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INTRODUCTION

This Guide is part of a United Nations Industrial Development Organization’s (UNIDO) project on
reducing dioxins from the heat and power sectors. In recognition of the importance of informed
industrial boiler operation and proper fuel selection to reducing releases of pollutants from boilers,
UNIDO has launched a project to simoultaneously reduce the emissions of carbon dioxide (CO,) and
dioxins/furans (also called polychlorinated dibenzodioxins/dibenzofurans; PCCD/PCDF) from power
and industrial sources. The project, which is co-financed by the Global Environmental Facility (GEF),
involves six East South East Asia (ESEA) countries: Cambodia, Indonesia, Lao PDR, Mongolia, Philippines
and Thailand. Its aim is to create a positive attitude and environment for clean technologies that
reduce persistent organic pollutants (POPs) releases from boilers through training, public awareness
and pilot demonstration programs.

The Guide focuses on how to select and operate small and medium-sized boilers designed to produce
steam for industrial processes, and minimize their effects on the environment through implementation
of best environmental practices (BEP) and best available techniques (BAT). Specific issues related to
boiler operation in the ESEA region are discussed. Combined production of steam and electricity, often
used in large factories, is introduced. Boilers for power generation are not discussed, but some general
concepts related to their operation are covered.

Air pollution control devices are extensively discussed in the Guide, including systems currently used on
large boilers for power generation. Although their use in the industrial sector is currently limited to only
a few plants, the growing public concern about air pollution and its effects on the environment and
human health are likely to lead to more and stricter regulations for emissions in the years to come. This
will ultimately result in the need to adopt more sophisticated air pollution control devices, even on
smaller industrial boilers.

The Guide describes various types of boilers and, for each, highlights not only the main technical
characteristics such as efficiency and steam production, but also the amount of pollutants released to
the air, the quality of fuel the boiler can use, the most suitable air pollution control devices available,
the achievable efficiency improvements, and the BAT/BEP that can be implemented to reduce the
impact on the environment. Background information is provided on the various types of commercially
available boilers, the fuels they burn, and the emissions they produce. Emission standards and
compliance issues, technical details on emission control techniques, and other important pollutant
control devices are also discussed.

Previously, very little information has been available, or provided, on the persistent organic pollutants
(POPs) emitted from industrial boilers in small, but harmful, quantities. The Guide introduces and
illustrates the effects on the environment and human health of releases of dioxins, furans and mercury
(a fairly new type of POP normally not considered for industrial boilers), and how to reduce these
effects.

The adoption of boilers equipped with BAT and the use of BEP for boiler operation are the most

effective ways to reduce the releases of pollutants without affecting the industrial process

requirements. Many studies and reports have demonstrated that it is possible to simultaneously

reduce the releases of pollutants and improve the economics of the facility e.g., U.S. Department of

Energy (DOE), U.S. Environmental Protection Agency (EPA), UNIDO, United Nations Environment
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Programme (UNEP), etc. The dissemination of this kind of information to developing countries is
currently limited by language/cultural barriers, logistics problems and lack of business. The Guide
focuses on BAT and BEP for developing and least developed countries.

While the content of the Guide mainly applies to operation of existing boilers, it is also useful for
evaluating replacement of old boilers with new, less polluting ones, and for purchasing new boilers. It is
mainly intended for operators of existing boilers, but may also prove helpful for boiler managers and
factory decision-makers involved in boiler and steam operation or decisions on optimization of plant
economics and emissions.

Other potential Guide users include boiler manufacturers, universities, training agencies, engineers
involved in selection of boilers and combustion equipment that comply with emissions limits, and
regulatory authorities dealing with emission issues and boiler permit applications.

Factory managers often look at boilers as a secondary part of the production process, whose only duty
is to produce steam/heat to meet the needs of the manufacturing process, the core business.
Industrial boiler operators are very often well-trained in how to operate a boiler safely and reliably, but
not in how to reduce the pollutants emitted from the stack, or released to water and soil.

Since adoption and implementation of new technologies are expensive, factory owners in developing
countries frequently prefer to purchase old, second-hand, less expensive boilers instead of investing
money in a more expensive, modern boilers equipped with BAT. To promote better understanding of
the advantages to production process economics, the Guide discusses the economics of BAT and BEP
implementation on industrial boilers.

The Guide aims to be simple and clear, and limits the use of formulae. At the same time, it provides
detailed information on boiler design and operation concepts and the characteristics of fuels used in
boilers. It also gives numerous examples of how to use boiler performance calculations such as
efficiency, steam properties, mass flow, emissions, operation, and controls.
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REVIEW OF BASIC CONCEPTS

Units of measurement

Boiler documentation available from manufacturers and technical literature often use different units of
measurement, depending on a document's origin. Knowing how to convert between measurement systems is
therefore useful for understanding and managing technical documentation and reports on boilers. This Guide
also uses different measurement units and systems (e.g., International System of Units, SI; Imperial System, U.S.
System), depending on the sources consulted. To facilitate understanding, however, many of the examples in
the Guide show two different units for the same quantity. ANNEX 1 provides definitions of units of
measurement systems and conversion factor tables. Computer spreadsheet applications and free online
conversion tools can also be used to convert units and measurements if the units are explicitly defined and the
conversion is compatible (e.g., cmHg to kPa, kcal to MJ, kg to Ib, etc.).

Steam properties

The temperature of the steam produced by a boiler is closely linked to its pressure. When water is heated, it
starts the transformation into steam. At atmospheric temperature, water boils at 100 °C. At this temperature,
bubbles of steam are produced within the bulk liquid phase and rise to the water surface, producing a furious
turbulence (boiling). During this phase, water and steam are in equilibrium.

If the container of water is closed and continues to be heated, to above 100 °C, the steam pressure will start to
rise, and, as the temperature continues to rise, the pressure will go on rising. What is happening is that steam is
being evolved to match the temperature. The steam conditions are said to be saturated because, if the pressure
is raised by external means at constant temperature, some of the steam will start to condense back to water.

If the steam pressure is held at a lower pressure level than that achieved at saturation, by taking steam off to
feed a turbine or other steam usage, there is effectively an excess temperature for that pressure, and the steam
is said to be superheated. It, in fact, becomes dry, and behaves as a gas. The amount of superheat can be
quantified as so many degrees of superheat in °C (Celsius) or °F (Fahrenheit).

Saturated steam is normally used in small industrial boilers. For power boilers, superheated steam is preferred
because it allows higher temperatures and efficiencies to be reached, and it is less harmful to the steam turbines
used to drive the alternator, which produces electricity.

Steam turbine designers want steam to be superheated before reaching the turbine to avoid condensation,
where small water droplets produced by the expansion of the superheated steam will cause blade erosion.
Steam-producing boilers in power plants are therefore designed to produce superheated steam, working at high
pressures and temperatures. Supercritical boilers, with high pressures and temperatures (more than 250 bar and
600 °C), are currently used for electricity production. In industrial plants where no steam turbines are used, only
saturated steam at lower pressure and temperature levels (pressures between 2 bar and 10 bar) is normally
generated.

The relationship between steam pressure and temperature is defined in the steam tables found in ANNEX 2 (SI)
and ANNEX 3 (U.S. system). Before providing some examples of how to use the steam tables, " it is helpful to
review the principle and definition of enthalpy.

Enthalpy

Enthalpy is a measure of the total energy of a thermodynamic system. It includes the internal energy, which is
the energy required to create a system, and the amount of energy required to make room for it by displacing its
environment and establishing its volume and pressure. Enthalpy is a thermodynamic potential. It is a state
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function and an extensive quantity. The Sl unit of measurement for enthalpy is the joule/kg, but other historical,
conventional units are still in use, such as the British thermal unit (Btu)/Ib and the calorie (kcal/kg).

The enthalpy is the preferred expression of system energy changes in many chemical, biological, and physical
measurements as it simplifies certain descriptions of energy transfer. This is because a change in enthalpy takes
account of energy transferred to the environment through the expansion of the system under study.

The total enthalpy, H, of a system cannot be measured directly. Thus, change in enthalpy, AH, is a more useful
qguantity than its absolute value. The change AH is positive in endothermic reactions, and negative in exothermic
processes. AH of a system is equal to the sum of non-mechanical work done on it and the heat supplied to it.

For quasi-static processes under constant pressure, AH is equal to the change in the internal energy of the
system, plus the work that the system has done on its surroundings. This means that the change in enthalpy
under such conditions is the heat absorbed (or released) by a chemical reaction. More details on enthalpy are
given in ANNEX 4. Water and steam tables can be used to calculate enthalpy changes. Online tools for
calculating enthalpy and other quantities are available for different units of measure (e.g., Sl, Imperial).

Examples ®

Example #1: Boiling water at 100 °C (212 °F), 0 bar atmospheric pressure (absolute 1 bar =14.5
Ib/inch?

At atmospheric pressure (0 bar g, absolute 1 bar), water boils at 100 °C, and 417.51 kJ of energy are
required to heat 1 kg of water from 0 °C to its evaporating temperature of 100 °C. Therefore, the specific
enthalpy of water at 0 bar g (absolute 1 bar) and 100 °C is 417.51 kJ/kg (395.7 Btu).

Another 2257.92 kJ of energy are required to evaporate 1 kg of water at 100 °C into 1 kg of steam at 100
°C. Therefore, at 0 bar g (absolute 1 bar), the specific enthalpy of evaporation is 2257.19 kl/kg.

Total specific enthalpy for 100 % steam at 100 °C is:
h, = (417.51 ki/kg) + (2257.92 ki/kg)
h, = 2675.43 ki/kg
Example #2: Boiling water at 170 °C, 7 bar atmospheric pressure

Steam at atmospheric pressure is of limited practical use because it cannot be conveyed under its own
pressure along a steam pipe to the point of use. At 7 bar g (absolute 8 bar), the saturation temperature
of water is 170.42 °C. More heat energy is required to raise its temperature to saturation point at 7 bar g
than would be needed if the water were at atmospheric pressure. The steam tables give a value of
720.94 kI to raise 1 kg of water from 0 °C to its saturation temperature of 170 °C.

The heat energy (enthalpy of evaporation) needed by the water at 7 bar g to change it into steam is
actually less than the heat energy required at atmospheric pressure. This is because the specific
enthalpy of evaporation decreases as the steam pressure increases. The evaporation heat is 2046.53
kJ/kg according to the steam tables.

Note! Because the specific volume also decreases with increasing pressure, the amount of heat energy
transferred in the same volume actually increases with steam pressure.
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In heating applications, saturated steam is preferable, because it has a better energy exchange capacity.
Superheated steam must cool down, and become saturated steam, before condensing in a heat
exchanger.

Fuels Heating values

The heating value ™, which gives the ability of the fuel to release heat, is an important parameter. The heating
value or energy value of asubstance, usually afuel,is the amount of heat released during combustion of a
specified amount of it. The energy value is a characteristic for each substance. It is measured in units of energy
per unit of the substance, usually mass, such as ki/kg, kl/mol, kcal/kg, Btu/lb. The heating value is commonly
determined by use of a bomb calorimeter.

The heat of combustion for fuels is expressed as follows:

e Higher heating value: The quantity known as higher heating value (HHV) (or gross energy or upper
heating value or gross calorific value, GCV; or higher calorific value, HCV) is determined by bringing all
the products of combustion back to the original pre-combustion temperature, and, in particular,
condensing any vapour produced. Such measurements often use a reference temperature of 25 °C. The
higher heating value takes into account the latent heat of vaporization of water in the combustion
products, and is useful in calculating heating values for fuels where condensation of the reaction
products is practical (e.g., in a gas-fired boiler used for space heat). In other words, HHV assumes all the
water component is in liquid state at the end of combustion (in products of combustion).

e [ower heating value: The quantity known as lower heating value (LHV) (or net calorific value, NCV;
or lower calorific value, LCV) is determined by subtracting the heat of vaporization of the water vapour
from the HHV. This treats any water formed as a vapour. The energy required to vaporize the water
therefore is not realized as heat. In this case the water produced by combustion is vapour. LHV
calculations assume that the water component of a combustion process is in vapour state at the end of
combustion, in contrast to HHV. In other words, the LHV assumes that the latent heat of
vaporization of water in the fuel and reaction products is not recovered. It is useful when comparing
fuels where condensation of the combustion products is impractical, or heat at a temperature below
150 °C cannot be put to use. This is the case of most steam producing industrial boilers.

Most industrial boilers that burn fuel produce water vapour during combustion, which is, and thus wastes, its
heat content unused (water vapour leaves the boiler from the stack and is visible at low ambient temperatures
because it condenses and forms a white plume). In such applications, the LHV is the applicable measure. This is
particularly relevant for natural gas, whose high hydrogen content produces much water. The gross energy value
is relevant for gas burned in condensing boilers and power plants with flue gas condensation that condense the
water vapour produced by combustion before it leaves the stack, recovering heat that would otherwise be
wasted to the external environment.

Boiler efficiency
Boiler efficiency is the ratio of heat absorbed in steam to the heat supplied in fuel, usually measured in percent.
Boiler efficiency may be indicated by the following:
e Combustion efficiency: indicates a burner’s ability to burn fuel measured by unburned fuel and
excess air in the exhaust
e Thermal efficiency: indicates the heat exchanger’s effectiveness in transferring heat from the
combustion process to the water or steam in the boiler, exclusive of radiation and convection losses
e Fuel to fluid efficiency: indicates the overall efficiency of the boiler, inclusive of thermal efficiency of
the heat exchanger, radiation and convection losses — output divided by input.
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Boiler efficiency is usually indicated by either thermal or fuel to fluid efficiency depending on the context. Boiler
efficiency related to the boiler’s energy output to the boiler’s energy input can be expressed as:

Boiler efficiency (%) = heat exported by the fluid (water, steam, etc.)/heat provided by the fuel x 100 (1)
If a fluid like water is used to export heat from the boiler, exported heat can be expressed as:

qg=(m/t)c,dT

where:

g = heat exported (kJ/s, kW)

m/t = mass flow (kg/s)

m = mass (kg)

t=time (s)

¢, = specific heat capacity (ki/kg °C)

dT = temperature difference between inlet and outlet of the boiler (°C)

For a steam boiler, the heat exported as evaporated water at the saturation temperature can be
expressed as:

g=(m/t)he
where:
m = mass flow of evaporated water (kg)
t=time (s)

he = evaporation energy in the steam at the saturation pressure the boiler is running (kJ/kg)

Heat exchange surfaces

According to the temperature difference between the hot gases generated from the combustion of the fuel and
the water introduced into the boiler, the heat is transferred to the water. The heat transfer rate depends mainly
on the temperature difference between the two fluids (hot gases and water), on the thermal conductivity of the
tubes, which is the ability of the metal to transmit heat, and on the heat exchange surface area, based on the
following (simplified) formula:

Q=kXSX(Thotgas_Twater) Ti>T, P
AT=T;-T,
Where: [ s
Q = heat |
k = Thermal conductivity (W/m’ °C) Q
S = Contact area T y‘
Thot gas = Temperature at gas side T

Twater = TE@MpPErature at water side
Figure 1 Heat transmission

scheme (Wikipedia) (184)
This means that:

- the higher the T° difference, usually indicated as AT, the higher the heat exchange rate
and the lower the heat exchange surface;

- the greater the exchange surface, the higher the heat exchange rate; and

- the higher the thermal conductivity, the higher the heat exchange rate.

The rule of thumb is that lower AT corresponds to low transferred heat and, consequently, the need for larger
heat exchange surfaces (the boiler dimensions will therefore increase). AT affects the heat that is exchanged in
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the different heat exchange areas of the boiler. Figure Figure 1 shows a schematic of a heat transmission
scheme.

Working temperatures are also important. The first section of the boiler works at the highest gas temperatures
(1000 °C to 1300 °C), while the last section works at the lowest gas temperatures (300 °C to 400 °C). The exit gas
temperatures are in the order of 200 °C to 250 °C. For example, in a watertube boiler, the first pass accounts for
60% to 70% of heat transfer, the second pass accounts for about 20% to 35%, while the third pass accounts for
10% to 25%. In contrast, the tube bank surfaces are greater for the third pass and lower for the first pass, as
shown inTable 1.

Table 1 Heat exchange in tubes passes

1" pass 2" pass 3" pass
Tubes” total 10-15% 40-50% 40-50%
surface
Heat exchange
rates for tube 60-70% 20-35% 10-25%
sections

The heat transfer varies with feedwater temperatures and steam pressure. Table 2 shows the heat required to
bring the water into steam for a boiler at different feedwater temperatures and pressures. The Table shows
that:

- The higher the feedwater temperature, the less heat is needed to transform the water into steam.
- The higher the feedwater pressure, the more heat is needed to transform the water into steam,
which means that the steam will have more intrinsic energy (enthalpy) for the process.

Table 2 Effect of feedwater temperature on heat required to produce steam

Feedwater Boiler Pressure
Temperature (psi)
(°F)
50 100 200 225 250
100 7.1 8.6 10.5 10.9 10.8
200 3.7 5.2 7.0 7.4 7.4
250 1.9 34 5.3 5.7 5.7
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CHAPTER 1 - BOILER TYPES AND CHARACTERISTICS

SUMMARY

This Chapter introduces the main concepts for boiler design, construction, and production of steam, and
the types of industrial boilers available on the market (including a brief look at the history of boilers).
Boilers are classified and discussed according to the main manufacturing characteristics (e.g., fire tubes,
water tubes, fluidized beds); and the type of fuel they burn (e.g., solid, liquid, or gaseous fuel).

The Chapter also discusses boiler components and auxiliaries, preliminary concepts for emissions, the
main issues to consider when selecting and buying a boiler, and combined production of electricity and
steam (co-generation).

Definition of steam boiler

A “steam boiler” can be defined as a sealed vessel in which water is converted into steam. ©

Because this
conversion needs energy, the vessel has to be heated until it reaches the temperature at which it will start
boiling, accelerating its transformation into steam. This temperature, at atmospheric pressure and zero altitude,
is equal to 100°C (212°F), but, if the boiler is designed for pressures higher than atmospheric pressure, the
temperature of the steam can be much higher. In large, sophisticated power boilers, the steam temperature can
reach 600°C (1112°F) and above. In small/medium industrial boilers, the steam temperature normally ranges
between 140°C and 200°C (284°F — 392°F).

To heat the water, energy sources are usually needed.
“Energy sources” can be defined as sources from which
energy can be obtained to provide heat, light, and
power. Sources of energy have evolved from human and

COMBUSTION

animal power to fossil fuels, uranium, water power,
wind, and the sun.® The energy sources most used for

boilers are fossil fuels, such as coal and oil products;
gaseous fuels (e.g., natural gas, liquefied petroleum gas

(LPG), liquefied natural gas (LNG); and biomass (e.g.,

wood, rice husks, saw dust, etc.). Figure 2 Schematic of a boiler (Landers-ASHRAE) %%

The concept of heating value (heat of combustion) is explained in more detail in ANNEXES 5 and 6, and the
heating values of the most used fuels are shown in different units. Heating values may vary by available fuel. In
the examples, different heating values may appear for the same fuel (e.g., fuel oil). A fuel can have different
names e.g., fuel oil, Bunker C, residual oil; also No. 6 fuel oil may refer to the same product. The heating value
can also vary depending on the refining process used. A schematic of a boiler is shown in Figure 2.

Classification of boilers by type
Boilers can have different dimensions and shapes, according to their design, the fuel they use, and the steam
they are required to produce. It is challenging to classify the several hundred thousand boilers that are in

29




Guide to environmentally sound industrial boilers

operation all over the world. A boiler can be classified by the fuel it uses (e.g., coal boilers, biomass boilers, gas
boilers, etc.); its main characteristics (e.g., fire tubes, water tubes, etc.); or its application (e.g., industrial boilers,
power boilers, etc.).

This Guide focuses on industrial boilers, which can be classified by boiler type:

e castiron boilers

e firetube (or shell) boilers
e watertube boilers

o fluidized bed boilers

Cast iron boilers, which have a basic design, are most suitable for hot water production because they can
withstand moderate pressures. The capacity and pressure limitations of firetube boilers make them more
suitable for small boilers at low working pressure (around 15 to 20 bar), while watertube boilers are more
appropriate for larger capacities and higher-pressure boilers. Figure 3 shows the heat transfer modes and main
characteristics of firetube and watertube boilers.

Fire-tube and Water-tube

Heat transfer modes Points

Fire-tube Capacity limitation (Max. = 1 3ton/h-stm)

Pressure limitation (Max.= 17kg/cm2G)
Above max. pressure: Huge investment

Combustion Gas | LOW pressure steam / Hot water

Small industries / Residential & Commercial

Water-tube No limitation of capacity and pressure

Electric Generation: Pressure >126kg/cm?G
Large industries / Public electric utilities

Water

Figure 3 Firetube and watertube heat transfer modes (Courtesy
of APO-Japan) ¥

Cast iron boilers

Cast iron is mostly used as the heating vessel of home water heaters.
Although these heaters are often called "boilers" in some countries, their
purpose is usually to produce hot water, and not steam. This means they
run at low pressure and try to avoid actual boiling. The brittleness of cast

7 Service

iron makes it impractical for high-pressure steam boilers.
restrictions limit steam boilers to pressures not exceeding 1 bar (15 pounds
per square inch-psi), and hot water boilers to pressures not exceeding 10-

11 bar (About 160 psi) and/or temperatures not exceeding 121°C (250°F).

Cast iron boilers (Figure 4) can be constructed in different configurations. Figure 4 Cast iron boiler (Courtesy

The three most commonly used designs are as follows: of Warga Boilers) "¢

e Vertical sectional: made up of individual cast iron sections assembled like slices in a loaf of bread and
probably the most common configuration
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Chimney
Saletly vabve
e Horizontal sectional: made up of individual cast iron sections
] Sloam —-— Dome
assembled like a stack of pancakes Tr— T
e One piece or mono-bloc: a single casting with no assembly joints,
and usually small in size
Firetube boilers b
i Firobox |
L
gy Feedwalar

Firetube boilers, more common in the 1800s, were the engines of steam
locomotives. They consist of a tank of water perforated with tubes. The Figure 5 Firetube boiler (Wikipedia)
hot gases from a coal or wood fire run inside the
tubes to heat the water in the tank, as shown in the

simplified diagrams in Figure 7 and Figure 8 .
Steam
dome
Safaty

The heat is transferred to the water between the valve

tubes and the outer shell. Firetube boilers are often e

characterized by the number of passes, referring to S

Fual

steam outlet
Exhaust
gasses

Superhaater
header
Superhaater
elements

the number of times the combustion (or flue) gases
flow the length of the pressure vessel as they it

Grate

o Superheated
transfer heat to the water and are discharged to the Sladm
stack. Since the entire tank is under pressure,
overheating can result in tank explosion. The reversal - ‘

chamber, where gases change direction, is a critical Figure 6 Locomotive boiler schematic Wikipedia **¥

part of a firetube boiler. Higher or lower
temperatures than designed for can result in cracking of
tubes or plates.

|:| steam at 150°C chi?ney

To more efficiently reverse the hot gases through a wet- steam space

back boiler configuration, the reversal chamber can be _ 31 pass (Lbes)

surrounded by the water. This allows for more heat to be 350°C|{ [ = el 200°C
transferred to the water, and improves the boiler's .fqnd hasaltibeg) E|>
performance. Q [—> > [Tst pass (furnace tu@ 2 water

A further development of the two-pass boiler resulted in burner
the creation of a three-pass wet-back boiler, which is a
standard configuration used today (see Figure 8

Figure 7 Schematic of a three pass boiler

Paxman Economic - Treble Pass

T~y

W -’-_"

0ld three-pass boiler diagram (Courtesy ~Modern Three-pass Firetub%g))oiler— EERE
ofPaxman bOILERS) (214) ( from AESYS technologies)
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This design has evolved as materials and manufacturing technology have advanced: thinner metal tubes have
been introduced, allowing more tubes to be accommodated; heat transfer rates have been improved; and the
boiler itself has become more compact.

Firetube boilers have the following advantages:

- relatively inexpensive

- easytoclean

- compact

- available in sizes from 600,000 British thermal units/hour (Btu/hr) to 50 million Btu/hr (63
megajoules, MJ, to 53 gigajoules, GJ)

- easy toreplace tubes

- well suited for space heating and industrial process applications

Boiler configurations
Firetube boilers can be constructed in different configurations, of which the most common are discussed

below. ®

Horizontal return tubular (HRT)
This is an old and very simple design that is still being manufactured. The boiler consists of a shell, a tube sheet
on each end of the shell, and tubes connecting the two tube sheets. The boiler is mounted above a steel or

Paxman Economic - Double Pass

o t Seam
(i

1
E

Combustion or /
Furnace Tubes Reversal Chamber

. . Modern Two-pass reverse flue firetubes
Old Two-pass boiler schematic — courtesy of

(214) hot water boiler -courtesy of Warga

Paxman boilers (116)

boilers)

Figure 10 Firetube boiler evolution

masonry furnace. The products of combustion leave the furnace and are directed through the tubes at one end
of the boiler. After passing through the tubes, the products of
combustion exit the opposite end of the boiler and are directed to
the stack or chimney. Diagrams of an old two-pass boiler (dry-
back) and a modern one are shown in Figure 9 Firetube boiler
evolutionThis type of boiler includes locomotive boilers as well as
what are sometimes called “firebox” boilers. The products of
combustion pass once through a locomotive boiler, classifying it
as a one-pass boiler. Some firetube firebox boilers may be two-
pass or three-pass depending upon the arrangement of baffles
and tubes. The common characteristic of all firebox boilers is that
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the furnace is at least partially contained within the boiler and is water cooled for a large portion of its surface
area. Multi-pass firebox boilers are common, and many older examples are found in schools to heat water or
produce steam for space heating applications.

Scotch Marine

Often referred to as a scotch marine boiler (see Figure 10), this is the most
common type of industrial firetube boiler. It is an industry workhorse due to its
low initial cost, and advantages in efficiency and durability. In a scotch boiler,
the furnace is a large diameter tube, within the boiler, surrounded by water.
Some older, large scotch boilers had two or three furnaces but modern boilers
typically have only one. Scotch boilers may be two-pass, three-pass, or four-pass
depending upon the arrangement of baffles and tubes. Four passes are generally
recognized as the practical maximum when balancing economic heat transfer

and condensation-induced corrosion. Each pass through the boiler transfers heat

from the products of combustion to the water in the boiler. After a number of X " —
igure 11 Vertical Boiler

passes, it becomes more difficult to economically extract heat from the cooling tractors (Wikia)(m)

products of combustion. Additionally, if the products of combustion are cooled
too much, the combustion gases will condense, which can cause corrosion.

A further sub-classification of scotch boilers describes the end closure opposite the burner end of the boiler. A

wet-back means the end closure is water cooled; and a dry-back Girder ignition

HPKI-R - Forward feed firing - Air cooled

means the end closure is not water cooled and relies on fire brick, capacity 150 kW - 5000 kW

hoiler and exhaust cleaning

refractory, or a combination of both to prevent the end closure from

overheating. 7

Scotch marine boilers contain relatively large amounts of water,

which enables them to respond to load changes with relatively little
change in pressure. However, since the boiler typically holds a large
water mass, it requires more time to initiate steaming and more time
to accommodate changes in steam pressure. Scotch marine boilers

generate steam on the shell side, which has a large surface area,

limiting the amount of pressure they can generate. In general, Scotch .
combustion chamber air cooled fus! pipe

marine boilers are not used where pressures above 300 pounds per . .

