
listed in the following table:

- i _89-
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Table A.1.14  Exergy Calculation for Stack Flue Gas and Combustion Gas
Items Before upgrades | After upgrades
Stack Flue Gas

T e s () 1180 820

@ fisegas (KJ/kmmol fuel) 257,661 92,408
@ jges (& /kmol fuel) 19,704 22,865
Aguegss = Opue) (@ fluegas ..;l’:legas) In 6.63 1.73

Internal flows

a; (kJ/kmol fuel) 244,422
a; (kJ/kmol fuel) 22,865
Acombgas Npep (am +a, - )(U) 4.01
At (1) 321
Ag (T]) 1.0
Ago (I]) 0.8

All specific enthalpy and entropy values of each component in flue gas can be found in Tables

A-14 to A-24 in Moran and Shapiro, 1995.

A.153
1) Excergy loss and destruction in furnace chamber

Exergy loss and exergy destruction

As equation 3.6 discussed in section 3.1.3.1, in furnace chamber where combustion takes place,

tefer to the following figure, the exergy loss accompanying heat loss can be expressed as

following,

v - T —_ - — S T T TN
\ Solid Metal > - ]| . Melted Meta]\
| Fuel Furnace —f———— Aw
> Chamber /
! Combustion Air | | ,  Flue Gas \
(S \
N =~ Environment To py:
|

~— . —— —

—_—

1
Figure 3.5 Schematic of exergy loss from furnace chamber to environment

loss Qloss(1 TO / loss) (A19)

s s

I

Mtn, i
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b A

i o

i

As discussed in section 3.1.3.1, T\, = 420K is taken in this study. Then, taking data from Table

A.1.6, the exergy loss accompanying heat loss from furnace chamber is found
Before upgrades, A,,,;= 7.97 (1-298/420) = 2.31 T]
After upgrades, A, ,=7.23 (1-298/420) = 2.10T]

The minor change of energy loss (7.97 T] vs. 7.23 TJ) supports that the hypothetical mean

temperature, Ty, , is not changed obviously after upgrades. Exergy destruction can be found

0ss 2

from exergy balance equation:

Iev = Apuc = Avsanster = Aioss

Being mote specific, in furnace chamber, exergy destruction is:

Before upgrades, Ioy;= A o - (AA g + Agegss ) - Aso— 21.98 — (1.22 + 6.63) - 2.31 = 13.87 T]
After upgrades, Icy,= A - (DA e T A g = Apo= 16.64 — (1.22 + 4.01) - 2.10 = 12.10 TJ
2) Exergy loss and destruction in regenerator

Refer to the following figure for exergy flows in regenerator, ,

T~ e — —— —

- N

( Combustion ~ [ — | Flue Gas )
Gas " _,‘ .

/\' : Regenerator A \

Preheated h - Cor:nbustion Air
\ Combustion Air =— — — {

e T T \

- Environment To p, )
\ P

Figure A.1.10 Schematic of exergy loss from regenerator to environment

Exergy loss accompanying heat transfer to environment can be expressed as
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Aloss,regenz Qloss,regen ( 1- TO / Tloss,regen)

Where T e = 325 K (52 °C) is taken for regenerator. Then exergy loss in regenerator is
found
Ajss,egen= 0.80 (1-298/325) = 0.07 T}

From exergy balance equation in regenerator and Figure A.1.8., exergy destruction can be

expressed as

ICV,tegen = Ainput - Atransfer - Aloss:( Acomb ait +Acgo - (Apreh air+Afg,1) - Aloss = (O + 3'21) - (094 + 10)
-007=127] '

3) Exergy loss and destruction in mixing flue gas

Like many heat exchange process, mixing flue gas from regenerator and bypass flue gas result in
exergy destruction. Exergy loss accompanying heat loss through flue duct to environment is not
considered since the flue gas exits to environment directly. Refer to the following figure, the

exergy flows and destruction are found,

[ 1

Flue Gas (2) Stack Flue Gas
E AftJ Icv m ; Al’luuu

1] [
Flue Gas (1) l
Af..l L

- _]

Figure A.1.11 Schematic of exergy flows of mixing flue gas

M 1

A A

—

Levmx = Ang + Af&z“ Afg

All terms at right side of equation are known from previous sections, I

0.07 TJ

= 1.0+0.8-1.73 =

CV,mix

. % _92_
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Refer to following integrated figure, all above calculations are summarized, listed and normalized

below for reference.

e ——

v - — — — -~

\ Solid Metal & [————— | . Melted Metal\?

| Fuel || Fumace —fp———> A /
i Chamber /

/ Combustion Air | | . Flue Gas \

I |

N —_— = Environment To p, !
~ VA

\

—_— —— 0
\_____——‘"

Figure 3.5 Schematic of exergy flows of furnace system before ﬁpgrades

i = -
v | Melted Metal)
/ | e an |
{ solid Metal ] Furnace . Exergy
| Chainber ESQ“ bustion Destruction| || gtack Flue Gas\
Fuel I . Acebem — bttt )|
/ || |[Exergy Ay olAw || [
( Preheated Destruction, Regenerator| A
Combustion Air ||>T_ Exeray (R \
\ | Aoy [Destruction) | \
Combustion N -
Air | Furnace System | Environment/
_ E=m======Tn_

Figure A.1.12 Schematic of exergy flows of furnace system after upgrades
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‘Table A.1.15 Summary of Exergy Flow Details for Before Upgrades and After

Iterms Before Upgrades After Upgrades
(1)) % ¢y) %
Fuel natural gas 21.98 100 13.95 100
Thermomechanical exergy contribution 0.01 0.05 0.02 0.01
Chemical exergy contribution 21.97 99.95 13.93 99.99
Combustion air 0 0
Solid metal 0 0
Stack flue gas 6.63 30 1.73 12
Melted metal \ 1.22 6 1.22 9
Exergy loss from furnace 2.31 1 2.10 15
Exergy loss from regenerator ‘ : 0.07 0.5
Exergy destruction in furnace ' 11.82 53 7.56 54
Exergy destruction in regenerator 1.2 9
Exergy destruction in flue gas mixing 0.07 0.5
Preheated combustion air 0.94 6
Combustion gas ‘ 4.01 27
Combustion gas entering reger;erator 3.21 22
Flue gas exiting regenerator 1.0 7

£
£
E -94.
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