) ) ] Figure 12 Wood-fired firetube packaged

square inch gauge (psig; 20 bar) are required. ) o ) o
boiler (Ministry of Environment-British

Vertical Boilers Columbia’ *¥

This one-pass boiler has the furnace at the bottom and tubes running

between the lower and upper tube sheets (see

Figure 11). The furnace can be enclosed on its

sides with a water-cooled jacket or it can be made

up of masonry. The top tube sheet in a steam

boiler can be above or below the water line.

When it is above, it is called a dry-top and when it

is below, it is called a wet-top. A vertical boiler has

a small "footprint" and can be installed in boiler

Figure 13 Watertube boiler (Courtesy of B&W) ™




Guide to environmentally sound industrial boilers

rooms with limited space. Vertical boilers are very popular in the dry cleaning industry.

Packaged boilers

The term "package" boiler evolved in the early- to mid-20th century from the practice of delivering to site boiler
units already fitted with insulation, electrical panels, valves and gauges. This was in contrast to the earlier
practice of delivering little more than the pressure vessel and fitting the ancillary components on-site. (10)

- Packaged boilers have the following features: *

- small combustion space and high heat release rate, resulting in
faster evaporation.

- large number of small diameter tubes leading to good
convective heat transfer. Cylinder _

- forced or induced draught systems, resulting in good
combustion efficiency.

- a number of passes, resulting in better overall heat transfer.

- higher thermal efficiency levels compared with other boilers.

These boilers are classified by the number of passes — the
number of times the hot combustion gases pass through the
boiler. The combustion chamber is considered the first pass,

Cylinder

after which there may be one, two, or three sets of fire tubes.
The most common boiler of this class is a three-pass unit with dp Fonduater

two sets of fire tubes, with the exhaust gases exiting through Figure 14 Watertube boiler (Wikipedia) ”

the rear of the boiler. Packaged boilers are available for

different fuels and for different types. Figure 12 and Figure 13 show examples of wood firetune and oil
watertube packaged boilers.

Watertube boilers
The performance characteristics of watertube boilers
make them highly favourable in process industries, SUIFACE BLOWORF € STEAM DRin

SCRUBEER ELEMENT AN STEAM QUTLET

including chemical manufacturing, pulp and paper CYCIQNE STEAM SR, T8 [FORUM SATETY VAINES

ANTERKAL FEED PIPE ~ ECONDMIZER INLET
|
STEAM DELK

STEAM COULECTING BASFIE \
terms of units, watertube boilers account for the PROTECTION RATES — 3. :
SUFEEF—[-&ITEI}-EDE Y o = SQOT SLSWER
majority of total boiler capacity. Inwatertube acimies ' SUPERYEATER AND
. STUD TURE T y ¢, )} DRUM SUPFORT TUEE
boilers, the water runs through a rack of tubes bty 4 | ; R curacn
. . : DOWHCOMER e (s q - i
positioned in the hot gases from the fire. Watertube s v e SRS, | a v, B
WARELLER PLATE i

boilers differ from firetube boilers in that the water is HIGH TEMTERATUE

INSULATING BRICK—"

AR VENT COMNECTION
DRY FIPE

manufacturing, and refining. Although firetube

AR INLET TO
COUBLE CASING

boilers account for the majority of boiler sales in MODEL 11 SOOT HLOWER

B& W STUD TUBE ECOMOMIZER
GENERATING TUBES
SUPERHEATER TUEES
SaTURATED . SIDE FURNACE

N WATER DRUM
_AROTIOM BLOWOFF

circulated inside the tubes, with the heat source — cucrmoiiouaccous B oy o
. . . DENSE #l:esma/ - N el S Fus ou BuRner
surrounding them. Figure 14 shows a typical BRCK 50U FURNACE ACCESS BOOR
. i . . SP£C1AL OIL SURNER, LGHTING FORT I.'ll GIUERIRERRAIERL GOt oL
watertube boiler. A more detailed view of the main ARIGOINE, ! SR CIRR (EERErET CRR R
. . . . DRAIN CONNECTION DOWNCOMERS
boiler components is depicted in Error! Reference o ATERSCREEN MERDER | | e o

source not found. ™. Figure 16 shows some details .
. .. Figure 15 Watertube boiler (Courtesy of B&W)
of a modern packaged watertube boiler, and a coil

type watertube boiler is shown in Figure 17.
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Boiler water passes through the tubes while the exhaust gases remain in the shell side, passing over the tube
surfaces. Because tubes can typically withstand higher internal pressure than the large chamber shell in a
firetube boiler, watertube boilers are used when high steam pressures (3,000 psi and higher; more than 200 bar)
are required. Watertube boilers are also capable of high efficiencies and can generate saturated or superheated
steam. The ability of watertube boilers to generate superheated steam makes them particularly attractive in
applications that require dry, high-pressure, high-energy steam, including steam turbine power generation. They
can range from hundreds of tons/hour of steam to more than 1000 tons/hour.

Manufacturing details of watertube boilers are illustrated in Figure 18, Figure 19 and Figure 20.

Figure 16 Details of a packaged watertube boiler (Courtesy of B&W) >

Figure 17-Coil Type Watertube boiler (EERE -
illustration from Bob Forslund -VapoUr power) ®

Figure 18 Assembled watertube boiler (Novasigma,

Italy) (213)
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Figure 19 Watertube boiler upper and lower drums-

downcomers (Novasigma, Italy) **

accessories, including:

e Safety valve: A safety value is used to release pressure to prevent boiler explosions.

Watertube boilers also host various fittings and

o Water level indicators: The boiler operator monitors the level of water or fluid in the vessel with the help

of water level indicators.

e Bottom blowdown valves: These valves help remove the condensed solid particles that accumulate in the
boiler during the heating process. As its name suggests, this valve is normally located in the bottom of

the boiler.

e (Continuous blowdown valve: This valve allows for a continuous release of water from the boiler to

prevent it from becoming saturated.

e Hand holes: For the purpose of inspection and checking, these steel plates are installed in the header.

Additional fittings and accessories are described in Boiler components and accessories.

Large and sophisticated watertube boilers for power generation work according to the Rankine thermodynamic
cycle (for more details, see ANNEX 7). Their dimensions can exceed 60 metres in height and 30 metres in width

(see
they

1 - F0FANS
2 - SECONDARY AIR-HEATER

3 - BURNERS
4 - FURNACE
5 -SECONDARY SUPESHEATER 55
6 - TERATIARY SUPERHEATER
7 - REHEATERS

8 - PRIMARY SUPERHZATER
9 - FCONOMIZER

10 - P& FANS

11 PRIMARY 4R HCATER
12 - COAL BUNKER

13 - CCAL FEEDERS

14 -MILLS

e

Figure 21 160 M'

Figure 21), and
can work at
supercritical
conditions
(pressure of
above 220 bar).

Figure 22 Supercritical boiler-Courtesy of Ansaldo-Italy
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Classification of boilers by fuel feeding system

Since the shape and equipment of a boiler depend on the type of fuel it uses, industrial boilers can also be

classified by fuel type:

e Liquid fuel boilers: include burning of oil products such as gasoline, distillate, or diesel oil, and heavy

fuel oils of various viscosities;

e Gaseous fuel boilers: include burning of natural gas, LPG, and other gaseous fuels such as refinery

downstream gases;

e Solid fuel boilers: include burning of coal, biomass, and waste;

Liquid and gaseous fuels

Liquid and gaseous fuels need burners, devices that mix air and fuel together to ensure good combustion.
Typical oil burners are shown in Figure 23 and Figure 24.

Figure 23 Typical oil burner for small

boilers

The main components of a burner (see Figure 24) are:

- fuel pump

- blower motor

- air damper, and
- fuel nozzle.

The main functions of an oil burner are to:

- atomize fuel to microns of droplets (10-100 microns, approximately
10 billion droplets per litre for good combustion);

- ensure thorough mixing of atomized fuel with combustion air;

- burn fuel completely so there is no carbon monoxide in flue gas;

- burn fuel completely with minimum amount of excess air; and

SCANNER

D SERIES FEATURES

BURKER MOUNTED

CONTROL PANEL * GAS MANIFOLD

—— GAS PILOT TRATY
- AIR ATOMIING

— NI LINE HEATIR
T GAS BUTTERFLY VALVE

1 POINTS CAMTRIM
BLOWER MPELLER 9

| MODUTROL MOTOR

Figure 24 Oil burner components (Courtesy
of Enertech Philippines)
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- burn fuel with no flame impingement on furnace wall.

Fuel pump motor

>
Control panel

Blower drivwer

Damper motor

Figure 26 Burner parts (Courtesy of Enertech)

Solid fuel feeding systems
Solid fuels are normally fed into the boiler/furnace by using devices such as hoppers and belt conveyors. Solid
fuel boilers can be classified by fuel feeding system as fixed grate boilers and travelling grate boilers.

Fixed grate boilers

Combustion of fuel in fixed grate boilers is concentrated near the fuel feeding openings, and may result in
nonhomogeneous distribution of heat release along the furnace with a negative effect on combustion efficiency.
Fixed grate boilers include flat grates, dumping grates, vibragrates, reciprocating grates, and inclined and sloping
grates. Figure 26 shows a fixed grate boiler, fuelled with wood.

Step and Travelling grate boilers

The most efficient feeding system is the travelling grate, which
ensures homogeneous burning along the furnace. Travelling grate
boilers include step grates and screw-type underfeed grates. Figure
27 schematically shows a travelling grate device where the fuel
(biomass) is burnt. As the grate moves along the length of the
furnace, the fuell burns before dropping off at the end as ash. Some
degree of skill is required to ensure clean combustion and leave the

minimum amount of unburnt carbon in the ash, particularly when

(247)

Figure 27 Travelling grate burning-Wikipedia
setting up the grate, air dampers, and baffles.
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1-driyng zone
2-gasification zone
3-combustion zone
4-primary chamber

5 secondary chamber
6- exchanger

7- back-up burner
8-hydraulic pushing ram
9- primary air fan

10 secondary air fan
11-tertiary air fan
12-ash evacuation auger

Figure 28 Step Grate boiler-GaIenergy-ltaIy(245’
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Figure 29- Overfeed and underfeed travelling grate boilers (courtesy of Hurst boilers) ">

The fuel-feed hopper runs along the entire fuel-feed end of the
furnace. A fuel gate is used to control the rate at which coal is fed
into the furnace by controlling the thickness of the fuel bed. The
fuell must be uniform in size as large lumps will not burn out
completely by the time they reach the end of the grate. ()

The steam is generated in the steam drum where the water and
steam are separated. The steam is then sent to a superheater, a
bundle of tubes where the steam is heated at higher pressures
and temperatures. The superheater is typically used for electricity
production, as the steam turbine that rotates the generator needs
high-quality steam. Forced and induced draught fans provide the
air necessary for the combustion process. Figure 28 shows a step
grate boiler, which is mostly used for waste and biomass burning
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BIOMASS COMBUSTION PLANT
BIOMASS COMBUSTION PLANT
Thermat Capacily from 300 kw o 10 mw
1.1 boiter ' .
1.2 combustion chamber
1.3 moving grale
1.4 fue gas dedusting plant
1.5 Rue gas ventifator
1.6 combustion air ventilator
1.7 mechanicel ash haulage system
2.1 biomass extraction plant
2.2 fuef dfosage and feeding system
2.3 hydraulic unit
2.4 chimney

Figure 31 Biomass plant equipped with step grate boiler-
Courtesy of Pelucchi Caldaie -Italy(z“”

Overfeed and underfeed travelling grate boilers are shown in Figure 29 A travelling grate boiler, complete with
superheater and steam drum, is illustrated in Figure 30. Figure 31 shows a biomass combustion plant equipped
with a step grate boiler
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Other types of boilers

Other types of boilers include fluidized bed boilers and gasifiers or two-stage combustors.

Fluidized bed boilers

Fluidized bed combustion (FBC) 131014 s 5 technology used in industrial
and power plants. Fluidized beds suspend solid fuels on upward-blowing
jets of air during the combustion process (see Figure 32). The result is a
turbulent mixing of gas and solids. The tumbling action, much like a
bubbling fluid, provides more effective chemical reactions and heat
transfer. FBC plants are more flexible than conventional plants in that they
can be fired on coal and biomass, among other fuels.

In fluidized bed burners, the fuel is introduced into a bed

Solid

of (usually) hot sand, which provides a very homogeneous
temperature and improved combustion dynamics.
Pumped combustion air fluidizes the bed and creates

conditions for complete gasification and combustion of
the fuel within the bed. The high heat transfer, combined

_Figure 32 Fluidized bed reactor-

Boiler furnace

Fluidized bed

with the high thermal inertia effect, allows higher Loadbumers /\yikinedia 2%

moisture wood and sludge fuels to maintain self-sustained

=t Sl | Pk

dro beam floor

combustion without adding fossil fuels (i.e., the
technology is flexible with respect to biomass fuel types
and qualities). The special design of the air nozzles at the
bottom of the bed allows air flow without clogging. Figure 33 Fluidized bed diagram (Bosky boilers)
Primary air fans provide preheated fluidizing air.

Secondary air fans provide preheated combustion air. Nozzles in the furnace walls at various levels distribute the
combustion air in the furnace (Figure 33).

The advantage of a FBC boiler is that it reduces the amount of Typical
Bubble Cap

sulphur emitted in the form of sulphur
oxide (SO,) emissions. Limestone is used in the bed to precipitate
out sulphate during combustion, which also allows more efficient
heat transfer. More than 95% of the sulphur pollutants in coal
can be captured inside the boiler by the sorbent. The bed,
coming in direct contact with the tubes (heating by conduction),
increases the efficiency. Since this allows coal plants to burn at
cooler temperatures (760 °Cto 930 °C, or 1400 °F to 1700 °F),
less nitrogen oxides (NO,) are also emitted than with grate
burners because the threshold at which nitrogen oxides form is
approximately 1400 °C (2500 °F). Commercial FBC units operate at
competitive efficiencies with NO,and SO, emissions below levels
mandated by national pollution standards.

Disadvantages of FBCs include erosion on the tubes inside the boiler,
uneven temperature distribution caused by clogs on the air inlet of the
bed, lengthy start-up times reaching up to 48 hours in some cases, and
increased polycyclic aromatic hydrocarbon emissions because of the low

| \ \
Figure 34 Fluidized Bed Bubbling
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temperatures used. Figure 35 shows a typical FB air jet, and Figure 34 shows a bubbling device. ™ Figure 37
depicts the conditions of the fluidized bed during start-up (not operating/operating with air only/operating with
addition of fuel).

FBC systems fit into essentially two major groups, atmospheric systems and pressurized systems, and into two
minor subgroups, bubbling fluidized beds and circulating fluidized beds.

Atmospheric fluidized bed combustion (AFBC)

Atmospheric fluidized beds, which are commonly used in industrial boilers, use limestone or dolomite to capture
sulphur released by combustion of coal. Jets of air suspend the mixture of sorbent and burning coal during
combustion, converting the mixture into a suspension of red-hot particles that flow like a fluid. These boilers
operate at atmospheric pressure. Two types of beds, as shown in Figure 37, are used:

Bubbling fluidized bed combustion (BFBC): mainly used for smaller-scale applications with fuels of lower heat

Not Operating Fluidized Bed With Air ~ Heat Bed and add Fuel -
Bed Height =207 Bed Height = 32" Normal Operation
1 )

QAL "TT I
Mﬂww gy if.ioi 1@.1]

Figure 37 Fluidized bed boilers basic operation (Courtesy B&W) (137)

content such as sludge and wet wood waste fuels.
-Circulating fluidized bed combustion (CFBC): typically

restricted to larger units and high heat content fuels, ® l__
(16)

and used for electricity generation.

. . . . CIRCULATING UPERHEATE]
In circulating beds, fine particles of partly burned coal, FLUIDIZED
BED
ash, and bed material are carried along with the flue BOILER

gases to the upper areas of the furnace, and then into a s
cyclone. In the cyclone, the heavier particles separate LN
from the gas, fall to the hopper, and return to the 4 —

GOMBUSTION 4|

furnace for recirculation. The hot gases from the
cyclone pass to the heat transfer surfaces and leave the

boiler.

FLUIDIZING AIR

Figure 36 Circulating fluidized bed (from Bright Hub) ™*®

Since CFBC boilers use crushed coal of 3 millimetres
(mm) to 6 mm in size, they require a crusher rather
than a pulverizer. From storage hoppers, conveyer and feeders transport the coal to feed chutes in the furnace.
Start-up is by oil burners in the furnace. Ash spouts in the furnace remove the ash from the bottom of the
furnace. Figure 36 shows a CFBC boiler in more detail.

Although different boiler manufacturers adopt different methods of cyclone separation, fluidizing nozzles, etc.,
the basic principles of CFBC boilers remain the same. Like grate burners, fluidized bed burners also combust the
biomass (in contrast to gasification). However, the temperature in the combustion zone is a lot more
homogeneous and the combustion process is better controlled, ensuring a more complete burnout. This results
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in lower emissions of volatile organic compounds (VOCs) and ash carbon content than for grate burners.
Considerably less ash is carried over into the flue gas because of much reduced char formation due to the higher
combustion efficiency, although all ash leaves the furnace as carryover. The more complete burnout also
increases boiler efficiency compared to a grate burner. However, uncontrolled particulate emissions are
considerable, and additional emissions are caused by the gradual disintegration of the material in the fluidized
bed itself.

Fluidized combustion boilers are mostly used for biomass and solid fuels, such as coal, but also to burn waste.
Their advantages over firetube and watertube boilers are higher efficiency, lower emissions, and greater
flexibility with different fuels. On the other hand, they have higher capital costs and a more complicated
operation, particularly during start-up. Fluidized beds are not suitable for daily operation. The bed material at
start-up is sand. Some portion is lost in the ash during the operation and this has to be made up. In coal-fired
boilers, the ash from the coal itself is the make-up material. When firing biofuels with very low ash content, the
make-up bed material will be sand. For high sulphur coal, adding limestone to the bed material reduces
SO, emissions.

Pressurized fluidized bed combustion (PFBC)

PFBC systems also use a sorbent and jets of air to suspend the mixture of sorbent and burning coal during
combustion. However, these systems operate at elevated pressures and can produce high-pressure steam.
Steam generated from the heat in the fluidized bed is sent to a steam turbine, creating a high-capacity and
highly efficient combined cycle system that produces both steam and electricity. The high pressure of the steam
generated to produce electricity justifies the higher capital costs of this type of system.

Advantages (17)
PFBC boilers have the following advantages:

e High efficiency: They can burn fuel with a combustion efficiency of over 95% irrespective of ash content,
and can operate with overall efficiency of 84% (£2%).

e Reduction in boiler size: High heat transfer rates over a small heat transfer area immersed in the bed
result in overall size reduction for the boiler.

o Fuel flexibility: They can be operated efficiently with a variety of fuels, even flotation slimes, washer
rejects, and agro waste. These can be fed either independently or in combination with coal into the
same furnace.

o Ability to burn low-grade fuel: They give a rated output even with an inferior quality fuel (e.g., coal with
ash content as high as 62% and calorific value as low as 2500 kcal/kg). Even carbon content of only 1%
by weight can sustain the fluidized bed combustion.

e Ability to burn fines: Coal containing fines below 6 mm can be burned efficiently in an FBC boiler,
something that is very difficult to achieve in conventional firing systems.

e Pollution control: SO, formation can be greatly minimized by addition of limestone or dolomite for high
sulphur coal (3% limestone is required for every 1% sulphur in the coal feed). Low combustion
temperature eliminates NO, formation.

e Low corrosion and erosion: The corrosion and erosion effects are less due to lower combustion
temperature, softness of ash, and low particle velocity (around 1 metre/second).

e Easier ash removal and no clinker formation: Since the temperature of the furnace is in the range of 750
°C to 900 °C, even coal of low ash fusion temperature can be burned without clinker formation. Ash
removal is easier as the ash flows like liquid from the combustion chamber; hence less manpower is
required for ash handling.
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e Less excess air and higher CO, in flue gas: The carbon dioxide (CO,) in the flue gases will be of the order
of 14% to 15% at full load. Hence, these boilers can operate at low excess air of only 20% to 25%.

e Simple operation and quick start-up: High turbulence of the bed facilitates quick start-up and shutdown.
Full automation of start-up and operation using reliable equipment is possible.

e Fast response to load fluctuations: Inherent high thermal storage characteristics can easily absorb
fluctuation in fuel feed rates. The response to changing load is comparable to that of oil-fired boilers.

e No slagging in the furnace or sootblowing: Volatilization of alkali components in ash does not take place
and the ash is not sticky. This means that there is no slagging or sootblowing.

Disadvantages (18)
As with any design, PFBC boilers have their drawbacks, which reactor designers must take into consideration:

e Increased reactor vessel size: Because of the expansion of the bed materials in the reactor, a larger vessel
is often required than that for a packed bed reactor. This larger vessel means that initial capital costs are
greater.

e Pumping requirements and pressure drop: The requirement for the fluid to suspend the solid material
means that a higher fluid velocity is attained in the reactor. More pumping power and thus higher
energy costs are needed. In addition, the pressure drop associated with deep beds also requires
additional pumping power.

e Particle entrainment: The high gas velocities present in this style of reactor often result in fine particles
becoming entrained in the fluid. These captured particles are then carried out of the reactor with the
fluid, where they must be separated. This can be a very difficult and expensive problem to address, even
with entrainment reducing technologies, depending on the design and function of the reactor. Limited
understanding: Current understanding of the actual behaviour of the materials in a fluidized bed is
rather limited. Since it is very difficult to predict and calculate the complex mass and heat flows within a
bed, new processes require pilot plants. Even with pilot plants, however, the scale-up can be very
difficult and may not reflect what was experienced in the pilot trial.

e Erosion of internal components: The fluid-like behaviour of the fine solid particles within the bed
eventually results in the wear of the reactor vessel. This can require expensive maintenance and upkeep
for the reaction vessel and pipes.

e Pressure loss scenarios: If fluidization pressure is suddenly lost, the surface area of the bed may be
suddenly reduced. This can either be an inconvenience (e.g.,
making bed restart difficult), or may have more serious
implications, such as runaway reactions (e.g., for exothermic
reactions in which heat transfer is suddenly restricted).

Gasifiers or two-stage combustors 1

Gasification is used to split up the combustion process, resulting in so-

»n (14)

called “two-stage combustion . By creating a syngas composed of all

material in the fuel feedstock and leaving behind the ash, this technology

promises better process control and lower particulate emissions. It is
becoming more and more popular for new biomass energy installations.
Gasifiers are classified as fixed bed (downdraught and updraught), fluidized

bed, and entrained flow. Figure 38 shows a fixed bed gasifier developed by

1-Fuel feed system

2 - Gasifigr

3- Ash remaval system
4 - Syngas

44 Figure 38 Nexterra fixed bed
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Nexterra-Canada, and Figure 39 compares the three main technologies and their plant capacity application
ranges.

In an updraught (or "counter flow") gasifier, the biomass fuel enters the top of the reaction chamber while
steam and air (or oxygen) enter from below a grate. The type of gasifier, whether it is updraught, downdraught,
bubbling or fluidized bed, can have an impact on air emissions. Gas velocity through the bed, and the ability to
control the gasification process, is one of the key variables. In downdraught (co-flow) gasifiers, both biomass and
combustion air come from above. Downdraught versions have been shown to be the cleaner of the two varieties
in terms of particulate and tar emissions in the product.

Fixed bed gasifiers are used for well-defined feedstock and smaller plant sizes (up to around 10 megawatt (MW)
output). They are simpler in design, do not require secondary material, such as sand, and are less costly to
purchase and operate than the other types.

Fluidized bed gasifiers, just like burners, use Scale of Gasification ?echnnlogy measﬂeom

. ; : : VErsus { Fuel Power MW) 4
sand or a similar material to mix up biomass Scale of Technology for Gas User
and add a fluidized bed of a uniform : ' =l
temperature. They can be pressurized (larger .h Entr:lIned:i
systems) or at atmospheric pressure. The i flow s i 8
turbulence created through this process FEICFL
increases the tar content of the syngas FB and CFB

. .o . u mﬂ

compared to a fixed bed gasifier. In a bubbling Fﬂgd Bed]
fluidized bed gasifier, the bed material is [Dogndraft Fixkd Bed || |
agitated by gases flowing through it. Circulating 100 kW 100MW

fluidized bed gasifiers employ a system where 10 kW MW 10 MW 1000 MW
the bed material circulates between the Figure 39 Gasification technologies and their size

gasifier and a secondary vessel. Various designs aPplication -Ministry of Environment-British Columbia (181)

are possible, with biomass fuels being fed into the top, bottom or middle of the moving bed. Syngas typically
exits these systems at a high temperature, and has relatively high particulate contents due to the turbulence
within the reactor. Due to the high temperatures involved, the syngas may also contain vaporized alkali salts.
Tars will also be present in the gas in varying amounts depending on the specifics of the operation. Fluidized
beds are more tolerant with respect to the feedstock and are available up to a very large scale.

In an entrained bed gasifier, the solids are entrained in the gas flow at high velocities. This is a pressurized
process with high capital and operating costs. Entrained flow gasifiers are being discussed for large-scale
biomass conversion with syngas cleanup in a Fischer-Tropsch process, but are currently only used commercially
for coal as a fuel. They can use different fuels, but may require additives for ash/slag management.

Thermal Oil Heaters
Thermal oil Heaters are not real boilers, because do not “boil” water as use special oils which reach high
temperatures, but are often referred as boilers and largerly used in
some industrial sectors, therefore they are briefly mentioned in
this Guide. Thermal oil Heaters offer the user the capability of high
temperature operation (up to 300 °C - about 600 °F- with organic
thermal oils and more than 400 °C -about 800 °F -with certain
synthetics) at very low pressures. Due to the low operating
pressure and properties of thermal fluids, most heaters are built to
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ASME Section IV, and a licensed boiler operator is not typically required (Figure 40).

If steam is required for special functions, a steam generator can be added. In that case, the thermal fluid also
circulates through the tubes inside the steam generator. The tubes heat water surrounding them, converting the
water into steam. Unlike a fired boiler, the heated tubes in the steam generator never get hotter than the
thermal fluid flowing through them.

Thermal oil heaters have advantages and disadvantages compared to “regular” boilers:
Advantages:

- High temperature at atmospheric pressure

- No restrictive regulations

- Low corrosion rates

- No operator attendance required (depending on local regulations)

Disadvantages

- More expensive than standard boilers
- Higher risk of fire
- Need for circulating pump
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Boiler components and accessories
A boiler is normally supplied with a number of accessories and auxiliary systems that ensure its proper and safe
operation. This section introduces and briefly discusses the main boiler components and accessories.

Boiler control systems

Boiler control systems are designed to protect the boiler and to ensure proper boiler operation. These include
the combustion control, feedwater, combustion air, fuel control, and blowdown systems. If a deaerator is
present, it can be considered either as part of the feedwater system or as a separate system. Since a deaerator is
not usually present in most small boilers, it will be discussed here as a separate system.

Combustion control system
The combustion control system (see Figure 41) regulates the fuel and

IS s b I PN Y] ERE S PREROE AT
Wieroprocessor based Burnsr Wanagement Systam

THE BOILER PROGRAMMER
air mixture to achieve safe and efficient combustion, and maintain

proper steam system pressure. Control systems have varying levels of
sophistication. Simple systems use a fixed linkage between the fuel-
regulating valve and the combustion air damper. This is called single
point positioning. A change in steam pressure causes a proportional
change in the combustion air and fuel. Modern systems rely on signals

from digital transmitters to determine independent fuel valve and air
HONEYWELL 7300 SERIES RM7500 RELAY MODULE

damper positions, and typically provide alarms for out-of-specification
Figure 41 Burner control device

conditions for investigation and remedy. This is called a full monitoring
system. (Courtesy of Enertech-PH)
Flame safeguard system
The flame safeguard system is an arrangement of flame detection systems, interlocks, and relays, which sense
the presence of a proper flame in a furnace and cause fuel to be shut off if a hazardous condition develops.
Modern combustion control systems are closely interlocked with flame safeguard systems, pressure-limit
switches, low-water level cutoffs, and other safety controls that stop the energy input to a boiler when an
unsafe condition develops. The flame safeguard system also programs the operation of a burner system so that
motors, blowers, ignition, and fuel valves are energized only when they are needed and then in proper
sequence.

Safety shutoff valve

Safety shutoff valves isolate the fuel supply to the boiler in response to certain conditions such as low or high
gas pressure or satisfied load demand. Safety shutoff valve types and settings are often determined by code or
insurance requirements.

Water-level control system

The water-level control system ensures a safe water level in the boiler. Typically, the control system provides a
signal to the feedwater control valve to regulate the feed rate. Simple water-level control systems that only
sense water level are single-element systems. More complex systems, which incorporate additional data such as
steam flow rate (dual-element system) and feedwater flow (triple-element system), provide better water-level
control during abrupt load changes.

Safety valve
The safety valve is the most important valve on the boiler and keeps the boiler from exceeding its maximum
allowable working pressure (MAWP).
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Steam-pressure control

Steam-pressure controls regulate the combustion equipment to maintain a constant pressure in the steam
header. As the pressure rises above or falls below the pressure setting, the control adjusts the burner firing rate
to bring the pressure back to the setpoint.

Non-return valve

The non-return valve is a combination shutoff and check valve that allows steam out of the boiler, but prevents
backflow from the steam header in the event the boiler pressure drops below that of the header. The valve is
opened only when the pressure inside the boiler rises slightly above the steam header pressure.

Steam flowmeter

Steam flowmeters can provide useful data for assessing boiler performance, calculating boiler efficiency, and
tracking the amount of steam required by the system. In some systems, steam flowmeters provide a
measurement signal for the boiler control system. Additionally, steam flowmeters can be useful in
benchmarking efforts (Figure 42.

There are three basic types of steam flowmeters:

- Differential pressure (DP) flowmeters: rely on the change in pressure as steam flows by an element such as
a nozzle, orifice, or Venturi. This pressure difference provides an indication of flow velocity, which, in turn,
can be used to determine the flow rate.

- Vortex flowmeters: rely on the principle that flow past an element creates vortices with frequencies that
correspond to the flow velocity.

- Coriolis flowmeters: rely on tubes placed in the steam flow path that twist according to the velocity of the
flow.

Gear Machanism
Spindla & Finion

—Call Cap Saal

E Flaw Diraction
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Figure 42 Steam flowmeter- RCM Industries 1249

Boiler feedwater system

Boiler feedwater systems supply water to the boiler. Sources of feedwater include returning condensate and
make-up water. Feedwater is typically stored in a collecting tank to ensure that a steady supply of heated water
is available to the boiler regardless of momentary fluctuations in availability of condensate return or fresh water
supply pressure. In open systems, where all of the produced steam is used by the process or wasted to the
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environment, there are no condensate return lines The main components of a feedwater system are described
below.

Feedwater flow control valve

Modulating feedwater flow control valves move up or down in response to the water level transmitter(s). On
smaller firetube boilers, it is not uncommon for the feedwater valve to operate in a closed or open position,
depending on the water level transmitter signal. In modern industrial boilers, the controls may also account for
significant variations in steam demand.

Pretreatment equipment

Pretreatment equipment improves the quality of the incoming water so that it may be used in the boiler without
excessive scaling or foaming, which can reduce boiler efficiency and cause tube failure. Pretreatment equipment
includes, but is not limited to, clarifiers, filters, softeners, dealkalizers, decarbonators, reverse osmosis (RO)
units, and demineralizers (Figure 43).

Brine
Tank

Storage
Tank

Heat Condensate

Economizer Exchanger

Oxygen
Scavenger

m

Clarifier
Source

Deaerator

Filtar Condensate

| E\:coiler : Receiver
Zeolite ML) Boiler

Treatment
Saftener h hestment

Feed water

Figure 43 Typical boiler water treatment system-Courtesy of Clean Boiler ¥

Softener

Softeners remove calcium, magnesium, and iron, which are often referred to as "hardness minerals", from a
water supply. Their presence in boiler water can lead to many problems, including scale build-up and foaming,
which reduce boiler efficiency and can cause tube failure. Softeners reduce this problem through an ion-
exchange process. As the hard water passes through a chamber filled with resin, an exchange occurs that
removes hardness minerals from the water. The sodium that replaces the hardness minerals has a higher
solubility in water and generally will not form scale.

Feedwater pump

Feedwater pumps transfer water from the deaerator to the boiler. Feedwater pumps are driven by electric
motors or by steam turbines (in large boilers). In a modulating feedwater system, the feedwater pumps run
constantly instead of the on/off operation used in relatively small boilers.

Collecting/storage tank

In condensate recovery systems, the return of condensate is often erratic due to the changing steam
requirements of the end users. The condensate is usually returned to a condensate receiver or directly to the
deaerator if the system does not have a receiver. Pretreated water may also be stored in a tank prior to use. This
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provides the boiler system with additional water capacity in case the pretreatment equipment malfunctions. The
condensate and pretreated water, or make up, are transferred from the storage tanks to the deaerator before
being sent to the boiler.

Deaerators

Deaerators *

are mechanical devices that remove dissolved gases from boiler feedwater (see Figure 44).
Deaeration protects the steam system from the effects of corrosive gases by reducing the concentration of
dissolved oxygen and carbon dioxide to a level where corrosion is minimized. A dissolved oxygen level of 5 parts
per billion (ppb) or lower is needed to prevent corrosion in most high-pressure (>200 psi, or 14 kg/cm?) boilers.

While oxygen concentrations of up to 43 ppb may be
A went

tolerated in low-pressure boilers, equipment life is extended
Boiler feed water

at little or no cost by limiting the oxygen concentration to 5

. . . . Trayed ¢ |--<--
ppb. Dissolved carbon dioxide is essentially completely Se.;i.;..-.{ e
. . Deaeration steam
removed by the deaerator. Since deaerators are important =
A A o
devices for medium/large boilers, they are discussed in Liguid lsvel £| &
[}
more detail below. IR s
Wiater storage section __/
How they work | Deaersted
The design of an effective deaeration system depends upon P%p heiler feedater

the amount of gases to be removed and the final oxygen gas Internal steam distributor piping

concentration desired. This, in turn, depends upon the ratio —— Internal perforated pipe (water distributor)
————— Perforated travs

Lowy pressure steam

Boiler feedwater

of boiler feedwater make-up to returned condensate and

the operating pressure of the deaerator. Deaerators use
steam to heat the water to the full saturation temperature  Figure 44-Deaerator (Wikipedia) 23]
corresponding to the steam pressure in the deaerator, and

to scrub out and carry away dissolved gases. Steam flow may be parallel, cross, or counter to the water flow. The
deaerator consists of a deaeration section, storage tank, and vent. In the deaeration section, steam bubbles
through the water, both heating and agitating it. Steam is cooled by incoming water and condensed at the vent
condenser.

No condensable gases and some steam are released through the vent. Steam provided to the deaerator provides
a physical stripping action and heats the mixture of returned condensate and boiler feedwater make-up to
saturation temperature. Most of the steam will condense, but a small fraction (usually 5% to 14%) must be
vented to accommodate the stripping requirements. Normal design practice is to calculate the steam required
for heating and then make sure that the flow is sufficient for stripping as well. If the condensate return rate is
high (>80%), and the condensate pressure is high in comparison to the deaerator pressure, then very little steam
is needed for heating and provisions may be made for condensing the surplus flash steam.

Deaerators are designed to remove oxygen that is dissolved in the entering water, not entrained air. Sources of
“free air” include loose piping connections on the suction side of pumps and improper pump packing.

Deaerator steam consumption

The deaerator steam consumption is equal to the steam required to heat incoming water to its saturation
temperature, plus the amount vented with the noncondensable gases, less any flashed steam from hot
condensate or steam losses through failed traps. The heat balance calculation is made with the incoming water
at its lowest expected temperature. The vent rate is a function of deaerator type, size (rated feedwater
capacity), and the amount of make-up water. The operating vent rate is at its maximum with the introduction of
cold, oxygen-rich make-up water.
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Additional benefits

Deaerators provide the water storage capacity and net positive suction head necessary at the boiler feed pump
inlet. Returned condensate is mixed with make-up water within the deaerator. Operating temperatures range
from 215 °F to more than 350°F, which reduces the thermal shock on downstream preheating equipment and
the boiler.

Insulation
The deaerator section, storage tank, and all piping conveying hot water or steam should be adequately insulated
to prevent the condensation of steam and loss of heat.

Pressure fluctuations

Sudden increases in free or “flash” steam can cause a spike in deaerator vessel pressure, resulting in re-
oxygenation of the feedwater. A dedicated pressure-regulating valve should be provided to maintain the
deaerator at a constant pressure.

Atmospheric deaerators are typically found in smaller, lower-pressure boiler systems. Since they operate at
atmospheric pressure, the maximum operating temperature is 100 °C (212 °F) with most operating at
temperatures lower than this. Atmospheric deaerators cannot achieve the same level of oxygen removal as
deaerators and deaerating heaters, and typically provide water with oxygen levels of 0.5 to 1 part per million
(ppm).

Combustion air systems
The air needed for combustion of fuels is provided by air systems that are composed of fans, dampers, ducts,
and proper instrumentation.

Fans

Most boilers now depend on mechanical draught
equipment rather than natural draught®® @ This is
because natural draught is subject to outside air
conditions and the temperature of flue gases leaving the
furnace, as well as the chimney height. All these factors
make proper natural draught hard to attain and
mechanical draught equipment much more economical.

There are three types of mechanical draught:

- Induced draught: Draught is obtained by using an
induced draught (ID) fan that removes flue gases

from the furnace and forces it up the stack. Located
on the outlet gas side of the boiler, induced draught Figure 45 Forced draught fan-(Courtesy of Enertech
fans create a slightly negative furnace pressure that —Philippines)

is controlled by outlet dampers on the boiler. For systems involving a baghouse, mechanical collector, or
precipitator, special consideration should be given to sizing and selection of this fan.

- Forced draught: Draught is obtained by forcing air into the furnace by means of a forced draught (FD) fan
(see Figure 45) and a duct system. Air is often passed through an air heater, which, as the name suggests,
heats the air going into the furnace to increase the overall efficiency of the boiler. Dampers are used to
control the quantity of air admitted to the furnace. Forced draught furnaces usually have positive pressure.
A forced draught fan is located at the inlet of a boiler and pushes ambient air into the burner region,
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ensuring that adequate air is delivered to the combustion process. These fans either pull air directly from
the boiler room or connect to a duct system that allows outside air to be drawn into the boiler.

- Balanced draught: Balanced draught is obtained through use of both induced and forced draught. This is
more common with larger boilers where the flue gases have to travel a long distance through many boiler
passes. The induced draught fan works in conjunction with the forced draught fan to allow the furnace to
be maintained at slightly below atmospheric pressure.

Dampers

Dampers control the amount of air allowed into and out of a combustion chamber. Dampers, in combination
with fuel regulating devices, are positioned by the combustion control system to achieve certain fuel-to-air
ratios. Dampers on the boiler outlet are used to regulate the negative furnace draught.

Fuel systems
Since many types of fuels are used in boilers, different types of fuel handling systems are required (see
Classification of boilers by fuel feeding systems section):

e Biomass fuels: provide emission options that are carbon neutral.

e Fossil fuels: are most commonly used e.g., coal, oil, gas.

o Waste fuels: are used in many industries, particularly forest products, petroleum refining, and chemical
manufacturing, where there is an available supply of waste products such as bark, wood chips, black
liquor, and refinery gas.

The major components of a fuel system are described below.

Fuel regulating valve
For gaseous and liquid fuels, regulating valves control the fuel delivered to the boiler. In many systems, these
valves can be quickly shut in response to an operating problem.

Fuel flowmeter

Fuel meters measure the amount of fuel delivered to a boiler, and provide essential data in determining boiler
efficiency. Since fuel flowmeters measure volume or mass of fuel, it is important to know the energy content of
the fuel when determining boiler efficiency.

Burner

Burners combine the fuel and air to initiate combustion. There are many types of burners due to the different
types of fuels. Additionally, burners have different performance characteristics and control requirements. Some
burners are on/off, while others allow precise setting of the fuel/air mixture over a range of conditions. Some
burners can fire different types of fuel, allowing boiler operation to continue despite the loss of one fuel supply.
A fuel oil burner vaporizes and/or atomizes the fuel oil. Fuel oil burners can in general be categorized into the
three groups discussed below. *

Gun-type burners (pressure gun)

Gun-type burners atomize the fuel oil by forcing the oil through a nozzle and spraying it into to a gun-like airflow
atomic nozzle (see Figure 23) The liquid forms microscopic particles or globules that are well mixed and partly
evaporated before being ignited in the combustion chamber. These burners are very flexible and can be used
within a large range of applications, from relatively small residential heaters to larger industrial heating
applications. Residential gun-type burners normally requires oil pressure of 80-130 psi, while commercial and
industrial gun-type burners require 100-300 psi.

Pot-type burners
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In pot-type burners, the fuel evaporates into the combustion air. Gravity causes the oil to flow to the burner in
atmospheric pot-type burners. In general, there are three types:

e Natural draught burners: rely on the natural draught in the chimney for air supply.
e Forced draught burners: rely on a mechanical fan and/or the chimney for air supply.
e Sleeve burners: are only used in small applications.

Although the pot-type burner is the most inexpensive fuel oil burner with the lowest operating cost, it also has a
limited capacity, making it generally most suited for smaller applications.

Rotary-type burners

Rotary-type burners operate with low-pressure gravity and the fuel oil is supplied on and thrown off a rotary
disc in a fine spray by centrifugal force. They are best suited for large applications. Rotary burners can be
classified as:

e Rotary nozzle: a nozzle assembly rotates at high speed and oil is supplied through the shaft.
e Rotary cup: a cone-shaped cup rotates around a central tube where the fuel oil is supplied.
The following types of rotary oil burners are available:

e vertical rotary burners
e horizontal rotary burners
e wall-flame rotary burners

Blowdown systems

The boiler blowdown system includes the valves and the controls for the continuous blowdown and bottom
blowdown services (see Figure 46).

Continuous blowdown removes a specific amount of boiler water
(often measured in terms of percentage of feedwater flow) to
maintain a desired level of total dissolved solids in the boiler. Setting
the flow for the continuous blowdown is typically done in conjunction
with the water treatment program. Some continuous blowdown
systems rely on the input of sensors that detect the level of dissolved
solids in the boiler water.

Figure 46 Boiler Blowdown valves

Bottom blowdown is performed to remove particulates and sludge
from the bottom of the boiler. Bottom blowdowns are periodic and (Courtesy of Enertech-Philippines)
are typically performed a certain number of times per shift or
according to a set schedule. In some systems, they are controlled by an automatic timer. Bottom blowdown
should only be permitted if recommended by the boiler manufacturer. This is because it may cause water
starvation in some portions of the boiler circuit in higher-pressure boilers, especially those above 700 psig (48

bar).

Blowdown heat exchangers and flash tank
The continuous blowdown water has the same temperature and pressure as the boiler water. Before this high-
energy water is discharged into the environment, it is often sent to a heat exchanger and flash tank. Flash tanks

53




Guide to environmentally sound industrial boilers

permit the recovery of low-pressure flash steam, which can be used in deaeration or process heating. They also

permit the use of a smaller heat exchanger than would be required without the flash tank. Blowdown heat

exchangers are most often used to preheat boiler make-up water.

Steam distribution systems
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This general discussion focuses on steam systems (steam lines and auxiliaries) commonly used in industrial

boilers for the manufacturing sector, which include combined production of power and steam. A variety of

solutions are available depending on the sector and the goods produced. Figure 47 and Figure 48 show examples

CONDENSATE

Figure 48 Boiler systems (Courtesy of Enertech—Philippines)
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of a steam production and distribution system. In a factory, the boiler is normally considered as a secondary
part of the manufacturing process. Its function is to produce all the steam/heat that the main process
(production of goods) demands. The boiler is therefore a “slave” to the manufacturing process to which it must
deliver steam, and must comply with production process needs. For this reason, boiler and steam distribution
systems are often neglected during production cost evaluations.

Steam production systems in a manufacturing process can be classified as once through or condensate recovery
systems.

Once through systems

The steam produced is delivered straight to the
process, which completely uses it and its intrinsic
energy or partially disperses it to the environment.
The steam is not returned to the boiler as
condensate water. This system does not have
condensate return lines and related accessories
(Figure 49).

Once through systems are more common in small
boilers where the amount of steam produced
sometimes does not warrant the cost of condensate

Figure 49 Once through system

recovery components, and in manufacturing
processes where the steam is completely used. Current rising prices of fuel, water and chemicals for water
treatment make the once through system less economically attractive. The need to reduce groundwater
pollution and save water resources also discourages its adoption.

Condensate recovery systems
The steam is delivered to the process, where a heat exchanger transfers its energy to the process; the
condensate water is then returned
to the boiler inlet to be reused
(closed cycle; see Figure 50. The
temperature of the condensate
water ranges between 40 °C and 80
°C. These systems are more efficient
and environmentally sustainable
than once through systems, but

more complex and expensive
because they need more

Condensate return
components such as condensate
return pumps and a heat recovery \
exchanger. Condensate recovery systems are more Figure 50 Condensate recovery system
capital expensive, but result in lower annual fuel

bills. The condensate recovery investment payback depends on the type of boiler and factory production
process; the investment can often be recovered in two or three years.

Main system components
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This section discusses some of the main auxiliaries of a steam production system. Further details can be found
in the references for this Chapter. 22 The distribution system transports steam from the boiler to the various
end uses. Although distribution systems may appear to be passive, they regulate the delivery of steam and
respond to changing temperature and pressure requirements. Consequently, proper performance requires
careful design practices and effective maintenance. The piping should be properly sized, supported, insulated,
and configured with adequate flexibility. Pressure-regulating devices such as pressure-reducing valves and
backpressure turbines should be configured to provide proper steam balance between the various steam
headers. Additionally, the distribution system should be configured to allow adequate condensate drainage,
which requires appropriate drip leg capacity and steam trap selection.

Piping

Steam piping transports steam from the boiler to the end use services. Important characteristics of well-
designed steam system piping are that it is adequately sized, configured, and supported. Installation of larger
pipe diameters may be more expensive, but can create less pressure drop for a given flow rate. Additionally,
larger pipe diameters help to reduce the noise associated with steam flow. As such, consideration should be
given to the type of environment in which the steam piping will be located when selecting the pipe diameter.
Important configuration issues are flexibility and drainage. With respect to flexibility, piping (especially at
equipment connections) needs to accommodate thermal reactions during system start-ups and shutdowns.
Piping should be equipped with a sufficient number of appropriately sized drip legs to promote effective
condensate drainage. Additionally, the piping should be pitched properly to promote the drainage of condensate
to these drip lines. Typically, these drainage points experience two very different operating conditions, normal
operation and start-up; both load conditions should be considered in the initial design.

Insulation

Thermal insulation provides important safety, energy savings, and performance benefits. In terms of safety,
insulation reduces the outer surface temperature of the steam piping, which lessens the risk of burns. A well-
insulated system also reduces heat loss to ambient workspaces, which can make the work environment more
comfortable. Consequently, the energy saving benefits include reduced energy losses from the steam system
and reduced burden on the cooling systems that remove heat from workspaces. Insulation also increases the
amount of steam energy available for end uses by decreasing the amount of heat lost from the distribution
system.

Important insulation properties include the following:

e Thermal conductivity: a measure of heat transfer per unit thickness. Since thermal conductivity of
insulation varies with temperature, it is important to know the right temperature range when
selecting insulation.

e Strength: a measure of the insulation’s ability to maintain its integrity under mechanical loads.

e Abrasion resistance: ability to withstand shearing forces.

o  Workability: a measure of the ease with which the insulation is installed.

e Resistance to water absorption: the tendency of the insulation to hold moisture.

Some common insulating materials used in steam systems include calcium silicate, mineral fibre, fibreglass,
perlite, and cellular glass. Insulation blankets (fibreglass and fabric) are commonly used on steam distribution
components (valves, expansion joints, turbines, etc.) to enable easy removal and replacement for maintenance
tasks.

Valves
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The principal functions of valves in steam systems are to isolate equipment or system branches, regulate steam
flow, and prevent over-pressurization. The main types include gate, globe, swing check, pressure reducing, and
pressure relief valves. Gate, globe, and swing check valves typically isolate steam from a system branch or a
component. Pressure reducing valves typically maintain certain downstream steam pressure conditions by
controlling the amount of steam that is passed. These reducing valves are often controlled by transmitters that
monitor downstream conditions. Pressure relief valves release steam to prevent over-pressurization of a system
header or equipment.

Steam separators

In some steam systems, wet steam is generated. This wet steam contains water droplets that can reduce the
effectiveness of the steam system. Water droplets erode piping elbows, turbine blades and passages, and
pressure reducing valves, thus reducing efficiency and life. Liquid water can also significantly reduce heat
transfer rates in heat exchange components, as well as result in water hammer. Removing water droplets before
they reach end-use equipment is necessary. Steam separators remove water droplets, generally relying on
controlled centrifugal flow. This action forces the entrained moisture to the outer wall where it is removed from
the separator. The means of moisture removal could be a steam trap or a drain. Some manufacturers include
the trap as an integral part of the unit. Additional accessories include water gauge connections, thermometer
connections, and vent connections.

Steam separators can be installed in either a horizontal or vertical line. They are capable of removing 99% of
particulate entrainment 10 microns and larger over a wide range of flows.

Steam traps

A steam trap (see Figure 51) is a device used to discharge condensate and non-condensable gases with a
negligible consumption or loss of live steam. Most steam traps are nothing more than automatic valves. They
open, close or modulate automatically. Others, like Venturi traps, are based on turbulent two-phase flows to

Figure 51 Steam traps in a steam process (Courtesy of Armstrong

intarnatianall (192)

obstruct the steam flow . The three most important functions of steam traps are to:

e discharge condensate as soon as it is formed
e have a negligible steam consumption, and
e possess the capability to discharge air and other non-condensable gases.

The best and simplest form of a steam trap is a disc or short solid pipe nipple, with a small hole drilled through
it, installed at the lowest point of the equipment. Since steam condensate will collect at the lowest point and live
steam is about 1,200 times greater in volume than this hot liquid, condensate is effectively removed and steam
is blocked. Mechanical steam traps basically open when condensate needs to be removed, and close when there
is only steam present.
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Steam traps work best when sized specifically for the application on which they are used. Generally, it is better
to over-size as they will still discharge condensate when present, and close or obstruct for live steam. However,
an over-sized steam trap will wear quickly, waste energy (use steam), and, if drastically oversized, cause process
issues.

There are three main types of traps: thermostatic, mechanical, and thermodynamic.

Thermostatic traps
Thermostatic traps use temperature differential to distinguish between condensate and live steam. This

differential is used to open or close a valve. Under normal operating conditions, the condensate must cool below
the steam temperature before the valve will open. Common types of thermostatic traps include bellows and
bimetallic traps.

Bellows

Bellows traps: These traps (see Figure 52) include a C@ Ccl;anetlrlaoqé\t’:d Lt ) Extended
Gy

valve element that expands and contracts in % 27;2:"5—/ .

response to temperature changes. Often a volatile \ \ } e =

element. Evaporation provides the necessary force to {

Reservoir

chemical such as alcohol or water is inside the \\;—L

change the position of the valve. At start-up, the ValaGInead

bellows trap is open due to the relatively cold
condition. This operating condition allows air to

(251)

Figure 52 Bellows steam trap-AllClave parts

escape and provides maximum condensate removal when the load is the highest. Bellows traps can fail in either
the open or closed position.

e  Bimetallic traps: These traps (see Figure 53) rely on the bending of a composite strip of two dissimilar

metals to open and close a valve. Air and open -
condensate pass freely through the valve until
the temperature of the bimetallic strip
approaches the steam temperature. After steam
or relatively hot condensate heats the bimetallic

strip and causes it to close the valve, the trap

remains shut until the temperature of the

condensate cools sufficiently to allow the

(239)

. . . . .. Figure 53 Bimetallic steam trap-from lklimnet.com
bimetallic strip to return to its original shape and & P

thereby open the valve. Bimetallic traps can fail in either the open or closed position.

Mechanical traps

Mechanical traps use the difference in density between condensate and live steam to produce a change in the
position of a float or bucket. This movement causes a valve

Inlet pressure
{primary pressure)

to open or close. Mechanical trap designs that are based on
this principle include ball float, float and lever, inverted
bucket, open bucket, and float and thermostatic traps.

Ball float traps: These traps (see Figure 54) rely on the

movement of a spherical ball to open and close the <o
5 IR
Dis'lz'Typé

outlet opening in the trap body. When no condensate is PR e _
. Back pressure

present, the ball covers the outlet opening, thereby (sesondany pressure) —
K v IR
©  Figure 54 Ball float and disc traps (TLV) **¥

Figure 55 Float and Thermostatic Trap (EERE-USA)
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keeping air and steam from escaping. As condensate accumulates inside the trap, the ball floats and uncovers
the outlet opening. This movement allows the condensate to flow continuously from the trap. Unless they are
equipped with a separate air vent, ball float traps cannot vent air on start-up.

Float and lever traps: These traps (see Figure 55) are similar in operation to ball float traps except the ball is
connected to a lever. When the ball floats upward due to accumulation of condensate inside the trap body, the
attached lever moves and causes a valve to open. This action allows condensate to continuously flow from the
trap. If the condensate load decreases and steam reaches the trap, downward ball movement causes the valve
to close, thereby keeping steam from escaping. Unless they are equipped with a separate air vent, float and
lever traps cannot vent air on start-up. See the discussion on

float and thermostatic traps.
Seat  Steam Spaces

. . Liguid ' /Condensate Level
Inverted bucket traps: These traps (see Figure 56 and Figure 57)  Condensate =—
& Flash Cut € = g Steam Bubbles

are more complicated than float and lever traps. At start-up, I s Wi 5520 it
the inverted bucket inside the trap is resting on the bottom of " G
the trap body, and the valve to which the bucket is linked is mw'“m"‘ m ne

wide open. The trap is initially filled with condensate. As

steam enters the trap and is captured inside the bucket, it
causes the bucket to move upward. This upward movement
closes the valve and keeps steam from escaping. When the )
condensate collects and cools the steam, the bucket moves i\
downward. This movement causes the valve to open, thereby

allowing the condensate to escape. Unlike closed float traps, »
inverted bucket traps have intermittent discharge. These  Figure 57 Inverted bucket traps

traps can be depleted of their condensate seal when applied  (Thomas K, Lago)

in superheated steam service. If this occurs, the trap will

continuously discharge live steam. This trap type is not recommended for superheated steam service, unless
special installation conditions are met.

Float and thermostatic (F&T) traps: These traps (see Figure 58) are similar to float and lever traps except they
include a thermostatic element that allows air to be discharged at start-up and during operation. The
thermostatic elements used in these traps are the same as those used in thermostatic traps.

siexen [ Corcermain B pe
@ EREN - | o

Figure 58 Float and thermostatic traps (Thomas K. Lago) *** i PG00
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valve. The disc trap is the most common, but piston or impulse traps are sometimes used.

Disc traps: These traps (see Figure 59) use the position of a flat disc to control steam and condensate flow.
When condensate flows through the trap, the disc is raised, thereby causing the trap to open. As steam and air
pass through the trap, the disc moves downward. The force that causes the disc to move downward is generated
by the difference in pressure between the low-velocity steam above the disc and the high-velocity steam that
flows through the narrow gap beneath the disc. Disc traps commonly have an intermittent discharge and, when
they fail, they normally fail open. Generally, their air removal capability is poor unless equipped with additional
components (like the float and thermostatic trap).

Piston or impulse traps: These traps use the heat energy in hot condensate,
and the kinetic energy in steam, to open and close a valve. Like disc traps,
piston traps are phase detectors that sense the difference between a liquid
and gas or vapour. They continuously discharge any air and condensate. Their
primary failure mode is open (Figure 60).

Lever traps: These traps are a variation of the thermodynamic piston trap.
They operate on the same principle as piston traps but with a lever action to

pass large amounts of condensate and air on a continuous basis. Their
primary failure mode is open. Figure 60 Piston thermodynamic
trap- www.scratch.mit.edu @54
Orifice traps: These traps are of two basic types, orifice plate and short tube,
which operate under the same principles. An orifice plate steam trap consists of a thin metal plate with a small
diameter hole (orifice) drilled through the plate. When installed, condensate that accumulates is continuously
removed as the steam pressure forces the condensate through the orifice. During conditions when no
condensate is present, a limited amount of steam flows through the orifice (Figure 61).

—Gasket — Gasket

—Pipe Flange — Orifice Plate  — Orifice — Pipe Flange

Figure 61 Orifice plate steam trap installation-Olland-EERE-USA (240)

Condensate recovery

The recovery components of a steam system *°!

collect and return condensate back to the generation part of the
system. Condensate recovery provides thermal and water treatment benefits. Condensate that is not returned
must be compensated for by the addition of make-up water, which is generally much cooler than condensate;
however, it is becoming less commonly available. Condensate temperature often exceeds 93 °C (200 °F), while
make-up water temperature may range between 10° C and 25°C (50 °F and 80 °F). As a result, the enthalpy
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difference between condensate and make-up water is generally over 120 Btu/Ib (0.28MJ/kg), an amount of
energy that is often more than 10% of the energy in the boiler-generated steam.

Additionally, make-up water is generally treated with chemicals that remove minerals and establish certain pH
levels in the boiler water and in the system. Reducing the amount of make-up water added to the system
reduces chemical use. Moreover, some of the treatment chemicals that are contained in condensate are
problematic for a plant’s wastewater treatment facility. Industrial steam plants often extend across large areas.
Recovering condensate from steam systems requires piping, collecting tanks, pumping equipment, and, in many
cases, flash steam separators, meters, and filtration/cleanup equipment. However, the cost savings available
from avoiding the purchase, treatment, and heating of make-up water often make investments in condensate
recovery systems highly feasible.

Steam accumulators

A steam accumulator is a large insulated pressure vessel, partially filled with hot water (saturated liquid). When
steam supply exceeds demand, the excess high-pressure steam is charged into the accumulator through special
charging nozzles. The steam is condensed, giving up its latent heat, to raise the pressure, temperature, and heat
content of the water body. When the steam demand exceeds the supply, the pressure in the accumulator drops
and the additional required steam flashes from the water, taking back the heat previously stored. A simple
system of control valves and check valves regulates the charging and discharging. The excess steam is charged
quietly and smoothly, and, when steam is needed, it is available with the speed of a control valve operation.
There is also an accumulator design that stores hot water for use as boiler feedwater.

Additional components for efficiency improvement

Economizers

Economizers are mechanical devices intended to
reduce energy consumption or to perform another
useful function such as preheating a fluid. In simple

terms, an economizer is a heat exchanger. In feedivalering

boilers, economizers are heat exchange devices that E
heat fluids, usually water, up to but not normally

beyond the boiling point of that fluid. Economizers
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are so named because they can make use of the

enthalpy in fluid streams that are hot, but not hot
enough to be used in a boiler, thereby recovering @

more useful enthalpy and improving the boiler's i L=

efficiency. In industrial boilers, they are devices

fitted to a boiler that save energy by using the Figure 62 Economizer installation- Courtesy of Clean Boiler **?

exhaust gases from the boiler to preheat the
100

feedwater.”™ Figure 62 shows a typical position of an economizer for small
boilers Ambient air
Air preheaters

An air preheater is a general term to describe any device designed to heat air

before another process (for example, combustion in a boiler), with the
Flue gases

61
Figure 63 Economizer

schematic
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primary objective of increasing the thermal efficiency of that process. The main purpose of the air preheater is
to recover the heat from the boiler flue gas, which increases the thermal efficiency of the boiler by reducing the
useful heat lost in the flue gas. As a consequence, the flue gases are also sent to the flue gas stack (or chimney)
at a lower temperature, allowing simplified design of the ducting and the flue gas stack. The air preheater also
allows control over the temperature of gases leaving the stack (to meet emissions regulations, for example). *¥

The heat exchange in an air preheater occurs between the flue gas and water. The heat exchange coefficient is
lower than for water to water or steam to water, resulting in the need for greater exchange surfaces. Two types
of air heaters are normally used in large boilers, such as those used for electricity generation: tubular and
regenerative.

Tubular preheaters e e
Tubular preheaters consist of straight tube bundles that pass through the Inlet o esheet
. . . . Expansion .
outlet ducting of the boiler and open at each end outside of the ducting. LN l
Inside the ducting, the hot furnace gases pass around the preheater C— ] Bafle

tubes, transferring heat from the exhaust gas to the air inside the Olﬁ:'e,

preheater (Figure 64). Ambient air is forced by a fan through ducting at
Cold Air Bypass

one end of the preheater tubes. At the other end, the heated air from |/ Damper

inside the tubes emerges into another set of ducting, which carries it to

Air
the boiler furnace for combustion. The tubular preheater ducting for cold Inlat
and hot air requires more space and structural supports than a rotating Baffe
preheater design. Further, due to dust-laden abrasive flue gases, the Expansion Fg'f"g;‘s

tubes outside the ducting wear out faster on the side facing the gas I

current. Many advances have been made to eliminate this problem such
as the use of ceramic and hardened steel. e e e

Hopper

Many new circulating fluidized bed and bubbling fluidized bed steam Figure 64 Typical tubular air preheater -

generators incorporate tubular air heaters, which offer an advantage APEc®®

with respect to the moving parts of a rotary type. ®*

Regenerative preheaters
Regenerative preheaters consist of a central rotating-

plate element installed within a casing that is divided I :
Combustion Alr:

into two (bi-sector type), three (tri-sector type) or four “ite beller) i "E“"::I'I’. 3
L. F . p !I‘ o II:I L] -Ir
(quad-sector type) sectors containing seals around the - ; b oty :
- vl
element. The seals allow the element to rotate through '\-:.L‘_‘_'-‘_ i

all the sectors, but keep gas leakage between sectors to
a minimum while providing separate gas air and flue gas
paths through each sector. Regenerative air preheaters
are normally found in large utility boilers, due to

_'.'_'_‘_H_'m' 1 —I i Tt xieck

generation facilities.™ In the tri-sector design, the e
largest sector (usually spanning about half the cross- Figure 65 Rotating air preheater (Courtesy of Clean
Boilers-USA) %)

hardware complexity and maintenance needs.

Tri-sector types are the most common in modern power
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section of the casing) is connected to the boiler hot gas outlet. The hot exhaust gas flows over the central
element, transferring some of its heat to the element, and is then ducted away for further treatment in dust
collectors and other equipment before being expelled from the flue gas stack. The second (smaller) sector is fed
with ambient air by a fan, which passes over the heated element as it rotates into the sector, and is heated
before being carried to the boiler furnace for combustion. The third (smallest) sector heats air that is routed into
the pulverizer and used to carry the coal-air mixture to coal boiler burners. Thus, the total air heated provides
heating air to remove the moisture from the pulverized coal dust, carrier air for transporting the pulverized coal
to the boiler burners, and primary air for combustion.

The rotor itself is the medium of heat transfer in this system, and is usually composed of some form of steel
and/or ceramic structure. It rotates quite slowly (around 3-5 revolutions per minutes, RPM) to allow optimum
heat transfer, first from the hot exhaust gases to the element, and, then as it rotates, from the element to the
cooler air in the other sectors.

Critical components

In general, the critical components %

are those whose failure will directly affect the reliability of the boiler. They
can be prioritized by their impact on safety, reliability, and performance.

Drums
The steam drum is the single most expensive component in the boiler. Consequently, any maintenance program
must address the steam drum, as well as any other drums, in the convection passes of the boiler. In general,
problems in the drums are associated with corrosion. In some instances, where drums have rolled tubes, rolling
may produce excessive stresses that can lead to damage in the ligament areas. Problems in the drums normally
lead to indications that are seen on the surfaces, either inside diameter or outside diameter.

Headers

Boilers designed for temperatures above 482 °C (900 °F) can have superheater outlet headers that are subject to
creep — the plastic deformation (strain) of the header from long-term exposure to temperature and stress.
However, industrial boilers are more typically designed for temperatures lower than that. Lower temperature
headers are subject to corrosion or possible erosion. Additionally, cycles of thermal expansion and mechanical
loading may lead to fatigue damage.

Tubing

The majority of forced outages in all types of boilers are caused by tube failures. Failure mechanisms vary
greatly from the long term to the short term. Superheater tubes operating at sufficient temperature can fail long
term (over many years) due to normal life expenditure. However, most industrial boiler tubes do not have a
finite life due to their temperature of operation under normal conditions. Tubes are more likely to fail because
of abnormal deterioration such as water/steam-side deposition retarding heat transfer, flow obstructions, tube
corrosion (inside and/or outside diameter), fatigue, and tube erosion.

Piping

Main steam piping

For lower temperature systems, the piping is subject to the same damage as noted for the boiler headers. In
addition, the piping supports may experience deterioration and become damaged from excessive or cyclical
system loads.

Feedwater piping
This piping system is often overlooked. Depending upon the operating parameters of the feedwater system, the
flow rates, and the piping geometry, the pipe may be prone to corrosion or flow assisted corrosion (FAC). This is
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also referred to as erosion-corrosion. If susceptible, the pipe may experience material loss from internal
surfaces near bends, pumps, injection points, and flow transitions. Ingress of air into the system can lead to
corrosion and pitting. Out-of-service corrosion can occur if the boiler is idle for long periods.

Deaerators

Overlooked for many years in condition assessment and maintenance inspection programs, deaerators have
been known to fail catastrophically in both industrial and utility plants. The damage mechanism is corrosion of
shell welds, which occurs on the inside diameter surfaces.

Air supply to boiler houses

For proper combustion and safety reasons, the boiler room should have appropriate openings for fresh air
supply (26) Temporary air intakes such as windows and doors should be avoided since they may be closed (and
often they are when people in the boiler room are feeling cold), thus cutting off the boiler's air supply. If
combustion air supply is limited, the fire will start to smoke. Incomplete combustion will occur and carbon
monoxide generated. If the fire goes out before the flame detection system acts to close the fuel safety shutoff
valve, accumulated fuel may re-ignite when oxygen seeps in through cracks and crevices. A furnace explosion
may occur with disastrous effects on personnel and property.

Adequate air supply is required to minimize the possibility of explosion
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Boiler manufacturing

Careful manufacturing of a boiler according to the most stringent standards ensures good performance, a long
lifetime, and reduced maintenance. International standards, such as ASME (Amerrican Society Mechanical
Engineers) (ASTM) American Society for Testing and Materials, EN (Euro Norm) have been developed over the
years and optimized to incorporate the experience gained in the field by boiler manufacturers and operators.

e e ) B

Figure 66 Preparation of boiler drum (Courtesy of
27)

Figure 67 Firetube welding on the perforated

27) Enertech-Philippines) {

plate (courtesy of Enertech-Philippines) '

During a boiler purchasing process, the vendor must indicate the procedures used for boiler fabrication. Figure

27 and some details of internal

66 and Figure 67 show the main phases of a boiler manufacturing process
components manufacturing. During manufacturing, different materials are used, according to the temperature
and pressure of the boiler and to adopted standards. An example of the materials used in boiler manufacturing,

according to ASTM standards, is provided in Table 3 27)

Table 3 Boiler manufacturing ASTM standards for shell and tubes

Shel/Tube Sheet/Flue Tube
Plate Material

Tube Material

Specifications ASTM ASTM ASTM ASTM
A 515 Gr. 70 A 285 Gr. C A 192 A 178 Gr. A
1. Deschption Carbon steel Low and Seamless Electnc
plates for intermidiate carbon steel resistance
pressure tensile strength |boiler tubes for |welded carbon

vessels for

carbon steel

high pressure

steel boiler tube

intermediate &

plates for

high tempera-

pressure vessel

ture senice

2. Chemical

Composition

{% content)
Carbon 0.13 max 0.28 max 0.06 to 0.18 0.06 to 0.18
Manganese 0.9 max 0.90 max 0.27 to 0.63 0.27 to 0.63
Phosphorus 0.035 max 0.035 max 0.048 0.05
Suliur 0.040 max 0.040 max 0.058 0.06
Silicon 0.15-0.30 0.25
Tensile Strength {psi) 70,000 55,000 47,000 47,000
Yield Strength {psi) 80,000 30,000 26,000 26,000
Max. Allowable 17,500 13,800 11,800 11,800

stress@650 degrees

Ga. 113 mm)

Ga. 13 (2.4 mm)

Farenheit {psi)

Max. Allowable

310

170

working pressure {psi)
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Figure 69 Heat exchanger header manufacturing
Figure 68 Watertube heat exchanger (Courtesy of (Courtesy of Enertech—Philippines)

Enertech —Philippines)

The manufacturing of a boiler is shown inFigure 68. The manufacturing of a watertube heat exchanger is shown
in Figure 69 and Figure 71. A small boiler, already equipped with fittings and valves, is shown in Figure 72.

Figure 70 Boiler manufacturing-combustion chamber | Fgure 72 Wateretube boiler-Tube walls connec
and tube sheet (Courtesy of Enertech-Philippines) Figure 71 Small o downcomer (Courtesy of Enertech-Philippines

fittings (Courtes,

66

ted
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Boiler purchase

The purchase of a boiler should be done by referring to the above said international standards (ASME, EN etc,)
which envisage rules for material quality and testings, for fabrication, assembling, Non Destructrive
Examinations (NDE), Installation and Commissioning.

It is of paramount importance that the purchaser organizes inspections during the different manufacturing
phases to check that the agreed quality/Code is actually implemented. With reference to ASME Code, some of
the necessary inspections stages in the production of the fire tube boilers from the examination of certification

of procurement sources to the final inspection, preservation and packing to dispatch to site are reported below
(28)

This content may be useful for second party inspectors, Fire Tube Boiler manufacture quality control personnel,
engineering companies and purchasers as well.

All Boiler inspections and tests shall be carried out against the approved drawings, purchase order
specifications, purchasers or company standards, and within the practices and rules of the country, state
or province and any government decrees, laws, ordinance or regulation as may apply.
= The applicable codes and specifications for the Fire Tube Boiler which is under construction process are:
¢ Design code
e Purchase order specification
e Purchaser's standards
e Approved drawings
= And the applicable codes and standards are:
e ASME | Rules for construction of power boilers
e ASME V Non Destructive Examination NDE
e ASME IX Welding Brazing Qualifications
= The applicable codes and standard may be based other international standards such as BS 2790 and etc.;
this content is general and can be useful if even the design code is different from ASME Code.
= Required Documents for Third Party Inspector Review:
The list of documents normally is agreed in the Pre Inspection meeting which is hold several weeks
before actual commencement of inspection work. The parties which are participated in this meeting are
manufacture, purchaser and third party inspection agency representatives.
These are the list of documents which are normally agreed to be presented to the inspector (the
following list is an example of documents requested for firetubes boilers, but can be extended to
watertubes boilers as well with some integrations):
e Fire Tube Boiler Manufacture Quality Control Plan
¢ Fire Tube Boiler Inspection and test plan
¢ Fire Tube Boiler Data Sheet
e Fire Tube Boiler Approved Drawings
e Fire Tube Boiler Strength calculation sheets
e Fire Tube Boiler Material Test Reports
e Fire Tube Boiler Welding Specification Procedures (WPS) and Procedure Qualification
Records(PQR)
e Fire Tube Boiler Welding Map
e Fire Tube Boiler Repair Procedure
e Fire Tube Boiler Welders Qualifications Reports
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¢ Fire Tube Boiler NDE procedures

¢ Fire Tube Boiler NDE Personnel qualifications Reports

¢ Fire Tube Boiler Heat treatment procedure

¢ Fire Tube Boiler Calibration Certificates for Test Equipment

¢ Fire Tube Boiler Hydrostatic Testing Procedure and Water Quality Document
¢ Fire Tube Boiler Preparation and Painting Procedure

¢ Fire Tube Boiler Preservation, Packing and Shipping Procedure

® Fire Tube Boiler Packing List
The presence of an inspector is strongly recommended for some important tests ( Non Destructive
Examinations and Hydrostatic tests).
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Boiler emissions

The quantity and quality of emissions of pollutants depend on the type of boiler and the fuel used (see Chapter
2). This section deals briefly with emissions from boilers fired by coal, fuel oil, natural gas, and non-fossil fuel.
Emissions are discussed in more detail in Chapter 3.

Coal-fired boiler emissions

Coal is burned extensively in utility and large industrial boilers with heat input capacities of more than 100
MBtu/h (about 100 MW). Coal is not used in many smaller industrial boiler applications because of the added
costs of coal handling, ash disposal, and emission control equipment compared to fuel oil or natural gas. Coal-
fired boilers must have larger combustion chambers than oil-fired or gas-fired boilers of the same capacity, the
velocities of the combustion gases in the convection passes must be lower, and emission control equipment for
flue gas treatment is generally required. These features, combined with coal storage and ash disposal
requirements, increase the land area needed to site a coal-fired boiler ®.

In situations where coal combustion is economically attractive and environmentally acceptable, various firetube
and watertube boilers can be selected. Firetube boilers that burn coal typically include an underfeed stoker to
automatically supply fuel to the unit; but, in special cases where automatic control is not essential, hand firing
may be a viable option worth further consideration.

There are three main classes of coal-fired watertube boilers: pulverized coal-fired (PC-fired), stoker-fired, and
FBC boilers. They differ in how the fuel is supplied to the boiler, the approach used to burn the fuel, and the
method used to remove ash after combustion has occurred. Stoker-fired boilers are generally less expensive
than PC-fired boilers with the same output because they do not require special equipment to pulverize the coal.
However, a properly designed PC-fired boiler can have an efficiency advantage due to unburned carbon of less
than 0.4% compared to stoker-fired boilers that can exhibit up to 8% carbon loss. Carbon that is not burned is
undesirable because it represents wasted energy. Due to their complexity, PC -fired boilers are more suitable for
medium or large industrial boilers.

Stoker-fired boilers have an advantage over PC-fired boilers in the equipment required for controlling particulate
matter (PM) emissions. Larger ash particles produced by stoker-fired boilers can often be effectively removed
using less costly mechanical collectors, such as cyclone separators, rather than more complex electrostatic
precipitators (ESPs), fabric filters (baghouses), or wet scrubbers. SO, emissions from PC-fired boilers are typically
less than from stoker-fired boilers, especially when sulphur-bearing materials such as pyrite are removed from
the coal during pulverization. Both firing systems are equally capable of controlling NO, emissions.

The primary driving force for using FBC boilers is reduced SO, and NO, emissions. These boilers are designed to
burn coal at low enough temperatures to minimize NO, formation and at the optimum temperature level for
calcining limestone, which enhances the capture of SO,. By adding limestone or dolomite to the bed to serve as
a sorbent, it is possible to burn high-sulphur coal without the need for expensive post-combustion sulphur
removal equipment. If additional reductions in NO, emissions are required, the combustion air within the boiler
can be staged and flue gas can be recirculated. Due to the fineness of PM emissions from FBC boilers, fabric
filters, which are less sensitive to ash properties than ESPs, are normally selected. Most FBC boilers are
watertube boilers, especially among the larger units, but some firetube FBC boilers are also available. When very
low SO, and NO, emissions are required, circulating fluidized beds are preferred to bubbling fluidized beds.

Fuel oil-fired and gas-fired boiler emissions
69




Guide to environmentally sound industrial boilers

For environmental and economic reasons, many industrial boilers are fired by fuel oil, natural gas, or a
combination of these fuels. Boiler designs for these fuels are very similar with many units capable of firing the
two fuels separately or in combination. Although more compact than coal-fired boilers, large fuel oil-fired or
natural gas-fired watertube boilers are field erected with features similar to PC-fired boilers. These units are
typically either wall-fired or tangential-fired with multiple burners .

Small watertube boilers are normally manufactured as package units with either an “A,” “D,” or “O” tube
configuration. Firetube boilers that burn fuel oil or natural gas are almost all supplied as package units with a
single burner. Scotch, HRT, and firebox boilers are the most common types of firetube boilers commercially
available for burning fuel oil and natural gas.

Fuel oil is a widely available fossil fuel with characteristics that make it suitable for combustion in industrial
boilers. It burns cleaner than coal, can be stored in tanks at the site, can be piped directly to the burner, and can
be atomized to burn like natural gas. Steam, compressed air, and mechanical methods, including pressure, are
used to atomize fuel oil; but most grades (except No. 2) require heating to lower the viscosity for improved
handling and atomization.

The types of emissions that must be controlled when fuel oil is burned depend on its properties and the
proportions of undesirable nitrogen-, sulphur-, and ash-bearing compounds that it contains. When fuel oil is
burned, NO, formed by fuel-bound nitrogen can account for 20% to 80% of the total NO, emissions. Switching to
fuel oil with lower nitrogen content typically results in reduced NO, emissions. Likewise, using lower sulphur fuel
oil is a cost-effective way to reduce SO, emissions. Selecting appropriate combustion and post-combustion
emission control techniques for fuel oil-fired boilers often requires a laboratory analysis of the fuel to determine
its exact composition. Because certain fuel oils contain greater proportions of undesirable constituents, it is
often more cost effective to burn low-sulphur residual or distillate oil rather than high-sulphur residual oil.
Depending on emission requirements, switching often minimizes or eliminates the need for post-combustion
emission control equipment.

Natural gas is the most desirable fossil fuel for industrial boiler applications. It burns cleaner than coal and fuel
oil, it is easy to handle, it mixes well with combustion air, and it contains very little sulphur and virtually no ash.
Because natural gas is delivered by pipeline, onsite storage is typically not required. With no sulphur or ash, the
emissions of concern include carbon monoxide (CO), VOCs, and NO,. Gas supply is still a problem in countries
without gas pipeline networks. Although natural gas can be transported in liquid state, this needs very high
pressures or very low temperatures (- 160 °C). Other fuels such as LPG, which can be stored at ambient
temperatures with low pressure, are used in small boilers.

Non-fossil-fuel-fired boiler emissions

Although many different non-fossil fuels are used to fire boilers, two of the most common are biomass and
refuse derived fuel (RDF). Equipment for firing these two fuels is generally divided into stoker-fired and FBC
boilers, which may be either watertube or firetube designs with features similar to those of coal-fired boilers .

Biomass fuel

Fuels classified as biomass encompass a variety of non-fossil materials including wood (see Chapter 2). Biomass
fuel can be burned on a moving grate like stoker coal, or introduced to the boiler by another type of conveying
system. It is also possible to burn biomass fuel along with PC, fuel oil, or natural gas. When used in combination
with these fuels, the individual biomass particles are generally supplied by a stoker, and the other fuels are
introduced into the boiler using low NO, burners of an appropriate design. If biomass particles are sufficiently
fine, it is sometimes possible to fire the fuel using burners that are similar in design and operation to PC burners.
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Although biomass typically burns cleaner than coal, NO,, SO, and PM emissions from biomass-fired boilers must
be controlled. Biomass burning is considered carbon neutral, because the CO, emitted from its combustion is
balanced by the CO, absorbed during its growth.

Refuse Derived Fuels (RDF)

Boilers that burn Refuse Derived Fuels (RDF) usually require a certain level of fuel processing prior to
combustion. Fuel preparation efforts typically range from simple removal of noncombustible and bulky materials
to shredding. The objective of these operations is to create a mixture of highly combustible fuel particles. When
RDF is burned in a Fluidized Bed Combustion boiler, it is often necessary to reduce the material to a maximum
size of 2 inches so that the individual particles can be conveyed into the combustion chamber and burned
uniformly in the bed.

Combustion of RDF typically generates low levels of NO,, SO,, and PM emissions because of relatively cool
combustion temperatures and low levels of fuel-bound nitrogen, sulphur-bearing compounds, and ash. When
NO, emissions are a concern, it may be necessary to install selective non-catalytic reduction (SNCR) or selective
catalytic reduction (SCR) equipment to treat the flue gas before it enters the atmosphere (see Chapter 4).
Particulate collection equipment, such as cyclone separators, ESPs, baghouses, and wet scrubbers, is required to
clean the flue gas and thereby minimize PM emissions.

Combustion of RDF also generates considerable amounts of harmful pollutants such as cadmium, lead, mercury,

hydrogen chloride, and dioxins/furans. Techniques for reducing emissions of these pollutants must be adopted.
Due to the difficulty of achieving low emission rates, RDF is more often burned in incinerators than in boilers.
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Boiler selection considerations
Selection of a new boiler is critical because it will affect steam production characteristics and costs for the next

20 to 30 years. Important factors to consider include

e geographical location and site accessibility;

e plan area and height requirements;

o fuel type, price, and availability;

e boiler type, size, efficiency, price, and reliability;

e heating loads and load variations including:
- acceptable pressure and temperatures ranges, and
- required rates of heat delivery;

e state and local environmental regulations;

e regional air quality standards;

e emission limitations and options for controlling regulated pollutants; and

e construction and operating permit requirements.

The types of fuels to be used will also influence boiler selection. Various boiler and fuel feed system
combinations for watertube and firetube boilers are identified in Table 4.

Table 4 Common boiler and fuel system combination (29)

Watertube boilers Firetube boilers

Fuel feeding system Fuel feeding system

Coal-fired, stoker-fed boilers Coal-fired, stoker-fed boilers

PC-fired boilers Fuel oil-fired boilers

Coal-fired FBC boilers Natural gas-fired boilers

Fuel oil-fired boilers Biomass-fired, stoker-fed boilers
Natural gas-fired boilers

RDF-fired, stoker-fed boilers Biomass-fired, stoker-fed boilers

Biomass-fired FBC boilers RDF-fired, stoker-fed boilers

RDF-fired, stoker-fed boilers Biomass-fired, stoker-fed boilers

RDF-fired FBC boilers

The process of selecting a low-emission boiler and combustion equipment is strongly influenced by the fuel that
is chosen and the emission limitations that are imposed. For new boiler applications, and modifications to
existing boiler installations that must meet stringent emission regulations, fuel selection is the most important
consideration. " Although criteria for fuel selection generally focus on cost, availability, and environmental
compliance, choosing a boiler that is capable of burning multiple fuels or fuel combinations has two main
advantages: it provides backup and allows fuel switching for cost savings.

The next step in the process is to choose an appropriately sized boiler based on steam or hot water demand and
a suitable fuel feed system. The required features of the fuel feed system depend primarily on whether the fuel
is a solid, liquid, or gas. Some fuel feed systems are designed to handle fossil fuels such as coal, oil, or natural
gas, while others can accommodate non-fossil fuels such as biomass or RDF.
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Discussions with boiler and combustion equipment manufacturers are often necessary to understand design
details and performance history for specific boiler designs. Manufacturers can provide meaningful assistance in
identifying candidate boilers and fuel feed systems that are suitable for use with various fuels.

Selecting emission control equipment can be influenced by the layout of the facility, the type and amount of fuel
that is burned, the configuration of the boiler and fuel feed system, and the required level of emissions
reduction. Additional factors to consider in selecting a low-emission boiler that burns either fossil or non-fossil
fuel are discussed in the next sections.

Co-generation: Combined production of steam and electricity

Cogeneration, also known as combined heat and power, or CHP, is the production of electricity and heat in a
single process for dual output streams. In conventional electricity generation, on average 35% of the energy
potential contained in the fuel is converted into electricity, while the rest is lost as waste heat 50 Even the most
advanced technologies do not convert more than 55% of fuel into useful energy (Figure 73).

CONVENTIONAL SYSTEM 35%
Electricity
. "" or more
System Up to
65%
losses

Figure 73 Schematic of conventional system efficiency-UNEP (240)

Since cogeneration uses both electricity and heat, it is the most efficient way to use fuel, achieving up to 90%
efficiency (Figure 74). This translates into energy savings of between 15% and 40% when compared with the
separate production of electricity from conventional power stations and of heat from boilers. Cogeneration also
helps lower energy costs, improves the security of the energy supply, and creates jobs. A typical cogeneration
system consists of an engine, steam turbine, or combustion turbine that drives an electrical generator. A waste
heat exchanger recovers waste heat from the engine and/or exhaust gas to produce hot water or steam.

—Industry
lf Up to 90%

« Electricity === Commerce

&Heat M. Domestic

Heating/
10% Cooling
losses

Figure 74 Schematic of a cogeneration system efficiency-UNEP *%
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Cogeneration produces a given amount of electric power and process heat with 10% to 30% less fuel than it
takes to produce the electricity and process heat separately.

The heat produced by cogeneration can be delivered through various media, including warm water (e.g., for
space heating and hot water systems); steam; or hot air (e.g., for commercial and industrial uses). Trigeneration
is also possible: the production of electricity, heat, and cooling (through an absorption chiller) in a single
process. This is an attractive option for production processes with cooling requirements. Cogeneration schemes
are usually sited close to the heat and cooling demand, and, ideally, are built to meet this demand as efficiently
as possible. Under these conditions, more electricity is usually generated than is needed. The surplus electricity
can be sold to the electricity grid or supplied to another customer via the distribution system.

In recent years, cogeneration has become an attractive and practical proposition for a wide range of
applications. These include the process industries (pharmaceuticals, paper and board, brewing, ceramics, brick,
cement, food, textile, minerals, etc.); commercial and public-sector buildings (hotels, hospitals, leisure centres,
swimming pools, universities, airports, offices, barracks, etc.); and district heating schemes.

Cogeneration technologies
A range of technologies can be applied to cogenerate electricity and heat. All cogeneration schemes include an
electricity generator and a system to recover the heat. The technologies currently in widespread use are readily
available, mature, and reliable:

steam turbines

gas turbines

combined cycle (gas and steam turbines)

Diesel and Otto Engines

Technologies that have recently appeared on the market, or are likely to be commercialized within the next few
years, include:

e microturbines

e fuel cells, and

e Stirling engines.

Figure 75 comparison of cogeneration technologies

Average capital cost | Average Maintenancein

Technology Size (MW:) Electrical efficiency | Overall efficiency — in $1kW. $/kWh
Steam Turbine Any 05500 7.00% 60-60% 900-1800 00027
Gas Turbine Gase"”ffj;’s‘d qud | 95,504 25-4% 65-07% 400850 0.0040.009
Combined cycke Gase"mgd quid | =5 3004 35-55% 7390% 400850 0,004,009
Dicssland Oitcly [§Saseousierd Saud i I a% 25-45% 65.92% 300450 00070014
engines fuels
Micro urbines Gase"m;‘d jau 15-30% 60-85% 600-850 <0.006-0.01
Fuel cells Gase"”fzj’s‘d quid | g ga.a+ App 37:50% App. 85-90% 7 ?
Siriing engines Gase"”fz;’;d fquid | 0 003-1.5 Aop. 40% 65-85% 7 ?
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Cogeneration schemes can have different sizes, ranging from an electrical capacity of less than 5 kW (e.g., small
engines for a single dwelling) to 500 MW (e.g., district heating systems or industrial cogeneration).
Cogeneration can be based on a wide variety of fuels, and individual installations may be designed to accept
more than one fuel. While solid, liquid, and gaseous fossil fuels are currently dominant, cogeneration from
biomass fuels is becoming increasingly important. The cost efficiency of cogeneration schemes can be increased
by using fuels that would otherwise constitute waste, e.g., refinery gases, landfill gas, agricultural waste, or
forest residues. A comparison of the various technologies and sizes is given Figure 74. ®V

Costs and profitability

A well-designed and -operated cogeneration scheme is always more energy efficient than a conventional plant,
and leads to both energy and cost savings. Cost savings depend on the cost of the primary energy fuel and the
price of the electricity that the scheme avoids using. However, although the profitability of a cogeneration
project generally results from its cheap electricity, its success depends on using recovered heat productively; the
heat requirement is thus a prime criterion. As a rough guide, cogeneration is likely to be suitable if there is a
fairly constant demand for heat for at least 4,500 hours in the year.

Total investment in a cogeneration project depends upon the size, design, and characteristics of the installation.
Under favourable conditions, payback periods of 3 to 5 years can be achieved on most cogeneration installations
(operating life can reach 20 years).

Industry and market trends

Cogeneration accounts for around 7% of total global power production, but more than 40% of power production
in some European countries. There are many suppliers of conventional cogeneration technologies, but new
technologies (microturbines, fuel cells, Stirling engines) are produced by only a few companies. Future
expansion of the market for small-scale cogeneration schemes, particularly for microturbines, is likely. In many
countries, the current market situation of cogeneration could be better. The European experience shows that
rising gas and falling electricity prices make it difficult for cogenerators to operate profitably in the utility sector.

The availability of natural gas to drive gas turbines remains an important factor for combined cycle gas turbine
systems (discussed below). Uncertainties created through reforms in energy sector tariffs can be a significant
barrier. Global policies to reduce greenhouse gas emissions, liberalization of energy markets, and emerging
needs for decentralized energy in emerging markets should improve the prospects for cogeneration.

Types of co-generation systems
Two main heat/electricity combined production systems can be identified for industrial use:

e combined cycle gas turbines
e diesel heat recovery steam devices

Combined cycle gas turbines (CCGT)
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Gas turbines are essentially jet engines driving large turbo generators instead of large aircraft. Their exhaust may
contain substantial amounts of residual heat that used to be lost to the atmosphere. This heat can be recovered
by inserting a heat exchanger along the flue gas duct. The steam produced is used in the production process,
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Figure 76 Gas turbine and Brayton Cycle (Wikipedia) "
often delivered to a steam turbine where it is used to drive a generator and produce electricity. Multistage heat
recovery steam generators use the heat to produce superheated steam, high-pressure steam, low-pressure
steam, and even hot water as the hot exhaust gradually loses its temperature. This type of heat recovery is
normally used in large steam production plants, but recently small turbines have been available for smaller
plants. Figure 76 shows how a CCGT works (Brayton cycle).

The energy conversion of combustion turbines typically ranges between 25% and 35% efficiency as a simple
cycle. The simple cycle efficiency can be increased by installing a recuperator or waste heat boiler onto the
turbine’s exhaust. A recuperator captures waste heat in the turbine exhaust stream to preheat the compressor
discharge air before it enters the combustion chamber. A waste heat boiler generates steam by capturing heat
from the turbine exhaust (see below for a discussion of heat recovery steam generators (HRSG. High-pressure
steam from these boilers can also generate power with steam turbines, which is called a combined cycle (steam
and combustion turbine operation). Recuperators and HRSGs can increase the overall energy cycle efficiency of
combustion turbines by up to 80%.

Diesel engines

76




Guide to environmentally sound industrial boilers

Engink: Canlant

Figure 77 Waste heat recovery from diesel engine (EERE
USA) 12

The same process used for gas turbines can be put to work on large diesel engines used in cogeneration. The
diesel drives a generator for economical electricity production, and then the hot exhaust produces steam to
drive another electrical generator or to provide heat for process operations as either steam or hot water (see
Figure 77).

Heat recovery steam generators

The ultimate goal of every multistage heat recovery steam generator (see Figure 78 Heat recovery steam
generatoris to effectively extract every Btu of heat that would exceed normal atmospheric temperature in the
final effluent stream of gas, and put it to work

WASTE HEAT RECOVERY

Figure 78 Heat recovery steam generator

either producing electricity or usable heat in another application such as hot water. Even using small amounts of
heat to warm incoming cold water can result in substantial savings over the long term.®® HRSGs (formerly
known as waste heat boilers or waste heat generators) use heat from the hot flue gas from one process
operation to produce steam, which is then used to power a different process operation. For example, the steam
can be used to drive turbo-electric generators or in other energy-intensive operations such as making paper.
They recover the energy that used to be lost to the atmosphere through the stack to perform useful work. They
have become more accepted and popular in industry as rising energy costs and climate change have garnered
more attention.

There are two main types of cogeneration techniques:
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e topping cycle plants
e bottoming cycle plants

Topping cycle plants

Topping cycle plants generate electricity or mechanical power first. Facilities that generate electrical power may
produce the electricity for their own use, and then sell any excess power to a utility. There are different types of
topping cycle cogeneration systems. The first type burns fuel in a gas turbine or diesel engine to produce
electrical or mechanical power. The exhaust provides process heat, or goes to a heat recovery boiler to create
steam to drive a secondary steam turbine. This is a combined-cycle topping system (see Figure 79).

Figure 79 CCGT- Working principle of a combined cycle power plant **”

(Legend: 1-Electric generators, 2-Steam turbine, 3-Condenser, 4-Pump, 5-Boiler/heat exchanger, 6-Gas turbine )

The compressor-gas turbine topping system is an open system, using air as media. The air enters the
compressor, which compresses and delivers it to fuel combustors (one or more combustors placed around the
gas turbine), where fuel is added. The exhaust gases are discharged to the atmosphere at temperatures of about
450 °C to 500 °C. The heat of the flue gases at the exhaust of the gas turbine is recovered by a heat recovery
steam generator. The steam is delivered to a steam turbine that drives a generator. The steam at the exhaust of
the steam turbine is then condensed to water. The water is delivered back, by a water feed pump, to the heat
exchanger. In this system the recovered heat is used to produce electricity (Figure 79).

Bottoming cycle plants
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Bottoming cycle plants are much less common than topping cycle plants. These plants exist in heavy industries
such as glass or metals manufacturing where very high-temperature furnaces are used. A waste heat recovery
boiler recaptures waste heat from a manufacturing heating process. This waste heat is then used to produce
steam that drives a steam turbine to produce electricity. Since fuel is burned first in the production process, no
extra fuel is required to produce electricity. The steam generated can, alternatively, be delivered to the
production process. In this case, the plant is less sophisticated . Figure 80 shows an example of bottoming cycle.
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Figure 80 Bottoming cycle-Waste heat recovery — US-EPA ?*)
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CHAPTER 2 - FUELS

SUMMARY

This Chapter discusses the various fuels that can be burned in a boiler, including their origin, main
characteristics, and environmental effects. These include coal, oil and oil products, natural gas, and
new fuels such as biodiesel, spent fuels (used lube oil), refuse derived fuels, DME, and microemulsions.
The Chapter also explains how the fuel type affects the characteristics and performance of boilers.

Fuels, emissions, and efficiency

Conversion of water to steam requires sufficient heat to cause the water to boil. Although a variety of energy
sources, including nuclear energy and solar radiation, can produce the required amount of heat, combustion of a
fuel in the presence of oxygen is the most common source. Combustion is a rapid chemical reaction between
oxygen and a solid, liquid, or gaseous fuel. Oxygen required for this reaction is readily available in the air. As air
and fuel are mixed at elevated temperatures, the oxygen reacts with carbon, hydrogen, and other elements in
the fuel to produce heat. As long as fuel and air are both available, combustion will continue, and heat will be
generated ®%. The combustion mechanism is shown in Figure 81.

Heat produced during combustion is useful for a wide variety of applications; however, atmospheric emissions,
which are also generated as by-products of the combustion process, must be controlled. Common gaseous
emissions include sulphur dioxide (SO,), nitrogen

ides (NO,), wat , carbon dioxide (CO,), and . .
oxides (NO,), water vapour, carbon dioxide (CO,), an How Does A Solid Particle Burn?

Stage 1 Stage II Stage 111
of combustion is ash, the inorganic residue remaining s G _

carbon monoxide (CO). The principal solid by-product

after ignition of combustible materials, which is either

deposited to the bottom of the combustion chamber

ey

7

(the heavier compounds) or released to the stack as Solid perticl Volatile matter AL vt mater
fly ash. with air pores evaporates berween is releasad and only
before combustion 200 and 500°C and some carbon and
i : : i i h is left. The re-
This Chapter focuses on fuels commonly fired in bums with the air o gcarbo:x_re
boilers to generate steam or hot water, atmospheric bumns slowly with

.

emissions associated with fuel combustion, and

factors that influence how effectively the energy ) ]
. . Figure 81 Combustion mechanism
content of the fuel is transferred into usable heat and

then steam. It is important to know the combustion mechanism of different fuels and how fuel characteristics
affect both boiler efficiency and emissions.

Many different solid, liquid, and gaseous fuels are fired in boilers. Sometimes, combinations of fuels are used to
reduce emissions or improve boiler performance. Fuels commonly fired in boilers include the following:

e fossil fuels: include coal, petroleum-based oils, natural gas, and other forms of solid, liquid, or gaseous

fuel derived from these fossil fuels.
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e Biomass: renewable organic matter, including fast-growing trees and plants, wood and wood waste,
agricultural crops and residue, aquatic plants and algae, animal wastes, and organic municipal and
industrial wastes.

e RDF: municipal solid waste (MSW) that has been processed using size reduction and material recovery

techniques to eliminate materials such as aluminium, steel, glass, plastic, and rock.

Coal

Coal ®

is a brown-to-black combustible, sedimentary rocklike material composed primarily of consolidated and
chemically altered plant material that grew in prehistoric forests. The chemical composition of coal varies by
location, depending on the vegetation from which it was formed, and on the environmental conditions (such as
temperature and pressure) to which it was exposed. ?® In addition to its major chemical constituents of carbon,
hydrogen, nitrogen, and oxygen, coal also contains some water and impurities of which ash, mercury, and

sulphur are major emission concerns.

Coal is a nonrenewable energy source because it takes millions of years to create. The energy in coal comes from
the energy stored by plants that lived hundreds of millions of years ago, when the Earth was partly covered with
swampy forests. For millions of years, a layer of dead plants at the bottom of the swamps was covered by layers

HOW COAL WAS FORMED

SWAMP WATER
300 million years ago 100 million years ago

Rocks & Dirt

Dead Plants
Before the dinosaurs, many Qver millions of years, the plants Heat and pressure fumned
giant plants died in swamps, were buried under waler and dirt. the dead plants into coal.

Figure 82 Coal Formation (EIA-USA) ©*)

of water and dirt, trapping the energy of the dead plants. The heat and pressure from the top layers helped the
plant remains to turn into what we today call coal (Figure 82).

The properties of coal are determined by laboratory analysis of representative coal samples using test methods
established by regulatory bodies such as the American Society for Testing and Materials (ASTM). Important coal
properties that influence combustion performance include:

e moisture;

e proximate analysis (fixed carbon, volatile matter, ash);

e ultimate analysis (carbon, hydrogen, nitrogen, oxygen, sulphur, and chlorine);

e gross caloric value (as received and on a dry basis);

e mineral matter in coal (ash, major and minor elements, fusibility of ash, trace elements, mercury,
fluorine, arsenic, selenium, and sulphur in ash);

e petrographic analysis;

e grindability;

o free-swelling index;

e COy

e forms of sulphur (pyritic, sulphate, organic); and
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e ash abrasiveness.

The chemical composition of coal can also be determined in a laboratory by chemical analysis. Results of these
analyses are used for heat-balance calculations and the determination of theoretical air requirements for
optimal combustion.

Moisture represents an impurity that adds to the weight of coal but not to its heating value. The moisture may
be a constituent of the coal, or it may be present on the surface of the coal because of precipitation or coal
cleaning operations. Moisture content, which is expressed as a percentage, is defined as the difference between
the weight of a coal sample before and after the sample is maintained in an oven at 220 °F for 1 hour.

When coal is burnt, its moisture is heated. Some of the heat generated by the combustion process must be used
to convert the water to steam. Normally, it is more economical to burn coal with low moisture content; but,
when coal is burned on certain grates, certain conditions make it advantageous to have small amounts of
moisture present. Moisture tends to accelerate the combustion process, keep the fuel bed even, and promote
uniform burning. Coals with moisture content of 7% to 12% are recommended for use in chain grate and
travelling grate stokers. The addition of moisture to coal to enhance the combustion process is referred to as
tempering.

When coal is heated, the gaseous substance that is driven off is “volatile matter.” This matter, which consists
mostly of hydrocarbon gases, burns in the combustion space above the fuel. Coal with a relatively high
percentage of volatile matter is termed “soft;” and coal with a relatively low percentage of volatile matter is
termed “hard.”

When soft coal is burned in a pulverized form, the volatile matter is distilled off and burns as a gas. This makes
soft coal relatively easy to burn because ignition is maintained and complete combustion is achieved with
minimum flame travel. Combustion of pulverized hard coal, which has less volatile matter, is more difficult to
accomplish. To improve combustion, it may be necessary to pulverize hard coals with low volatility to a smaller
particle size than for soft coals, or to use more intense firing methods.

Inert solid matter that remains after combustion is called ash. It includes mineral or inorganic material, such as
silica, that was introduced as the coal was being formed. Clay, silt, sand, shale, slate, and pyrite particles are
other ash-forming materials commonly found in the stratified layers of coal seams. Because ash is inert, coal
with high ash content may have a lower heating value. The ash recovered at the bottom of a boiler burning solid
wastes may contain products other than the materials entrained in the coal. The most important are discussed
below.

Combustibles are generated from a non-optimal combustion of the fuel in the boiler. As a result of an improper
air-to-fuel ratio, some fuel does not burn entirely and particles of it are carried with the flue gas and collected
together with ash.

Dioxins are not present in the coal matrix (but their precursor, chlorine, can be present). If chlorine is present in
the fuel, dioxins can be generated in the combustion chamber and transported along with ash in the flue gases,
and found in ash analysis.

For these reasons, ash is usually considered a waste product and must be transported for disposal. It has been
used as construction material. For example, fly ash has been used as a base for roadways, structural fill, waste
stabilization, soil modification, and backfill. Fly ash that is produced in some coal-fired boilers may be suitable
for use as a mineral component in concrete.
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Sulphur is an impurity in coal that occurs in three forms:

e Organic sulphur: is part of the plant’s molecular structure.
e Pyritic sulphur: occurs as iron sulphide and is better known as the mineral pyrite.
o Sulphate sulphur: is primarily from iron sulphate.

Bituminous coals that are found in places where oceans once covered the region are high in sulphur.

When selecting coal and the equipment used for its combustion, consideration must be given to the sulphur
content of the coal. The corrosive effects of sulphur can influence material selection, and the amount of SO, that
is discharged into the atmosphere can dictate the need for pollution control equipment. In particularly corrosive
environments, such as those where low-temperature flue gas is present, corrosion-resistant materials are
sometimes needed to minimize or avoid corrosion damage. National regulations on emissions may also require
installation of SO, scrubbing systems that remove more than 90% of the SO, in the flue gas, depending on the
sulphur content of the coal. Switching from high- to low-sulphur coal can be an effective method for existing
units to deal with sulphur-related issues.

Classes of coal

The ASTM classification system for distinguishing coals, covers anthracitic, bituminous, sub-bituminous, and
lignite coals. Classification, using standard test methods, is according to fixed carbon and gross caloric value
expressed in British thermal units per pound (Btu/lb). Higher-ranking coals with at least 69% fixed carbon are
classified on the dry basis. Lower-ranking coals with a caloric value up to 14,000 Btu/Ib are classified on the
moist basis.

Lignite coal

Lignite is the lowest ranking coal with a heating value of 8,300 Btu/Ib (19.2
megajoules per kilogram, MJ/kg) or less, and a moisture content of as high as
35%. Lignite coals have a high content of volatile matter, which makes them
relatively easy to ignite, especially when the combustion air is preheated.
Because lignite has a relatively low sulphur content, it emits low amounts of
SO, (Figure 83).

Sub-bituminous coal . - e
) ) ) Figure 83 Lignite (Wikipedia)
The heating values of sub-bituminous coals, of between 8,300 and 11,500 |,

Btu/Ib (19.2 and 26.7 MJ/kg), are higher than lignite coals. They also have less
ash and burn cleaner than lignite coals, but the moisture content is relatively
high, usually between 15% and 30%. Combustion of sub-bituminous coal results
in reduced NO, emissions, but generally exhibits high fouling and slagging ash
characteristics. Optimal burning of sub-bituminous coal in a boiler designed for a
different class of coal may require changes in boiler design or operation.

Bituminous coal
Bituminous coals are used routinely by electric utilities, and, in some industrial

{

applications, to fire steam-generating boilers even though their sulphur content ":"' "
. . _— . . Fig

can be relatively high. Compared to lignite and sub-bituminous coals, the
cog

heating value of bituminous coals ranges between 10,500 and 14,000 Btu/lb
(24.4 and 32.5 MJ/kg) (Figure 84). The higher heating value and relatively high
volatile matter enable bituminous coals to burn easily when fired as pulverized coal.

83

Cigiie QL A i~
rigurc oo All

Wikipedia




Guide to environmentally sound industrial boilers

Anthracitic coal

Anthracitic coals (see Figure 85) are the highest ranking fuel with fixed carbon contents, ranging from 86% to
98%. The moisture content is only about 3%, and the heating value can be as high as 15,000 Btu/Ib (34.9 MJ/kg).
Anthracitic coals are characterized as slow-burning fuels that are low in sulphur and volatile matter. These coals
are used mostly to make coke for metallurgical processes.

Coal cleaning

If coal quality from a particular location does not meet the applicable fuel specification, it can be processed in
different ways to upgrade its quality. Operations such as washing, drying, sizing, and blending of coals from
different sources are techniques that may be used to produce acceptable coal, but other methods that involve
separation of foreign materials, such as slate and pyrites, from the coal may be necessary. Although one or more
of these methods may produce coal with the desired quality, special equipment may be required to perform the
operations.

Coal cleaning operations are usually done at mine mouth. Coal cleaning technologies vary from coal washing at
mine mouth to eliminate pyrites and other unwanted material, to sophisticated technologies such as gasification
and liquefaction to produce clean gaseous and liquid fuels from coal.

Coal storage and handling
The disadvantages of coal storage (Figure 86) include build-up of inventory, space constraints, deterioration in
quality over time, and potential fire hazards. Other losses
associated with the storage of coal include oxidation, wind, and

carpet loss ¥, Measures to minimize spontaneous combustion
include:

e releasing stagnant trapped air in stacked coal by
inserting perforated pipes in coal heaps;

e sprinkling water occasionally as needed, especially in the
hot summer months; and

e adopting “first in, first out” principles for coal use and
avoiding long durations of coal stacking/storage.

Measures to reduce carpet losses include:
e preparing a hard surface for coal to be stacked upon;
e preparing standard storage bays made of concrete and brick; and
e controlling the height of coal heaps in storage.

Coal preparation

Sizing

Proper coal sizing, to match the specifications of the type of combustion system, helps to maintain even burning,
reduce ash losses, and achieve better combustion efficiency. To ensure proper coal sizing in accordance with
manufacturer specifications, proper maintenance and upkeep of equipment like crushers, screens, and mills are
essential. Using undersized coal leads to increased loss through unburnt coal, and using oversized coal can lead
to clinker formation losses apart from increases in unburnt losses.
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Conditioning

Segregation of fine particles from larger coal pieces can be reduced to a great extent by conditioning coal with
water. Water helps fine particles to stick to the bigger lumps due to surface tension of the moisture, thus
stopping fines from falling through grate bars or being carried away by the furnace draught.

Blending

When coal lots have excessive fines, it is advisable to blend the predominantly lumped coal with lots containing
excessive fines. Coal blending may thus help limit the proportion of fines in coal being fired to 25% or less.
Blending different qualities of coal may also help supply a uniform coal feed to the boiler.

Heating values of standard grades of coals

The average heating values of standard grades of coal are shown in Table 5, expressed in Btu/Ib and kJ/kg. 35)

ANNEX 8 shows more information on coal classification

Table 5 Heating values of standard coal grades

Coal Grade Heating Value
(Btu/lb) (MJ/kg)
Anthracite 12910 30
Semi- 13770 32
Anthracite
Low-volatile 14340 33
bituminous
Medium- 13840 32
volatile
bituminous
High-volatile 13090 30

bituminous A

High-volatile 12130 28
bituminous B
High-volatile 10750 25
bituminous C

Sub- 9150 21

bituminous B

Sub- 8940 21
bituminous C
Lignite 6900 16
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0il and oil products
0Oil ®® was formed from the remains of animals and plants (diatoms) that lived millions of years ago in a marine
(water) environment before the dinosaurs. Over millions of years, the remains of these animals and plants were

PETROLEUM & NATURAL GAS FORMATION

OCEAN QCEAN
300-400 million years ago 50-160 million years ago

P Sand & Silt

(U

Plant & Animal Remains | Oil & Gas Deposlis

Tiny sea plants and animals dled Owear milllons of years, the remalns  Today, we drill down through layers

and were buried on the ocean flaor. wers buried desper and desper. of sand, silit, and rock to reach
Owver tme, they wera covered by The enormous heat and pressure the rock formations thatl eontain
layers of ailt and sand. turned them Into all and gas._ oll and gas deposits.

Figure 87 Petroleum and natural gas formation (DEIA USA) ®*

covered by layers of sand and silt. Heat and pressure from these layers helped the remains turn into what we
today call crude oil (Figure 87). The word "petroleum" means "rock oil" or "oil from the earth."

Petroleum is a naturally occurring black liquid found floating on

subterranean lakes of salt water and located beneath dome-shaped Products Made from a Barrel of
PEA " Crude Oil (Gallons)

nonporous rock formations. These deposits consist of natural gas, crude (2010)

oil, and salt water separated into layers by virtue of their difference in

Other Distillates

specific gravity. When a well is drilled through the rock formation, natural
{heating oil) — 1 N

gas flows to the surface where it is either burned or transported by
Heavy Fuel Qil

pipeline to a processing facility. Depending on the pressure, the crude oil (Residual) — 2 \
either flows to the surface or is removed by pumping. Once above ground, Liquefied y
Petroleum Gases

the crude oil is transported by pipeline, truck, rail, barge, or ship to a 552
refinery. At the refinery, the crude oil is processed into any number of

Gasoline — 12

petroleum-based products, including fuel oils.

Classes of oil products

Fuel oils burned in boilers include the heavier petroleum products that are Figure 88 Products made from a
less volatile than gasoline. They are divided into two classes: distillate and barrel of oil (EIA-USA)

residual. Distillate oils are lighter than residual oils with a consistency

between kerosene and lubricating oil. They have a low viscosity and are typically sediment and ash free. Because
distillate oils are relatively clean fuels, they are used primarily for home heating and industrial applications
where low ash and low sulphur are important. Smaller amounts of distillate oil are used in steam generation
applications as a start-up or supplemental fuel for certain solid fuel combustion processes.

Residual oils are products that remain after the more volatile hydrocarbons have been extracted. Residual oils,
which are highly viscous, are usually free from moisture and sediment after processing. Some of the heavier
residual oils must be heated to make the fuel easier to handle and burn. Sometimes, distillate and residual oils
are blended to create a mixture with proportions that meet a desired fuel specification. As a liquid, fuel oils are
relatively easy to handle and burn. In most oil burners, the oil is atomized with air, steam, or pressure to
enhance combustion. The characteristics of atomized oil approximate those of natural gas.

The main constituents of fuel oils are hydrogen and carbon. Other constituents include nitrogen, sulphur, ash,
and impurities such as moisture and sediment. Compared to coal, the nitrogen and ash contents of most fuel oils
are very low. Residual oils tend to have higher nitrogen contents than distillate oils. Grade No. 2 fuel oil is
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considered a premium steam-generating fuel because its cleanliness and ease of handling are often used to
justify its relatively high cost. The cost of Grade No. 6 is relatively low, but heating of the fuel is required to
facilitate handling and burning.

The names of fuel oils can vary, depending on the countries where they are used. To identify the characteristics
of a fuel oil, it is advisable to refer to its viscosity. Table 6 gives the main characteristics of fuel oils according to
ASTM standards.

Table 6 Fuel oil grades established by ASTM (30)

Fuel oil Description

Grade No. 1 Distillate fuel for use in domestic and small industrial burners. This grade is
particularly adapted to vaporizing burners in which the oil is converted to a vapour
by contact with a heated surface or by radiation or where storage conditions require
low-pour-point fuel. High volatility is necessary to ensure that evaporation proceeds
with a minimum of residue. The maximum allowable sulphur content is 0.5% by
mass. The maximum allowable ash content is not specified.

Grade No. 2 Distillate fuel for use in domestic and small industrial burners. This grade is
particularly adapted to vaporizing burners in which the oil is converted to a vapour
by contact with a heated surface or by radiation or where storage conditions require
low-pour-point fuel. High volatility is necessary to ensure that evaporation proceeds
with a minimum of residue. The maximum allowable sulphur content is 0.5% by
mass. The maximum allowable ash content is not specified.

Grade No. 4 Heavy distillate fuel or distillate/residual fuel blend used in commercial/industrial

(light) burners equipped for this viscosity range. This grade of fuel oil is intended for use
both in pressure-atomizing commercial-industrial burners not requiring higher cost
distillates and in burners equipped to atomize oils of higher viscosity. Its permissible
viscosity range allows it to be pumped and atomized at relatively low storage
temperatures. The maximum allowable sulphur content is not specified. The
maximum allowable ash content is 0.05% by mass

Grade No. 4 Heavy distillate fuel or distillate/residual fuel blend used in commercial/industrial
burners equipped for this viscosity range. This grade of fuel oil is intended for use in
burners equipped with devices that atomize oils of higher viscosity than domestic
burners can handle. Its permissible viscosity range allows it to be pumped and
atomized at relatively low storage temperatures. Thus, in all but extremely cold
weather, it requires no preheating for handling. The maximum allowable sulphur
content is not specified. The maximum allowable ash content is 0.10% by mass.

Grade No. 5 Residual fuel oil used in industrial burners with an increased viscosity and boiling

(light) range compared to Grade No. 5 (light). Preheating may be necessary in some types
of equipment for proper atomization and in colder climates for handling. The
maximum allowable sulphur content is not specified. The maximum allowable ash
content is
0.15% by mass.

Grade No. 6 Residual fuel oil used in industrial burners with an increased viscosity and boiling
range compared to Grade No. 5 (heavy). Preheating is required for handling and
proper atomization. Extra equipment and maintenance required to handle this fuel
usually preclude its use in smaller installations where cleanliness and ease of
handling are important. The maximum allowable sulphur content and the maximum
allowable ash content are not specified.

The viscosity of oil products varies with temperature. The relationship between viscosity and temperature is
given in Annex 9.
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Sulphur found in fuel oil is undesirable. Its products of combustion are very acidic and can cause corrosion in
economizers, air heaters, induced draught fans, flue gas ducts, and stacks. The sulphur content of fuel oil can
vary from a low of 0.01% for Grade No. 1 to as high as 3.5% for Grade No. 6. During combustion, some of the
sulphur accumulates in the ash, but most is discharged with the flue gas into the atmosphere. If uncontrolled
SO, emissions exceed established limits, it may be necessary to switch to a lower sulphur oil or install SO,
scrubbers to meet applicable national emission standards.

Heating values of fuel oil grades

The heating or combustion value of fuel oil is derived primarily from its two main constituents, hydrogen and
carbon. Most fuel oils have a hydrogen content that ranges between 10% and 14%, and a carbon content that
ranges between 86% and 90%."® The heating value of a fuel can be expressed as the quantity of heat released
during the combustion process where oxygen from the air reacts with the hydrogen and carbon in the fuel.
Heating values for fuel oils are expressed in several units: Btu/lb and Btu/gal at 60 °F, or MJ/kg and kcal/kg at 15
°C. Heating values for commercial fuel oils vary from approximately 17,500 Btu/lb to nearly 20,000 Btu/Ib (40
MJ/kg to 46 MJ/kg). Combustion or heating value for some common fuel oil grades are indicated in Table 7 (36)

Table 7 Heating values of fuel oils

Heating Value Heating Value
Grade (Btu/US gal)* MJ/Liter Comments
min max min max
. Small
Fuel Ol 435900 137,000 Space
No. 1
Heaters
Fuel Ol 37000 141,800 38 40  Residential
No. 2 Heating
Fuel Oil 143,100 148,100 40 M Industrial
No. 4 Burners
Fuel Qil Preheating
No. 5 146,800 150,000 41 42 in General
(Light) Required
Fuel Oil Heatin
No.5 149,400 152,000 42 42 ng
Required
(Heavy)
el O 151300 155,900 42 43 BunkerC

* 1 Btu/US gal = 278.7 Jllitre

Oil storage

Oil is usually stored in cylindrical vessels, which can be positioned either underground (small vessels) or on the
ground. Depending on classification, oil storage requires safety measures against fire and explosions. Normally,
the storage tank needs a containment basin to collect and safely contain the fuel in case of tank leakages. Tanks
may have fixed roofs or floating roofs, depending on the type of fuel. Safe distances must be kept from other
plant devices. For heavy oils, preheating is necessary and can be implemented by using steam/hot water from
the boiler itself or from auxiliary systems if the fuel storage area is far from the boiler. Deposits tend to settle
down to the bottom of storage tanks, together with water.

Salt water can be present in the fuel if it is transported by sea in oil tankers. Salt water accumulates on the
bottom of the tank and must be drained by bottom drainage valves. The presence of sea water or deposits in the
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fuel feeding line to the combustor results in combustion stability problems and in potential production and
release of dioxins. Data on oil storage tanks are provided in ANNEX 10.

Emissions from burning oil products
When petroleum products are burned as fuel, they give off the following emissions, of which nearly all have
negative impacts on the environment and human health:

e Carbon dioxide : a greenhouse gas and a source of global warming

e Carbon monoxide

e Sulphur dioxide: causes acid rain, which is harmful to plants and animals that live in water, and it worsens
or causes respiratory illnesses and heart diseases, particularly in children and the elderly.

e Nitrogen oxides and volatile organic compounds (VOC): contribute to ground-level ozone, which irritates
and damages the lungs.

e Particulate matter (PM): results in hazy conditions in cities and scenic areas, and, along with ozone,
contributes to asthma and chronic bronchitis, especially in children and the elderly. Very small or “fine
PM” is also thought to cause emphysema and lung cancer.

e lead and various air toxics: may be emitted when some types of petroleum are burned. Lead can have
severe health impacts, especially for children, and air toxics (e.g., benzene, formaldehyde, acetaldehyde,
and 1,3-butadiene) are known or probable carcinogens.

Dioxins: are emitted during combustion if chlorine is present in the fuel matrix. The presence of sea
water, which contains chlorine, in the fuel feeding line to the combustor may also increase production of
dioxins. Dioxins are highly toxic to humans and animals.

Natural gas

Natural gas ®”

is a colourless hydrocarbon fuel consisting primarily of methane (CH,;) and ethane (C,Hg), its two
principal combustible components. It is typically found under the earth’s surface in porous rock and shale
formations or above crude oil deposits located beneath dome-shaped nonporous rock formations. When a well
is drilled through the formation, natural gas, which is under pressure, flows to the surface where it is either
burned or transported by pipeline to a processing facility. This characteristic makes natural gas a very desirable
boiler fuel because it can be piped directly into the boiler. In addition to its ease of distribution, natural gas-fired
boilers require a relatively small boiler space, and the overall plant design is typically compact and simple. With
a heating value of about 1,000 Btu/ft3 (37 MJ/m?) under standard conditions of 15 °C (60 °F) at atmospheric
pressure, and low excess-air requirements that contribute to high efficiency, natural gas is perhaps very close to

being an ideal fuel.

Emissions from natural gas

From an emissions point of view, natural gas is an excellent fuel choice. Although natural gas from some sources
contains noncombustible gases such as nitrogen and carbon dioxide, it is practically free from solid residue.
Because it is free of ash and mixes easily with air, combustion is usually complete without objectionable smoke
or soot. The only significant problem with using natural gas as a fuel for boilers is related to its chemical
composition. Natural gas has relatively high hydrogen content (greater than 20% by weight) compared to other
fossil fuels such as oil and coal. During combustion, the hydrogen in natural gas combines with oxygen to form
water vapour. As discussed in Chapter 5, formation of relatively large quantities of water vapour results in lower
boiler efficiency.

Heating values of common gases
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Although other types of gases can also be used as fuels for boilers, their processing costs generally make them
too expensive for most large-scale applications. By-product substitutes for natural gas include producer gas,
coke-oven gas, water gas, and blast-furnace gas derived from coal; refinery gas and oil gas derived from oil; and
liguefied petroleum gas, including propane and butane, derived from either natural gas or oil. The heating
values of some common gases are reported in Table 8.

Table 8 Heating values of gases

(kcal/kg) (kcal/Nm®) *
Fuet G Gro_ss Net Heating Gro_ss Net Heating
Heating Values Heating Values
Values Values
Hydrogen 33,889 28,555 3,050 2,570
Methane 13,284 11,946 9,530 8,570
Ethane 12,400 11,350 16,700 15,300
Ethylene 12,020 11,270 15,100 14,200
Natural Gas ~12,000 ~11,000 ~9,000 ~8,000
Propane 12,030 11,080 24,200 22,250
Propylene 11,700 10,940 22,400 20,900
n-Butane 11,830 10,930 31,900 29,400
Iso-Butane 11,810 10,900 31,700 29,200
Butylene-1 11,580 10,830 29,900 27,900
Iso-Pentane (liquid) 11,600 10,730
Liquefied Petroleum 11,920 10,997 28,000 25,775
Gas (average)
Acetylene 11,932 11,514 13,980 13,490
Carbon Monoxide 2,411 2,411 3,014 3,014

*1 kd/kg = 1 J/g = 0.4299 Btu/ Iby, = 0.23884 kcallkg

") Nm?® = Normal cubic metre
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Natural gas storage

Storage of natural gas is not normally used for power and industrial boilers because it needs high pressures or,
alternatively, very low temperatures or underground wells. Natural gas for large power stations is currently
supplied by pipelines. If a gas pipeline does not exist, natural gas is transported in liquefied form by ship carriers
at very low temperatures (-163 °C) and then re-gasified at the power plant location before being fed to the
boilers. This expensive technology is only economically feasible when large amounts of gas are involved. It is not
yet viable for industrial boilers.

Liquefied petroleum gas (LPG)

LPG is a mixture of 60% butane and 40% propane. It is derived from the distillation of crude oil in the refining
process, in the same manner that other liquid fuels, such as kerosene, gasoline, and diesel, are extracted. LPG,
mainly commercial butane and commercial propane, is commonly used by homes and industrial boilers. LPG
may be liquefied by moderately increasing the pressure or reducing the temperature. Gas suppliers only use
refrigerated storage when large volumes of LPG are involved.

LPG storage

LPG is mainly stored in special pressure tanks, also known as “bulk tanks” or “LPG bullets” (see Figure 89).
Because LPG has a high coefficient of expansion in its liquid phase, the tanks are never completely filled with
liquid; instead, they are filled to approximately 85% of their water capacity. The remaining space is taken up
with vapour (often referred to as the “vapour space”) to facilitate expansion without allowing the liquid to
become 100% full (often known as “hydraulically full”).

As LPG gas (vapour) is drawn from the tank, the vapour pressure in the tank falls and the liquid boils, producing
more vapour and restoring the pressure. To maintain boiling, the liquid absorbs heat from itself, from the metal
walls of the tank in contact with the liquid (known as the wetted surface area), and from the air surrounding the
tank. The available gas offtake, therefore, is dependent upon the surface area of the tank, the quantity of liquid
within the tank, and the temperature.

The low temperature of the liquid (often indicating excess offtake) may be indicated as “sweating” (where the
water vapour in air condenses on the wetted surface area of
the tank), and, if the offtake is large enough, “frosting”
(where the condensed water vapour freezes) on the walls of
the tank. When the liquid temperature rises, the vapour
pressure increases. Conversely, when the liquid
temperature drops, the vapour pressure drops. Under
normal conditions the pressure range will be between 2 bar
and 9 bar.

Steel used for the tank and its fittings meets the low °f
temperature carbon steel criteria, and is tested thoroughly Figure 89 LPG tank

before fabrication. During fabrication, stringent quality

norms are followed. Storage tanks are equipped with standard instruments and controls like excess flow check
valves and safety valves. Water sprinkling systems, gas leak detection systems and a suitable control panel can
also be supplied as integral parts of larger storage systems.

Most LPG storage tanks in standby-plant service are steel, non-refrigerated pressure vessels. Tanks are available

in many sizes for both aboveground and underground service. New propane tanks are built to American Society

of Mechanical Engineers (ASME) standards and are designed for at least 250 pounds per square inch gauge (psig,
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or 17 bar) working pressure. Tanks are available in many sizes, depending on customer needs, and dedicated
LPG trucks are used for refilling.

LPG is flammable when mixed with air (oxygen) and can be ignited by many sources, including open flames,
smoking materials, electrical sparks, and static electricity. Since LPG vapours are heavier than air, they may
accumulate in low-lying areas such as basements, crawl spaces, and ditches, or along floors. However, air
currents can sometimes carry propane vapours elsewhere within a building. To make propane easier to detect in
the event of a leak or spill, manufacturers deliberately add a chemical compound to give it a distinctive smell.
Due to its high flammability, LPG must be stored and used safely, in compliance with local and international
safety rules.

Biomass

Biomass 3

is organic material made from plants and animals (microorganisms). Biomass contains stored energy
from the sun. Plants absorb the sun's energy in a process called photosynthesis (Figure 91). The chemical energy
in plants gets passed on to animals, and the people that eat them. Biomass is a renewable energy source
because we can always grow more trees and crops, and waste will always exist. When burned, the chemical

energy in biomass is released as heat.
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Biomass is a non-fossil fuel suitable for steam generation in boilers. It is derived from plant material including

wood, bagasse, nut hulls, rice hulls, corncobs, coffee grounds, and tobacco stems. Use of these by-product
materials as fuel can be cost-effective, especially when solving a waste disposal problem.
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Wood is a complex vegetable tissue composed principally of cellulose. Most wood burned in boilers is a by-
product from manufacturing operations such as sawmiIIs paper mills, and factories that manufacture wood
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products. By-products from these operations may take the form of bark, sawdust, sander- dust, chips, scraps,

slabs, millings, shavings, and processed pellets made from wood or other forest products. Care must be used
when burning fine wood dust because it can ignite quickly under certain conditions. Depending on the species
and moisture content, the heating value of wood can vary widely. Although certain types of wood are more
suitable for steam production, sufficient supplies of the fuel may not always be available (seasonal availability).
In these situations, it may be necessary to burn supplementary fuels along with the wood to meet the total
steam demand.

Although most biomass is available as wood, some agriculture residues, such as rice husks, may also be used as
fuel. Some biomass can also be produced as a residue of agro-industrial activities, such as bagasse from sugar
production processes, and palm residue from palm oil production processes. Bagasse is a by-product fuel
produced when the juice is removed from cane in a sugar mill. Although its heating value can be as high as 8,000
Btu/lb to 9,000 Btu/Ib (5,000 MJ/kg to 6,000 MJ/kg), combustion of bagasse is only feasible in places where
sugar cane is processed. When bagasse is burned, it is usually supplemented with auxiliary fuels.

The use of biomass as a fuel is considered to be carbon neutral because plants and trees remove CO, from the
atmosphere and store it while they grow. Burning biomass in homes, in industrial processes, for energy
generation, or for transport activities returns this sequestered CO, to the atmosphere. At the same time, new
plant or tree growth keeps the atmosphere’s carbon cycle in balance by recapturing CO, (Figure 92).
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Different types of biomass may have different heating values and burning characteristics (see Figure 93). The
heating values of other biomass fuels are as follows:
e Nut hulls: about 7,700 Btu/lb (18 MJ/kg)
e Corncobs: between 7,500 Btu/Ib and 8,300 Btu/Ib (17.4 MJ/kg and Biomass Fuel Heating Value
19.2 MJ/kg)
e Coffee grounds from instant coffee production: between 4,900
Btu/lb and 6,500 Btu/Ib (11.4 MJ/kg and15.1 MJ/kg)

The composition and heating values of some biomass fuels, referred to as

coal characteristics, are listed in Table 10. It is important to note that

biomass contains some moisture, which is evaporated during the oo 200 agoo
. . Heating Value (kcalflKg) >
combustion process. Some of the energy content of the biomass goes to

Figure 93 Types of biomass FUELS
(Courtesy of APO) (17)

evaporate its moisture content. The real heating values of biomass are
therefore lower, as shown for wood in Table 11. 57)

Table 10 Composition and heating values of some biomass

Higher

Fuel C H 0] N S Ash Heating
Value¥®
Pittsburgh Coal 733 5.3 10.2 0.7 2.8 7.6 30.4
Wyoming Coal 70.0 4.3 10.2 0.7 1.0 13.8 33.5
Wood 52.0 6.3 40.5 0.1 0.0 1.0 20.9
Pine Bark 52.3 5.8 38.8 0.2 0.0 2.9 20.4
Bagasse 47.3 6.1 353 0.0 0.0 11.3 21.2
Raw Garbage 45.5 6.8 258 2.4 0.5 15.0 16.4
Cow Dirt 42.7 5.5 31.3 2.4 0.3 17.8 17.2
Rice Chaff 38.5 5.7 35.8 0.5 0.0 15.5 15.4
Straw 35.2 5.1 35.8 0.6 o1 19.2 15.2

* MIdry-kg

Table 11 Wet and dry wood-Combustion values

Approximate Combustion Values

Condition
of Wood
Btu/lb kJ/kg kcal/kg
Wet* 4,000 9,300 2,220
Dry** 7,000 16,300 3,890

*11.6 Ib wet wood = 1 Boiler Horse Power

**6.3 Ib dry wood = 1 Boiler Horse Power

The relationship between the moisture content and usable energy for wood is shown in Table 12.%” By volume,

wet wood has about 85% of the energy of oven-dry wood; by weight, wet wood has less than half (42%) of the energy of oven-
dry wood.
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Table 12 Relationship between moisture content and usable energy for wood

Moisture Content and Usable Energy

. Energy by Energy per
'\églnst?nrte Volume Weight
o Unit Unit
° % %
0 (oven
dry) 100 100
20 (air-dry) 97 81
50 (green) 92 62
100 (wet) 85 42

Biomass storage

As biomass tends to decompose with time, its storage is feasible
for limited periods, depending on the type of biomass used.
Biomass should be stored in places protected from rain and
wind. When biomass becomes wet, its heating value lowers
because some of the heat generated from combustion goes to
evaporate the entrained water. It also tends to self-ignite in the
bulk due to the combined effect of pressure and humidity. Figure
94 shows an open air storage for rice hulls. Open air storage is
subject to dust release and rain in the rainy season, which have a

negative impact on fuel characteristics (handling and heating

value). Figure 94 Biomass open air storage

Moreover, when wet, biomass tends to decompose earlier. As most biomass is available seasonally, the storage
area should be sized according to evaluations of the length of time for which the biomass needs to be used.
Small bulks are preferable to big bulks, to limit decomposition.

Different types of biomass may be used over a year to overcome their limited seasonal availability. But this is
feasible only where different types of biomass are available in different seasons. The use of different types of
biomass can result in complications in the fuel feeding lines, burning systems, and boiler performance. Biomass
can be economically transported for short distances, of normally 30 kilometres (km) to 40 km. For longer
distances, transportation costs rise, making other fossil fuels cost competitive.

Biomass and the environment
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Renewable energy can be defined as energy that comes from
natural resources such as sunlight, wind, rain, tides, and
geothermal heat, which are renewable (naturally replenished).
But, as with all energy sources, the environmental risks of
biomass need to be mitigated. If not managed carefully, biomass
for energy can be harvested at unsustainable rates, damage
ecosystems, produce harmful air pollution, consume large
amounts of water, and produce net greenhouse emissions. The
carbon dioxide produced by burning biomass is compensated for

by the carbon dioxide absorbed by the biomass during its

lifecycle, as shown in Figure 95. Figure 95 Carbon dioxide cycle for biomass

. (133)
Biomass power, derived from the burning of plant matter, raises PUrning

more serious environmental issues than any other renewable resource except hydropower. Combustion of
biomass and biomass-derived fuels produces air pollution; beyond this, there are concerns about the impacts of
using land to grow energy crops. The seriousness of these impacts depends on how carefully the resource is
managed. The picture is further complicated by the absence of a single biomass technology; rather a wide
variety of production and conversion methods exist, each with different environmental impacts. *°

However, most scientists believe that a wide range of biomass resources can be produced sustainably and with
minimal harm, while reducing the overall impacts and risks of our current energy system. Implementing proper
policy is essential to securing the benefits of biomass and avoiding its risks. B9 For example, residues from
agriculture and sustainable forest logging can be considered as sustainable biomass. The cutting of virgin forest,
however, which results in loss of forest and related biodiversity, is a non-sustainable activity. Care should
therefore be taken when evaluating the deployment of a country’s biomass resources to distinguish between
sustainable and non-sustainable biomass. In the Clean Development Mechanism (CDM), only sustainable
biomass is allowed to access carbon credits (see ANNEX 11).

Emissions from biomass

Biomass fuels can vary significantly in terms of ash, chlorine, and moisture content. Sulphur can be present in
various types of biomass in addition to wood types. The combustion of biomass therefore results in different
types of emissions, depending on the combustion technology used. Table 13 shows typical average emission

values for uncontrolled biomass combustion. *©

Table 13 Typical Biomass emissions

Emissions kg/ton of Biomass
Particulates 12.5-15
Organic compounds 1
Sulphur dioxide 1.5
Nitrogen oxides 5
Carbon monoxide 1

Particulates, one of the most important pollutants emitted

from biomass, require the use of dust abatement devices
before the stack. The Particulate matter control section in
Chapter 4 provides some data on the performance of dust
abatement devices in the case of biomass burning. The
formation of dioxins and furans (polychlorinated
dibenzodioxins/dibenzofurans, PCCD/PCDF) are affected by

Emissions, ng TEQ/m® at 11% O,

96 Fuel ClUS, wiw

Figure 96 Relationship between dioxins emissions and

chlorine-to-sulphur ratio of TDG 4
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the fuel, combustion, and post-combustion conditions. Paprican (Pulp and Paper Research Institute of Canada)
has developed simplified mathematical relationships examining the impact of stack and fuel variables on dioxin
emissions. The equation predicts that stack dioxin emissions increase linearly with decreasing electrostatic
precipitator (ESP) efficiency or with increasing concentrations of precursor polycyclical aromatic hydrocarbon
(PAH) compounds (e.g., poor combustion); increase exponentially with increasing ESP temperatures; and
increase to the second order with hog salt content. Other research has also shown that the presence of sulphur
in the fuel can inhibit dioxin emissions. (14) Data from Paprican on testing in Canada at a West coast pulp mill
boiler burning TDG (rubber containing sulphur) show that dioxin emissions were positively correlated to the
chlorine-to-sulphur ratio in the fuel, as shown in Figure 96

Densities and heat values of different types of biomass are provided in ANNEX 12.

Biomass-derived fuels

Biofuels ¥

are transportation fuels like ethanol and biodiesel that are made (or derived) from biomass
materials. Although these fuels are usually blended with the petroleum fuels, gasoline and diesel fuel, they can
also be used on their own. The use of biofuels means less fossil fuel is burned. Although ethanol and biodiesel
are usually more expensive than the fossil fuels they replace, they are cleaner-burning fuels that produce fewer

air pollutants.

Ethanol

Ethanol is an alcohol fuel made from the sugars found in grains, such as corn, sorghum, and barley. Other
sources of sugars for production of ethanol include potato skins, rice, sugar cane, sugar beets, yard clippings,
bark, and switchgrass. Scientists are currently working on cheaper ways to make ethanol by using all parts of
plants and trees rather than just the grain. Farmers are experimenting with "woody crops," mostly small poplar
trees and switchgrass, to see if they can be grown cheaply and abundantly.

Biodiesel

Biodiesel ¥, which is made from vegetable oils, fats, or greases (e.g., recycled restaurant grease), can be used
in diesel engines without changing them. It is the fastest growing alternative fuel in the United States. A
renewable fuel, biodiesel is safe, biodegradable, and produces lower levels of most air pollutants, such as
particulates, carbon monoxide, sulphur dioxide, hydrocarbons, and air toxics, than petroleum-based products.
However, it does slightly increase emissions of nitrogen oxides. Biodiesel does not smell as bad as regular diesel
fuel when it burns, but sometimes biodiesel exhaust smells like French fries.

Biodiesel may be considered to be carbon-neutral when the plants that are used to make it, such as soybeans
and palm oil trees, absorb CO, as they grow, thus offsetting the CO, produced while making and using biodiesel.
However, in some parts of the world, mostly developing countries, large areas of natural vegetation and forests
have been cleared and burned to grow soybeans and palm oil trees to make biodiesel. The negative
environmental impacts of these activities may be greater than any potential benefits from using the biodiesel
produced from the plants grown.

Biodiesel has better lubricating properties and much higher cetane ratings than today's lower-sulphur diesel
fuels. Biodiesel addition reduces fuel system wear, and, in low levels in high-pressure systems, increases the life
of the fuel injection equipment that relies on the fuel for its lubrication. Depending on the engine, this might
include high-pressure injection pumps, pump injectors (also called unit injectors), and fuel injectors.
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The calorific value of biodiesel is about 37.27 MJ/kg. This is 9% lower than regular Number 2 diesel oil. Variations
in biodiesel energy density are more dependent on the feedstock used than on the production process. Still,
these variations are less than for diesel oil. It has been claimed biodiesel gives better lubricity and more
complete combustion, thus increasing the engine energy output and partially compensating for the higher
energy density of diesel oil.

Vegetable oil fuels

Vegetable 0il“ is an alternative fuel for diesel engines and heating oil burners. For engines designed to burn
diesel fuel, the viscosity of vegetable oil must be lowered to allow for proper atomization of the fuel, otherwise
incomplete combustion and carbon build-up will ultimately damage the engine. To distinguish it from biodiesel,
many enthusiasts refer to vegetable oil used as fuel as waste vegetable oil (WVO) if it is oil discarded from a
restaurant or straight vegetable oil (SVO), or pure plant oil (PPO).

Most diesel car engines can use SVO/PPO with suitable modifications. Principally, the viscosity and surface
tension of the SVO/PPO must be reduced by preheating it, typically by using waste heat from the engine or
electricity; otherwise, poor atomization, incomplete combustion, and carbonization may result. One common
solution is to add a heat exchanger, an additional fuel tank for "normal" diesel fuel (petrodiesel or biodiesel),
and a three-way valve to switch between this additional tank and the main tank of SVO/PPO. (This aftermarket
modification typically costs about 1,200 USD.) The engine is started on diesel, switched over to vegetable oil as
soon as it is warmed up, and switched back to diesel shortly before being switched off to ensure that no
vegetable oil remains in the engine or fuel lines when it is started from cold again. In colder climates, it is often
necessary to heat the vegetable oil fuel lines and tank as the oil can become very viscous and even solidify.

Vegetable oil refining

The majority of plant and animal oils are vegetable oils that are triglycerides — suitable for refining. Refinery
feedstock includes canola, algae, jatropha, salicornia, and tallow “3), one type of algae, Botryococcus braunii,
produces a different type of oil, known as a triterpene, which is transformed into alkanes by a different process.

Based on its feedstock, green diesel could be classified as biodiesel; however, based on the processing
technology and chemical formula, green diesel and biodiesel are different products. The chemical reaction
commonly used to produce biodiesel is known as transesterification. Vegetable oil and alcohol are reacted,
producing esters, or biodiesel, and the coproduct, glycerol. When refining vegetable oil, no glycerol is produced,
only fuels. Refined diesel can be produced that is chemically identical to diesel fuel and does not have the
problems specific to transesterified biodiesel. Any blending ratio can be used, and no modifications or checks
are required for any diesel.

Vegetable oil and the environment

Most independent evidence applies to emissions from biodiesel and SVO/PPO used in cars; however, those
findings can also be largely applied to power stations. As a study commissioned by the Dutch government
confirms, emissions from vegetable oil burning are relatively similar to those from burning mineral diesel,
although some recent evidence suggests they may be even worse as far as nitrous oxide and carcinogenic and
mutagenic PAH emissions are concerned. Overall, the emissions from a power station that burns 10,000 tons of
vegetable oil a year — which is approximately what is needed to run an efficient 10 megawatt (MW) power
station continuously — are roughly equivalent to adding 10,000 diesel cars to the road “**.

Spent oils
Uncontrolled combustion of spent oils can be dangerous as harmful emissions and residues are produced.
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Types of spent oils

Waste

vegetable oils

These are used frying oils from restaurants, hotels, and people’s homes. The chemical structure of vegetable oils
is modified after frying. Moreover, oil oxidizes and absorbs polluting products from food cooking residues. If
discharged to the environment, WVO floats over water and is dangerous for wildlife in lakes, rivers and sea (fish
and birds). It can also clog sewage systems. Recovery of WVO is therefore a very good environmental practice; it
is also aimed at recycling the spent oil to produce lube oils, biodiesel, surfactants and soaps.

Light spent oils
These are waste oils produced in industrial processes. They can be easily regenerated by using a purification
process such as filtration and/or centrifugal separation.

Spent lube oils

Spent lube oils, such as used lube oil from cars and trucks, are dangerous because they contain harmful
compounds such as heavy metals, combustion residues, and oxides. They can be collected and burned or
regenerated. Special containers should be used to handle spent oils, and avoid mixing them with other

Figure 97 Spent oil collection tanks

liquids (Figure 97).

Treatment and recovery of spent oils

Spent oils can be either recovered or destroyed, depending on product characteristics. Recovery processes
include the following:

e Regeneration: Regeneration involves producing, from spent oils, compounds for new lube oils, with the
same characteristics of lube oils derived from oil refining processes. 1 kg of new lube oil can be
produced from 1.5 kg of spent oil. Additional products like diesel oil, fuel oil and bitumen can also be
produced from regeneration processes.

e Combustion: If the spent oil cannot be regenerated, it is burned. Not all furnaces are able to burn spent
contaminated oil. The most suitable devices are in cement factories, where the spent oil, with a very
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good heating value of around 9500 kcal/kg (40 MJ/kg), can be burned by controlling the emissions of air
pollutants.

e Treatment: When the characteristics of the spent oil do not allow regeneration or combustion, it is
possible to treat the oil in treatment plants to reach the quality needed for regeneration.

e Incineration: When the characteristics of spent oil do not allow its regeneration/combustion or
treatment, it is sent to an incinerator, where oil is burned in devices adopting a high-efficiency flue gas
filtering system to keep the emissions under allowable limits. In countries with good collection/recovery
systems, less than 0.5% of recovered oil is sent to incinerators.

Refuse-derived fuel (RDF)

RDF, or solid recovered fuel/specified recovered fuel (SRF), is produced by using waste converter technology to
shred and dehydrate municipal solid waste (MSW). RDF consists largely of combustible components of MSW
such as plastics and biodegradable waste. **)

Residential, commercial, and industrial solid waste transported to a landfill for disposal can be burned as fuel in
waste-to-energy boilers. MSW containing mixtures of paper, wood, yard wastes, food wastes, plastics, leather,
and rubber can have characteristics similar to wood. MSW can be used as a fuel by burning the as-received
material, which is called mass burning; but processing is often required before it can be burned effectively.
When MSW is processed using size-reduction and material recovery techniques designed to shred the waste
and remove noncombustible materials, it is called RDF. “® The highly variable nature of MSW presents
challenges in designing a combustion system that can accommodate this high-ash, low-sulphur fuel.

Since the presence of plastic material favours the production of dioxins and other dangerous pollutants, waste
or RDF should be burned in special furnaces/boilers (incinerators). Its combustion in industrial boilers is not
advisable, unless strictly controlled in special boilers/furnaces.

Noncombustible materials such as glass and metals are removed during the post-treatment processing cycle
with an air knife or other mechanical separation processing. The residual material can be sold in its processed
form (depending on the process treatment), or compressed into pellets, bricks, or logs and used for other
purposes, either stand-alone or in a recursive recycling process. (2

Advanced RDF processing methods (pressurized steam treatment in an autoclave) can remove or significantly
reduce harmful pollutants and heavy metals for a variety of manufacturing and related uses. RDF is extracted
from MSW using mechanical heat treatment, mechanical biological treatment, or waste autoclaves.

The production of RDF may involve some, but not all, of the following steps: **!
e preliminary liberation (not required for autoclave treatment)

e size screening (post-treatment step for autoclave treatment)

e magnetic separation (post-treatment for autoclave treatment)

e coarse shredding (not required for autoclave treatment)

o refining separation

Mixed fuels

Environmental concerns about SO, and PM emissions from combustion of bituminous coals have led to the
development of coal cleaning techniques known as beneficiation. *® These techniques involve removal of
sulphur and mineral matter from coal prior to combustion. To achieve the cleaning level needed to meet sulphur
standards, the form of the solid coal must first be altered. Most advanced cleaning processes use water as the
separation medium and involve grinding the coal to fine particle size. Grinding allows pyritic sulphur and other
minerals that are dispersed throughout the coal to be more easily separated from the coal. After these materials
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are removed, the fine, clean coal product must be dried, pelletized, or reconstituted into a coal-water slurry,

which can be handled like oil prior to combustion in a boiler.

Coal-water slurries have potential as fuel oil substitutes in some combustion applications. Typical bituminous

coal slurries contain approximately 70% PC, 29% water, and 1% chemical additives. Slurries prepared from coals,

which have been deep cleaned, can contain coal with finer particle sizes and a lower solids content (50% to60%).

Although coal-water slurries are produced from fine PC, and are handled and fired like No. 6 fuel oil, they burn

somewhat differently. Burners suitable for coal-water
slurry combustion are often specially designed to
accommodate the unique properties of the slurry.
Viscosity and flow characteristics can affect the way
the fuel is atomized, and can increase wear and
deterioration of piping and burner components.

Oil-water slurries can be used as fuel with combustion
performance similar to residual oils. These liquid-fuel
emulsions are composed of micron-size oil droplets
dispersed in water. (18) Although the heating value, ash
content, and viscosity of oil-water slurries are similar
to residual oil, they have a relatively high sulphur
content. ANNEX 13 provides a table of unit of measure
conversions for different fuels.

Dimethyl ethylene (DME)
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Figure 98 Schematic of potential DME production line

(Karou Fujimo-Japan) **

Due to the current high prices of fuel oils and natural gas, gas produced from coal is being considered as an

alternative. DME, currently used as filler for sprays, is under evaluation as a replacement for diesel oil in trucks

and small boilers. This gas can be produced by coal at coal mine mouth and transported via pipeline. DME

production plants can also be built close to users with coal transported by train from the mine. DME is very

similar to LPG, and can be transported as liquid under moderate pressure in special track/wagons, and bottled in

small vessels (20 litres to 50 litres) for domestic applications. DME may also be produced from biomass. A

potential DME production line (with LPG as the final product) is illustrated in Figure 98. % The characteristics of

DME are shown in Table 14, *®

Microemulsions

Table 14 Characteristics of DME compared with similar fuels

(46)

DME | CH, Ci; | CHOH | Diesel (FT)
Boiling point (°C) 250 | -1615 | -420 64.4 180-370
Density (gfen?, 20°C) 0.67 - 049 079 | 0.84(0.78)
Vapor pressure (atm, 23 °C) 6.1 246 9.3 - -
Cetane number <05 0 (5) 5 40-60 (70)
Heating value (keal’kg) 69000 | 12000 | 1L100°| 5,000 10,000
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Microemulsions are not a new fuel; rather, they are a new technology. They were originally developed to reduce

the smoke from ship engines, and are now being applied to stationary boilers to reduce the emissions of

pollutants and increase efficiency. Microemulsions can be considered as a best available technique for reducing

emissions in the burning of oil products

The technology consists of mixing water
droplets with a liquid fuel to form an
emulsion, which is then sent to the burner.
The amount of water added can range from
5% to 25% depending upon the characteristics
of the fuel. The improvement of combustion
characteristics compensates for the loss of
energy in water evaporation. The outcomes
are:
e less pollutants emitted (50% less CO
and 20% less NO,)
o efficiency improvement of about 5%,
and
e cleaner boiler surfaces due to absence
of soot and incombustibles.

Water mixing (emulsion) for emission reduction
FERFORMANCE OBTAINED IN THERMAL FLANTS (BOILERS) - HFO

l Water Quantity inside HFO

AVERAGE RESULTS OBTAINED

NO, reduction

Efficiency
improvement

Figure 99 Emission reduction from microemulsions- (courtesy
of Mec Marine—Italy)

A demonstration project in a pilot facility under the United Nations Industrial Development Organization
(UNIDO) Best Available Techniques/Best Environmental Practices (BAT/BEP) project is underway to verify the
effect of microemulsion systems on dioxins released from heavy oil-fuelled boilers.

Microemulsions can be selected for old boilers as well as for new boilers that cannot be retrofitted for cheaper,

cleaner fuels. Preliminary results from microemulsion burning in thermal plants are illustrated in Figure 99. A

microemulsion device is shown in Figure 100.

Figure 100 Microemulsion device (courtesy of Mec

Marine—ltaly)
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CHAPTER 3 - POLLUTANTS EMITTED FROM BOILERS AND THEIR
EFFECTS ON THE ENVIRONMENT

SUMMARY

This Chapter describes the characteristics and behaviour of the most common types of pollutants that can be
emitted from industrial boilers, including how they are generated by combustion of specific fuels, how they
are emitted from boilers and transported to the environment, and how they affect the environment. The
discussions place special on dioxins and mercury, two persistent organic pollutants (POPs) that can adversely
affect human health, even when emitted in small quantities.

The combustion of fossil fuels in boilers contributes to global emissions and their negative effects. Figure 101
illustrates how global emissions affect the environment.
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Figure 101 Global emissions in the atmosphere (Wikipedia) (200)
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Since polluting gases emitted from boilers, such as sulphur oxides and nitrogen oxides, can be transported a
long distance from the place of origin and affect the environment of faraway places, air pollution is increasingly
becoming an international issue. All countries and individuals, therefore, must take responsibility and action to
reduce emissions. Our planet is often compared to a fish bowl in which all pollutants produced ultimately
remain in the bowl.

Although industrial boilers are smaller and have lower emissions than power boilers, there are many more of
them operating worldwide (an estimated 300,000); thus their total contribution to environmental pollution is
remarkably high. Boiler owners must reduce emissions as low as possible.

Table 15 shows the main emissions from industrial boilers, and their effects. *” Emission levels can be provided
in many different units depending on whether the measurement is volume or mass based (quantity/kilogram,
quantity/normal cubic metre (Nm?), quantity/unit energy).

Table 15 Industrial boiler emissions (CANMET-Canada)

Emission Source Effect
CO, (Carbon dioxide) Complete combustion of carbon in Global Warming
fuel
CO (Carbon Monoxide) Incomplete combustion of carbon in Smog
fuel

SO, (Sulphur Dioxide) Combustion of sulphur in fuel
(sulphur is NOT a component of

natural gas)

Smog, Acid Rain

NO, (Nitrogen Oxides) By-product of most combustion Acid Rain
processes

N,O (Nitrous Oxide) By-product of some combustion Global Warming
processes

VVOCs (Volatile Organic Leakage and evaporation of liquid Smog

Compounds) fuels

CH, (Methane)
H,O (Water Vapour)

Natural gas leaks
Hydrogen in fuel mixing with oxygen
in the combustion process

Global Warming
Localized Fog

Particulates (Dust, Soot, Unburned carbon from fuel, Smog, Respiratory

Fumes) including ash and dirt Hazard

Trace Elements Impurities in fuel Unknown and
Potential Carcinogens

Halogenated and
Chlorinated
Compounds

Compounds in fuel or combustion air
containing halogens (chlorine,
fluorine, bromine and iodine)

Potential
Carcinogens, Global
Warming

Emission standards

The emission of pollutants to the atmosphere is usually controlled by national laws and regulations, and by
international laws for transboundary pollution. Emission standards set specific limits on the amount
of pollutants that can be released into the environment. Although many emission standards focus on regulating
pollutants released by automobiles and other powered vehicles, they can also regulate emissions from industry,
power plants, and small equipment such as lawn mowers and diesel generators. Technology standards, which
are frequently used as policy alternatives to emission standards, generally regulate the emissions of nitrogen
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oxides (NO,), sulphur oxides (SO,), particulate  matter (PM) or soot, carbon monoxide (CO), or
)(48)

volatile hydrocarbons (see carbon dioxide equivalent).
Emission performance standards set thresholds above which a different type of emission control technology
might be needed. While emission performance standards have been used to dictate limits for
conventional pollutants such as NO, and SO,, they may also be used to regulate greenhouse gases, particularly
carbon dioxide (CO,). This standard is expressed in pounds of carbon dioxide per megawatt-hour (Ib CO,/MWhr)
in the United States, and in kilograms of CO, per megawatt-hour (kg/MWhr) elsewhere in the world. (48)

A diagram of emissions from
industrial, urban, and natural

sources is shown in Figure 102. The GAsEDUS Particulate
- Pallutants in Pollutants in
emission of pollutants from the Afmosphers Atmosphere

stack of an industrial boiler depends
on the type of fuel used, and the

5 5
type and quality of combustion. For SOURCES = Poliiantsin |~ B
=] (=]
example, coal burning results in §' Cloud Water é"
generation of more pollutants from VOG NO E Prﬂc?gfatiun E
-
boilers than natural gas because coal
. . Wet
contains more polluting compounds, Depasition

such as ash, heavy metals, mercury, ygg SDE * A * * * A A * A A A

and chlorine, which react/separate
during the combustion process and Naiural RECEPTORS
are transported with flue gases to ﬁﬂﬂ'm_pngen[ﬂ : '

the stack. Some compounds are Figure 102 Emissions from antropogenic and natural activities —(US

trapped by ash hoppers, filter dust EpA) )

collection systems, and De-SO, and
De-NO, devices (see Chapter 4).

The type and quality of combustion is affected by the type of boiler and the temperature range it is designed for
(e.g., fluidized bed boilers work at lower temperatures than firetube boilers); and the type and quality of
combustion (e.g., low NO, burners are designed to emit lower NO,; bad combustion conditions, such as too
much or too little combustion air, may produce incombustibles and dioxins). Table 16 clearly shows that
emissions are fuel type-dependent. It lists the characteristics of fuel-dependent emission factors, based on
actual emissions from power plants in the European Union, and shows the average emission for each fuel.*® To
lower the amount of pollutants emitted from combustion of fossil fuels, special abatement devices (e.g., filters,
systems, operating practices) must be implemented. Therefore, the better the technologies and operating
practices adopted, the lower the amount of pollutants released to the environment. Not all of the pollutants
emitted are shown in the Table. Heavy metals, volatile organic compounds, and dioxins are also important
pollutants from industrial boilers; as such, they will also be discussed in this Chapter. The reduction of the
amounts of dioxins and mercury released by industrial boilers is part of a United Nations Industrial
Development Organization (UNIDO) project in the East South East Asia (ESEA) region.

Table 16 shows the releases of pollutants — emission factors by unit of energy (the fuel amount). Emissions are
given as grams or cubic metres (ma) per gigajoule (GJ; 1 GJ = 10° joule). Emissions are also sometimes given per
unit of weight (e.g., grams per kg of fuel) or per unit of flue gas volume (e.g., grams per m®). The actual release
to the environment depends on the type of pollution abatement devices installed in the plant. Of the fuels listed
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in the Table, coal produces more pollutants, and therefore needs more sophisticated and efficient pollution
abatement devices to comply with emission standards.

Table 16 Fuel emission factors (EEA-European Environmental Agency)

Hard Brown Fuel Other
Pollutant Gas
coal coal oil oil
CO, (g/GJ) 94600 101000 77400 74100 56100
SO, (g/GJ) 765 1361 1350 228 0.68
NO, (g/GJ) 292 183 195 129 93.3
CO (g/GJ) 89.1 89.1 15.7 15.7 14.5
Non methane
organic
4.92 7.78 3.70 3.24 1.58
compounds
(g/GJ)
Particulate
1203 3254 16 1.91 0.1
matter (g/GJ)
Flue gas volume
360 444 279 276 272

total (m3/GJ)

Transport and dispersion of air pollutants

The transport and dispersion of air pollutants in the ambient air are influenced by many complex factors
including global and regional weather patterns, local topographical conditions , and, at a more local level, wind
and atmospheric stability.

Wind is the natural horizontal motion of the atmosphere. It occurs when warm air rises, and cool air comes in to
take its place. Wind is caused by differences in pressure in the atmosphere. The pressure is the weight of the
atmosphere at a given point. The height and temperature of a column of air determine the atmospheric weight.
Because cool air weighs more than warm air, a high-pressure mass of air is made up of cool and heavy air.
Conversely, a low-pressure mass of air is made up of warmer and lighter air. Differences in pressure cause air to
move from high-pressure areas to low-pressure areas, resulting in wind. Wind speed can greatly affect the
pollutant concentration in a local area: the higher the wind speed, the lower the pollutant concentration. Wind
dilutes pollutants and rapidly disperses them throughout the immediate area.

106




Guide to environmentally sound industrial boilers |

Atmospheric stability refers to the vertical motion of the atmosphere.
Unstable atmospheric conditions result in a vertical mixing. Typically,

(=

the air near the surface of the earth is warmer in the daytime because
of the absorption of the sun's energy. The warmer and lighter air from *

Al

the surface then rises and mixes with the cooler and heavier air in the
upper atmosphere, causing unstable conditions in the atmosphere. This
constant turnover also results in dispersal of polluted air. Stable
atmospheric conditions usually occur when warm air is above cool air,
and the mixing depth is significantly restricted. This condition is called a ‘t

‘Altitude

temperature inversion (see Figure 103). During a temperature
inversion, air pollution released into the atmosphere's lowest layer is

Rising warm air

trapped there and can be removed only by strong horizontal winds. T
emperatire.

Because high pressure systems often combine temperature inversion ] ]
Figure 103 Temperature inversion-

conditions and low wind speeds, their long residency over an industrial
EPA-USA

area usually results in episodes of severe smog.

Pollutants

As discussed in Chapter 2, the burning of fossil fuels in a boiler generates several types of pollutants that must
be reduced and kept under control to avoid harmful effects to the environment and people living close to plants.
Emissions from the stack are the most important and potentially dangerous because they leave the plant
boundaries and affect the environment and human health %,

The main polluting emissions that may result from combustion of fossil fuels in industrial boilers include, but are
not limited to, the following:

e carbon dioxide

e nitrogen oxides

e sulphur oxides

e particulate matter

e volatile organic compounds
e carbon monoxide

e heavy metals

e dioxins and furans

e mercury

For industrial boilers, only CO,, NO,, SO, and particulate matter are normally regulated by local emission
standards and controlled by public agencies. Emissions of dioxins, furans, and mercury are a new issue for
regulatory bodies, and, as a consequence, are often neglected by boiler manufacturers. Regulations for these
types of pollutants mostly focus on incinerators for urban and medical waste whose emissions are much higher
than boilers. However, boiler operators and managers need to understand the characteristics of the different
types of pollutants that can be generated from combustion of fuels in boilers, and their effects on the
environment and human health. This knowledge will help ensure environmentally sound boiler operation and
maintenance.

The next sections discuss the most important compounds emitted from boilers, highlighting their effects on the
environment.
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Carbon dioxide (CO2)

Emissions of CO, from combustion of fossil fuels in industrial boilers cannot be avoided because CO, is always
produced from combustion. CO, is a result of the combustion process, where carbon contained in the fuel reacts
with air. For example, combustion of natural gas (methane, CH,) gives:

CH,; +2 0, - CO, + 2 H,0 + energy

CO, is formed during combustion in the combustion chamber, and emitted from the stack together with other
combustion gases. CO, has harmful effects on the environment, causing the so-called “greenhouse effect”: a

Greenhouse gas

absorption: 350
Heat and energy
in the atmosphere
—
E = = oy
P < O\
1 The
(|
1 Greenhouse
168 324 [ ]
| Effect 1
e Y= -> -

Earth's land and ocean surface
warmed to an average of 14°C

Figure 105 Greenhouse Effect (Wikipedia) !

Figure 104 Carbon cycle (US EPA) 2

process by which thermal radiation from a planetary surface is absorbed by atmospheric greenhouse gases, and
re-radiated in all directions. Since part of this re-radiation is back towards the surface, energy is transferred to
the surface and the lower atmosphere. As a result, the average surface temperature is higher than it would be if
direct heating by solar radiation were the only warming mechanism.®" The carbon cycle is shown in Figure 104
and the greenhouse effect in Figure 105.

A new technology, carbon capture and sequestration Carton dienice uptsios by foreses,
meomass plantabores and degraded
(CCS), is being applied to reduce the emissions from Iad mina Lanciz that ang reztonad

large boilers to the atmosphere. It consists of carbon
capture and storage, where CO, is removed from flue
gases (e.g., power stations) before being stored in
underground reservoirs. Terrestrial and geological
sequestration of CO,emissions from a coal-fired plant
is illustrated in Figure 106.

CO, emissions can be calculated as: o Depieted cif
Goalogucal S NS OIS

Qcoz = Ct/ hy Ccoo/Chy - e e e S

Deoop arpuckor

where:

ez = specific CO; emission (CO,/kWh) Figure 106 Schematic of carbon sequestration from a large

coal power plant (Wikipedia) %
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c; = specific carbon content in the fuel (kgc/kgel)
h¢ = specific energy content (kWh/kgse)
Cn, = specific mass carbon (kg/mol carbon)

Ccoy = specific mass carbon dioxide (kg/mol CO,)

Emissions of CO, in combustion of some common fuels are shown in Table 17. G2 Byt it is important to note that
heat loss (of 55% to 75%) in power generation is not reflected in these numbers.

Table 17 Carbon dioxide emissions

Specific Specific - .
Carbon =y COSFI)Eer(;H:S:ion COSFI)Een(;Iifslgion
Fuel Content Content 2 2
e (S (K9or /K0 (Kgoa/kWh)
Coal
(bituminous/anthracite 0.75 7.5 2.3 0.37
)
Gasoline 0.9 125 3.3 0.27
Light Oil 0.7 11.7 2.6 0.26
Diesel 0.86 11.8 3.2 0.24
LPG - Liquefied 0.82 123 30 0.24
Petroleum Gas
Natural Gas, Methane 0.75 12 2.8 0.23
Crude Oil 0.26
Kerosene 0.26
Wood * 0.39
Lignite 0.36
Bioenergy 0 - 0

“ Commonly viewed as a biofuel
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Nitrogen Oxides (NOy)

NO, gases, mainly nitric oxide and nitrogen oxide, are produced from the reaction of nitrogen and oxygen gases
in the air during combustion, especially at high temperatures. NO, gases are formed whenever combustion
occurs. Typical reactions are:

N2+02—>2NO
N, +2 0, > 2NO,

Gaseous Particulate
Pallutants in Pollutants in
. . . . . Afmosphers Almasphers
NO, is responsible for reactions resulting in the
production of ozone and acid rain. Ozone and acid rain s =
SOURCES = n =
can damage monuments, affect the growth of forests §L B aE;
. . . . e es and
and the biodiversity of lakes, reduce visibility, and cause Voo  No, & Precipitation &
health problems. A schematic of acid rain is shown in Wet
Hg Deposifion

. . . . NO,
Flguré 107, with the cumulative effect§ of NO,, volatile yog 50, - A A AA Ah) AA AA A
organic compounds (VOC), and SO, depicted. [P

Matural
licapgacid RECEPTORS

NO, emissions must be kept to a minimum in boilers. 127)
Figure 107 Acid rain

The contributions of different NO, sources to total NO,
levels vary by country and metropolitan area. In general, in a metropolitan area, the contribution of mobile
sources to the total NO, level ranges from 60% to 80%. A significant portion of NO, can also be attributed to
residential, commercial, and industrial sources, which include industrial boilers. In industrial boilers, NO, is
primarily formed in two ways: thermal NO, and fuel NO,.

Thermal NO, refers to NO, formed through high temperature oxidation of nitrogen found in combustion air.
Nitrogen (N,) is inert gas at low temperatures, but, at high temperatures, it dissociates in atomic nitrogen (N),
which is very reactive with oxygen and forms NO,. It is produced by oils containing significant amounts of
nitrogen and accounts for about 50% of NO, production during combustion of fuels. The production of NOx is
lower in natural gas combustion than that of oils. NO, emissions from boilers are influenced by many factors, of
which flame temperature and the amount of nitrogen in the fuel are the most significant. Other factors include
excess air level and combustion air temperature. The more excess air that is inputted into the boiler, the more
nitrogen there is, and the greater the amount of NO, that is emitted.

Fuel NO, refers to nitrogen present in the fuel matrix. Solid fuels, such as coal, may have nitrogen content
ranging from 0.5% to 2%. Most NO, control technologies for industrial boilers, in the range of 10 tons per hour
(t/h) to 30 t/h steam production, reduce thermal NO, and have little effect on fuel NO,. Fuel NO, is most
economically reduced in industrial boilers by switching to cleaner fuels (fuels containing less nitrogen).

NOxemissions

NO, emissions from burning common fuels are indicated in Table 18. 58)

Table 18 NO, emissions

Emissions of

Fuel type NOy
(g/kg fuel)
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Oil 3.0
Kerosene 3.0
Coal 4.5
Propane 2.3
Gasoline 27"
Hydrogen 0"
Natural Gas 1.0 *Note that emissions vary widely depending on

application temperatures and air/fuel ratios. In
general, higher combustion temperatures and
higher air/fuel ratios increase NOy emissions.
0.7 **Zero emission for hydrogen is a theoretical
: value. In practice, hydrogen burned in air
produces more NOy than natural gas due to the
high flame speed.

Wood, Birch 20% moisture content

***Catalytic systems common on most modern vehicles reduce NOx.

Characteristics of nitrogen oxides that impact the effectiveness of specific air pollution control devices include
(54)

the following:
e NO, can be reduced by injecting ammonia or urea at the proper temperature with or without a
catalyst.
e NO, can be chemically reduced by reburning using natural gas.

The quantity of NO, formed during combustion depends on the quantity of nitrogen and oxygen available,
temperature, level of mixing, and time for reaction. Management of these parameters can form the basis of
control strategies involving process control and burner design (low NO, burners and flue gas recirculation).

Sulphur Oxides (SOx)

Sulphur dioxide (also sulfur dioxide, SO,) is a poisonous gas released by volcanoes and in various industrial
processes. Since coal and petroleum often contain sulphur compounds, their combustion generates sulphur
dioxide unless the sulphur compounds are removed before burning the fuel. When flue gas has too much
oxygen, the SO, further oxidizes into sulphur trioxide (5S0;). Further oxidation of SO,, usually in the presence of a
catalyst such as NO,, forms sulphuric acid (H,S0,,) and thus acid rain. (55)

Airborne sulphuric acid has been found in fog, smog, acid rain, and snow. Sulphuric acid has also been found in
lakes, rivers, and soil. The acid is extremely corrosive and harmful to the environment. See Figure 107 on acid
rain). The typical reaction is:

2 S0, +2H,0+ 0, — 2H,SO,
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The level of SO, emitted depends on the sulphur content of the fuel. Most sulphur is emitted as SO, (90% to
95%). The SO; content is around 3%, with the remainder emitted as sulphate particulate. As most countries have
imposed stringent environmental regulations on SO, emissions, SO, is now being removed from flue gases by a

variety of methods, of which the most common are: (56)

e wet scrubbing using a slurry of alkaline sorbent, usually limestone or lime, or seawater;

e spray-dry scrubbing using similar sorbent slurries;

e set sulphuric acid process recovering sulphur in the form of commercial quality sulphuric acid;

e SNOX flue gas desulphurization, which removes sulphur dioxide, nitrogen oxides, and particulates from
flue gases; and

e dry sorbent injection systems.

For a typical coal-fired power station, flue gas desulphurization (FGD) will remove 95% or more of the SO,. For
small industrial boilers, installation and operation of FGD devices can be challenging because of the high costs
and complexity of operation. Cleaning fuel before using it can be a valid alternative.

e Characteristics of sulphur dioxide that impact the effectiveness of specific air pollution control devices
include the following: ®”Sulphur can sometimes be removed from fuel prior to combustion. This may be
a cost-effective way to reduce SO, formation.

e SO, is chemically reactive. Therefore, control techniques that reduce pollutant levels via chemical
reaction (such as wet acid gas scrubbers and spray dryer absorbers) are appropriate. SO, can also be
removed by fluidized limestone bed combustion.

e Formation of SO, occurs early in the primary flame and will occur even in fuel-rich flames. As a result,
combustion control techniques are not applicable for reducing SO, emissions.

e Formation of SO; is found to occur only in fuel-rich mixtures and can be influenced by control of
combustion conditions.

Particulate matter (PM)

Particulates — also known as particulate matter, suspended particulate matter (SPM), fine particles, and soot —
are tiny subdivisions of solid matter suspended in a gas or liquid. Sources of particulate matter can be man-
made or natural.

Particulate matter can be formed as the result of three processes:

e materials handling or processing (e.g., crushing or grinding ores, loading bulk materials, sanding of wood,
abrasive cleaning sandblasting);

e emission of particles of noncombustible ash or incompletely burned materials during combustion; and

e gas conversion reactions or condensation in the atmosphere.

Some particulates occur naturally, originating from volcanoes, dust storms, forest and grassland fires, living
vegetation, and sea spray. Human activities, such as the burning of fossil fuels in vehicles, power plants, and
various industrial processes, also generate significant amounts of particulates. Fossil fuel combustion in
industrial boilers generates particulate matter. In particular, coal and biomass generate high amounts of
particulate matter depending on their composition (biomass) or ash content (coal). The ash content in some
coals can reach up to 50%, resulting in high volumes of particulate matter.

The effects of inhaling particulate matter have been widely studied in humans and animals, and include asthma,
lung cancer, cardiovascular issues, birth defects, and premature death. The size of the particle is a main
determinant of where it will come to rest in the respiratory tract when inhaled. Because of their small size,
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particles on the order of ~10 micrometres or less (PM,g) can penetrate the deepest part of the lungs such as the
bronchioles or alveoli. ®” The large number of deaths and other health problems associated with particulate
pollution were first demonstrated in the early 1970s, and have been reproduced many times since. PM pollution
is estimated to cause 22,000 to 52,000 deaths per year in the United States (from 2000), and 200,000 deaths per
year in Europe. 7)

PM emissions from combustion sources consist of many different types of compounds, including nitrates,
sulphates, carbons, oxides, and any uncombusted elements in the fuel. PM emissions are primarily dependent
on the type and grade of fuel fired in the boiler. Generally, PM levels from natural gas are significantly lower
than those of oils. Distillate oils result in much lower particulate emissions than residual oils. Coal and biomass
combustion result in higher PM emissions, due to higher ash content/formation.

When burning heavy oils, particulate levels mainly depend on four fuel constituents: sulphur, ash, carbon
residue, and asphaltenes. These constituents exist in fuel oils, particularly residual oils, and have a major effect

on particulate emissions. Particulate emissions for an oil can Plume

z

. . . } i
be estimated if the fuel constituent levels are known. Contecing
The dispersion of particulate matter in the environment
mainly depends on particle dimensions (heavier particles
deposit first on soil), stack height (high stacks help the
diffusion of the PM in the environment), and environmental

conditions (e.g., wind direction, atmospheric pressure, etc.). A

Hs = Actual stack height

He = Effective stack height
= pollutant release height
= H: + Ah

Ah = plume rise

model that can be used to calculate PM diffusion from a stack +¥ s
and deposition to soil is shown in Figure 108Error! Reference

source not found. Figure 108 Pollutants plume diffusion from

.. .\ (128)
PM characteristics that impact the effectiveness of specific air stack (Wikipedia)
(54)

pollution control devices include the following:
e particle size and size distribution
e particle shape
e particle density
e stickiness
e corrosivity
e condensation temperature
e reactivity, and
e toxicity.

Industrial boilers commonly use the following dust pollution control devices (see Chapter 4 for more detail): *®

e Mechanical collectors: include dust cyclones and multicyclones.

e Flectrostatic precipitators: particulate collection devices that remove particles from a flowing gas
(such as air), using the force of an induced electrostatic charge. These highly efficient filtration
devices minimally impede the flow of gases through the device, and can easily remove fine
particulate matter such as dust and smoke from the air stream.
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e Baghouses: consist of a blower, dust filter, filter-cleaning system, and dust receptacle or dust
removal system (distinguished from air cleaners, which use disposable filters to remove the dust).
They are designed to handle heavy dust loads.

e Particulate scrubbers/wet scrubbers: include a variety of devices that use pollutants from a furnace
flue gas or from other gas streams. The polluted gas stream is brought into contact with the
scrubbing liquid, by spraying it with the liquid, by forcing it through a pool of liquid, or by some
other contact method, so as to remove the pollutants.

The most effective method of avoiding particulate emissions in industrial boilers is to use clean fuels. The
emission levels of particulate matter can be lowered by switching from a residual to a distillate oil, or from a
distillate oil to a natural gas. Additionally, through proper burner set-up, adjustment, and maintenance,
particulate emissions can be minimized, but not to the extent accomplished by switching fuels.

Volatile organic compounds (VOCs)/hydrocarbons (hc)

VOCs contain combinations of carbon, hydrogen, and sometimes oxygen. VOCs vaporize easily once emitted into
the air, and are of concern because of their role in ground level ozone formation. In relation to boiler
performance, they are often referred to as hydrocarbons and generally are divided into two categories: methane
and non-methane.

Formation of VOCs in industrial boilers primarily results from poor or incomplete combustion due to improper
burner set-up and adjustment. To control VOC emissions from industrial boilers, no auxiliary equipment is
needed; properly maintaining the burner/boiler package will keep VOC emissions at a minimum. An improperly
maintained boiler/burner package can result in VOC levels over 100 times the normal levels. Proper
maintenance includes maintaining:

e  air/fuel ratio at the manufacturer's specified setting
e proper air and fuel pressures at the burner, and
e atomizing air pressure on oil burners at the correct levels.

Characteristics of VOCs that impact the effectiveness of specific air pollution control devices include the

following: **

e Most VOCs are absorbable and may be collected by concentration on the surface of
a liquid or solid.
e VOCs are combustible and may be oxidized by thermal or catalytic incineration.

A variety of techniques can be used to reduce VOC emissions including using material containing an inherently
low quantity of VOCs and redesigning processes to reduce the quantities that are lost as fugitive emissions.
When these techniques are not applicable or sufficient, the following add-on control systems can be used:

e thermal oxidation

e catalytic oxidation

e adsorption

e condensation and refrigeration
e biological oxidation
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Carbon monoxide (CO)

During combustion of any carbonaceous fuel, CO can be formed as the result of two mechanisms:

e Incomplete combustion: The burning of carbonaceous fuels is a complex chemical process. CO formed as
the first step in the combustion process is then converted to CO, by combustion with oxygen at
temperatures greater than 627°C (1160 °F). When less than the stoichiometric amount of oxygen is

present, CO is the final product of the reaction.

e High-temperature dissociation of CO,: The bond energy for CO, is moderately low. At high temperatures,

CO, easily dissociates to form CO and oxygen (0,)

At elevated temperatures, an increase in oxygen concentration tends to decrease CO levels not only by allowing
for complete combustion, but also because reaction rates increase with temperature, thus increasing the chance

for collision between CO and O, molecules.

Characteristics of carbon monoxide that impact the effectiveness of specific air pollution control devices include

the following:

e The quantity of oxygen available, temperature, level of mixing, and the time for reaction all affect the
quantity of CO formed during combustion. Management of these parameters can form the basis of

control strategies involving process control and burner design.
e (O is combustible and can be oxidized to CO,.

Dioxins and furans

Dioxins and dioxin-like compounds ©®° %

are by-products of various industrial processes, and are commonly

regarded as highly toxic environmental pollutants and persistent organic pollutants (POPs), including:

e Polychlorinated dibenzo-p-dioxins (PCDDs): Technically, PCDDs (or simply, but
inaccurately called, dioxins) are derivatives of dibenzo-p-dioxin. Of the 75
PCDDs, 7 of them are specifically toxic.

e Polychlorinated dibenzofurans (PCDFs): Technically, PCDFs (or simply furans)
are derivatives of dibenzofuran. Of the 135 congeners (derivatives differing
only in the number and location of chlorine atoms), 10 of them have "dioxin-
like" properties, although strictly speaking are not dioxins.

e Polychlorinated biphenyls (PCBs): Although PCBs are also not dioxins, 12 of
them have "dioxin-like" properties. Under certain conditions, PCBs may form
more toxic dibenzofurans through partial oxidation.

e Dioxin proper: This simple compound is the basic
chemical unit of the more complex dioxins. It is not
persistent and has no PCCD- like toxicity.

Because dioxins refer to such a broad class of compounds that
vary widely in toxicity, the concept of toxic equivalence (TEQ)
has been developed to facilitate risk assessment and regulatory
control. Toxic equivalence factors (TEFs) exist for 7 congeners of
dioxins, 10 furans, and 12 PCBs. The reference congener is the
most toxic dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
which per definition has a TEF of 1.
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In this discussion, the term “dioxins” refers to both PCDDs and PCDFs (dioxins and furans; see Figure 109 for
their general molecular structure). The two words will be used without distinction. Dioxins are considered highly
toxic to humans and animals. They can cause reproductive and developmental problems, damage the immune
system, interfere with hormones, and also cause cancer. The dioxin chain of the transmission to humans is
shown in Figure 110. The effects of dioxins on the environment are shown in Figure 112. (61

Ingestion of dioxins has genetic and tumoural effects on the human body. The mechanism by which dioxins
(TCDD) act on human cells is illustrated in Figure 111. Dioxins
tend to accumulate in human fat tissue, and even very small
quantities, less than 1 nanogram (1 nanogram = 10 2 grams),
can be harmful.

In 1995, the Governing Council of the United Nations
Environment Programme (UNEP) called for global action to be
taken on POPs, which were defined as "chemical substances
that persist in the environment, bio-accumulate through
the food web, and pose a risk of causing adverse effects to
human health and the environment." ®® Negotiations were
completed on 23 May 2001 in Stockholm, and the Stockholm
Convention entered into force on 17 May 2004

2

Figure 112 Effects of dioxins on the
with ratification by an initial 128 parties and 151 signatories. . - .
environment (Ministry of the environment-

Co-signatories agreed to outlaw 9 of the 12 worst chemicals Japan) (61)
offenders, known as the “dirty dozen”, limit the use

of DDT to malaria control, and curtail inadvertent
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acting agency for the implementation of the
Stockholm Convention. The list of dangerous

chemical substances is periodically updated by
the Conference of Parties to the Convention.

PCDD/PCDF formation in boilers
PCDDs and PCDFs are formed as unintentional

Froteins:
liver enzymes.
~hormones.

~athers

by-products in certain manufacturing and
disposal processes and activities, and may also be RESPONSE
introduced into processes as contaminants in raw Figure 111 Biochemical mechanism of dioxin-initiated

materials. PCDD/PCDF formation routes can be (129)

toxic response
divided into two broad categories: formation in
thermal processes, and formation in industrial-chemical processes. This section focuses on PCDD/PCDF

formation in thermal processes.

PCDD/PCDF are formed in trace quantities in combustion processes when carbon, oxygen, hydrogen, and
chlorine are present between 200 °C and 650 °C. Formation occurs via two primary mechanisms (see ANNEX
14 for more details):

e De novo synthesis: PCDDs and PCDFs are formed from non-extractable carbon structures that
are basically dissimilar to the final product (PCDD/PCDF). Dioxins are first formed in the combustion
process, and then destroyed by the high temperatures of combustion gases. When combustion gases

116



http://en.wikipedia.org/wiki/United_Nations_Environment_Programme
http://en.wikipedia.org/wiki/United_Nations_Environment_Programme
http://en.wikipedia.org/wiki/Bioaccumulation
http://en.wikipedia.org/wiki/Food_web
http://en.wikipedia.org/wiki/Stockholm
http://en.wikipedia.org/wiki/Ratification
http://en.wikipedia.org/wiki/DDT
http://en.wikipedia.org/wiki/Malaria

Guide to environmentally sound industrial boilers

cool down to between 300 °C and 400 °C after leaving the combustion chamber, dioxins are again ("de
novo”) formed.

e Precursor formation/reaction: PCDDs and PCDFs are formed via aryl structures, derived from
either incomplete aromatic oxidation or cyclization of hydrocarbon fragments.

Effects of fuel type on PCDD/PCDF emissions

Fossil fuels — coal, oil, and gas — are used, either individually or in combination with energy containing fuels from
other processes, for steam generation in boilers. The type of fuel used depends on fuel availability and process
economics.

Light fuel oil and natural gas
Always fired in specially designed burners, light fuel oil and natural gas are high-calorific, clean-burning fuels that

leave little ash. Thus, in general, they are unlikely to generate large amounts of PCDD/PCDF. Increased gas use
for power generation (as a replacement fuel for coal and oil) will result in reduction of PCDD/PCDF from the
generation sector.

Heavy fuel oil

Heavy fuel oil is combusted for both steam generation and power generation purposes, and is usually burnt in
specially designed burners incorporated in the boiler walls. Heavy fuel oil that is free from contaminants
generally results in low levels of organic emissions.

Coal

Efficient coal combustion in large coal-fired power plants results in very low levels of emissions. Coal use in less-
efficient sectors could be a significant source of local emissions. UNECE (1998) recommends the improvement of
energy efficiency and energy conservation for utility and industrial boilers of over 50 MWe as an emissions
reduction strategy due to lowered fuel requirements. However, it is acknowledged that while techniques for the
reduction of particles, SO, and NO,, may result in the reduction or removal of PCDD/PCDF (and presumably PCB
and HCB), the removal efficiencies will be variable. Chlorine removal from fossil fuel feeds is not currently seen
as a cost-effective measure for PCDD/PCDF reduction.

Lignite

Lignite-fired power plants are typically operated close to mining regions. Due to the significantly lower calorific
value of lignite compared to coal, it is mainly transported via belt conveyors from the storage area of the mine
to the power station. Pulverized lignite-fired combustion and fluidized bed combustion are appropriate
techniques for power generation from lignite. Due to lower combustion temperatures, pulverized lignite-fired
boilers can achieve current NO, emission standards by primary measures. Therefore, they typically do not use
selective catalytic reduction.

PCDD/PCDF emissions from lignite-fired power plants have been reported in the range of 0.0002 ng I-TEQ/Nm?
to 0.04 ng I-TEQ/Nm? (nanograms of toxic equivalent of PCCD/PCDF per normal cubic metre).

Dioxin releases from industrial boilers

Utility and industrial boilers are facilities designed to burn fuel to heat water or to produce steam for use in
electricity generation or in industrial processes. The volumetric concentrations of chemicals listed in Annex C of
the Stockholm Convention in the emissions from fossil fuel-fired boilers are generally very low. However, the
total mass emissions from the boiler sector may be significant because of the scale of fossil fuel combustion, in

terms of both tonnage and distribution, for electricity generation and heat or steam production (63),

Emission levels associated with best available techniques can be significantly lower than 0.1 ngTEQ/Nm? . TEQs
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are used to report the toxicity-weighted masses of mixtures of dioxins. This method of dioxin reporting is more
meaningful than simply reporting the total number of grams of a mixture of various toxic compounds. The
number of grams (TEQ) of a dioxin mixture is calculated by multiplying the mass of each compound in the
mixture by its TEF, and then totalling them.

PCB and HCB emissions

Polychlorinated biphenyl (PCB) and hexachlorobenzene (HCB) emissions may arise from the use of recovered oils
and other waste-derived fuels. Coal combustion is the third-largest global source of HCB emissions (Bailey,
2001).

PCBs have been used as coolants and lubricants in transformers, capacitors, and other electrical equipment
because they do not burn easily and are good insulators. Among other things, products that may contain PCB
include old fluorescent lighting fixtures and electrical devices containing PCB capacitors.

HCB has been widely used as a pesticide to protect the seeds of onions, and sorghum, wheat and other grains,
against fungus. It has also been used to make fireworks, ammunition, and synthetic rubber, and as a solvent in
the production of pesticide. Similar emission control strategies to those used for minimizing PCDD/PCDF
emissions can be used for PCB and HCB emissions.

Mercury emissions

A heavy, silvery d-block chemical element, mercury (Hg, atomic number of Portion of U.S. air pollution
80) is the only metal that is liquid at standard conditions for temperature that comes from power plants
. L .~ Acid Gases

and pressure. It is also known as quicksilver. Due to the adverse health AE;QJC 77% SOy

effects of mercury exposure, industrial and commercial uses are regulated in Nickel Mercury 60%

many countries. The World Health Organization (WHO),the U.S. 28%.  ox 50% " Chromium
22%

Occupational & Safety Health Administration (OSHA), and the U.S. National 13%

Institute for Occupational Safety and Health (NIOSH) all treat mercury as an
occupational hazard, and have established specific occupational exposure
limits. Environmental releases and disposal of mercury are regulated in the
United States primarily by the Environmental Protection Agency (EPA).
Case control studieshave shown effects such as tremors,
impaired cognitive skills, and sleep disturbance in workers with chronic Figure 113 Emissions of pollutants

exposure to mercury vapour even at low concentrations. (65) from U.S. power plants (64)

Mercury is a trace component of all fossil fuels, including natural gas, gas condensates, crude oil, coal, tar sands,
and other bitumen. The use of fossil hydrocarbons as fuels provides the main opportunity for releasing
emissions of the mercury they contain into the atmospheric environment, but other avenues also exist in
production, transportation, and processing systems. ® Mercury can be emitted by boilers if the fuel used
contains this compound. Studies carried out by the EPA have shown that power plants are currently the
dominant emitters of mercury (50%), acid gases (over 75%), and many toxic metals (20% to 60 %) in the United

States (see Figure 113). (64)

The amount of mercury emitted in the United States has been estimated by sector: )

Utility: 02. t/y (ton/year)Non-utility: 5.7 t/y to 7.7 t/y
Residentials: 2.8 t/y to 3.2 t/y

Widely available control technologies that can reduce mercury and other air toxics, include: **
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e selective catalytic reduction with flue gas desulphurization)
e activated carbon injection, and
e activated carbon injection with fabric filter or electrostatic precipitators.

Other heavy metals releases

Other heavy metals that can be found in flue gas and ash after combustion are chromium, nickel, copper, zinc,
arsenic, and selenium. Uranium and radioactive isotopes can also be found in the coal matrix, depending on the
mine of origin. In very small amounts, many of these metals are necessary to support life; however, in larger

amounts, they become toxic. They may build up in biological systems and become a significant health hazard. (68)

A brief description of technical and regulatory information for some toxic metals is provided below. (68)

Arsenic: Common sources of exposure to higher-than-average levels of arsenic include near or in
hazardous waste sites and areas with high levels naturally occurring in soil, rocks, and water.

Exposure to high levels of arsenic can cause death.

h B Beryllium: Elemental beryllium has a wide variety of applications. Occupational exposure most

e often occurs in mining, extraction, and in the processing of alloy metals containing beryllium.
Beryllium can cause sensitization, and lung and skin disease in a significant percentage of exposed
workers.

Cadmium: Cadmium is an extremely toxic metal commonly found in industrial workplaces,
particularly where ore is being processed or smelted. Several deaths from acute exposure have

occurred among welders who have unsuspectingly welded on cadmium-containing alloys or with
silver solders.

Hexavalent-Chromium: Calcium chromate, chromium trioxide, lead chromate, strontium chromate,
and zinc chromate are known human carcinogens. An increase in the incidence of lung cancer has

been observed among workers in industries that produce chromate and manufacture pigments
containing chromate.

Lead: Occupational exposure to lead is one of the most prevalent overexposures. Industries with
high potential exposures include construction work, most smelter operations, radiator repair

shops, and firing ranges.
In boilers, heavy metals are present both in bottom and fly ash, and in the flue gas at the stack exit. The control
technologies for stack emissions are the same as for mercury:

e selective catalytic reduction with flue gas desulphurization
e activated carbon injection
e activated carbon injection with fabric filter or electrostatic precipitators

Ozone (03)

Ozone, a colourless gas, is the major component of smog. Except for very low levels of emissions from a limited
number of processes, ozone is not emitted directly into the air. Instead, it is formed in the atmosphere in the
presence of sunlight through complex chemical reactions between precursor emissions of VOC and NO,. These
reactions are accelerated by sunlight and increased temperatures and, therefore, peak ozone levels typically
occur during the warmer times of the year. Ozone is not emitted from boilers.
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CHAPTER 4 - AIR POLLUTION CONTROL DEVICES

SUMMARY

This Chapter deals with air pollution control technologies available on the market to reduce the
amount of pollutants released from boilers. Several of the devices illustrated are mostly implemented
in large utility boilers, and are not yet suitable for small boilers due to system complexity and capital
and operating costs. They are introduced and discussed here as part of a general framework
encompassing all available types of pollution abatement devices, their performance and costs, and
how the emission of pollutants can be kept under control. Rising public concern about the
environment and effects of pollutants on human health will lead to more and more stringent emission
limits in the coming years. This will result in a greater need for extended use of pollution control
devices in the heat sector, where small, simple boilers currently prevail over larger and more
sophisticated ones. Therefore, boiler operators and managers need to be informed about the
available technologies to reduce the pollutants emitted (as described in Chapter 3).

The Chapter begins by reviewing the performance, and advantages and disadvantages of various
pollution control devices, with special emphasis placed on the most common pollutants: particulate
matter, SO,, and NO,. The effects of each pollution control system on the efficiency, maintenance, and
capital and operating costs of boilers are also discussed. Measurement and analysis of the various
pollutants is briefly introduced, along with emission limits. Since every country sets up and
implements its own regulations and limits, only the most advanced regulations are mentioned. A
detailed description of all administrative mechanisms is out of scope for the Guide.

Since combustion of fossil fuels and biomass in industrial boilers produces several polluting compounds (as
described in Chapter 3), pollution control techniques are used, either within the boiler combustion chamber or
between the boiler and stack, to reduce the amount of dangerous material and compounds before their release
to the environment.

Industrial boiler owners and operators use two approaches, often simultaneously, to reduce pollution and
improve boiler performance:

e clean fuels and hi-tech boilers
e air pollution control devices

Although many types of pollution abatement technologies are available for boilers, some are used in large
boilers only — particularly for sulphur oxides (SO,), nitrogen oxides (NO,), and mercury (Hg) control, and carbon
dioxide (CO,) capture — because of their cost and complexity. Pollutant abatement devices can be broadly
classified as devices for gaseous pollutants, and for particulate matter control.
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Table 19 summarizes the most adopted emission control techniques for gaseous compounds ¢

As already mentioned, most of these technologies are currently only used in large utility boilers. Since

Table 19 Most adopted emission control techniques

S0, Control NOx Control Hg Control CO; Control
Technology Options | Technology Options Technology Options | Technology Options
Limestone Forced Selective Catalytic Standard Activated

CO, Capture and

Oxidation (LSFO) Reduction (SCR} Carbon Injection (SPAC- Seauestration
Scrubber System ACI) System q
e e Selective Non- Modified Activated
(LSD) Scrubber Catalytic Reduction Carbon Injection
(SNCR) System (MPAC-ACI) System

50, and NOy Control
Combustion Controls Technology Removal
Cobenefits

implementation for industrial boilers will occur over the next decade due to the stricter limits on pollutant
release that governments are enforcing, these technologies are briefly discussed in this Chapter.

Particulate control devices, which reduce the amount of ash and unburned particles to the stack, are commonly
used in small industrial boilers and large utility boilers. The most adopted particulate control devices, which will
be discussed in depth, include:

e Dry scrubbers
e electrostatic precipitators, and)
o fabric filters (baghouse).

State-of-the-art CO, capture and storage technology is not discussed here because it is specifically designed for
large power plants and is very challenging. Only a few pilot plants are currently in operation around the world.
Although application of mercury abatement technology is at an early stage, it is briefly discussed because it is
already available for industrial boilers, and some countries are currently enforcing regulations for mercury
control.

Control efficiency

Control efficiency (CE) is a measure of emission reduction efficiency and can be used to measure the
performance of various air pollution control devices (APCD). It is a percentage value representing the amount of
emissions that are controlled by a control device, process change, or reformulation. ® Control efficiency is
calculated as:

Uncontrolled Emission Rate — Controlled Emission Ratfe
Control Efficiency = Uncontrolled Emission Rate x 100

For example, in fabric filters, which are used to reduce particulate matter (PM) emissions, if the actual
(measured) concentration of PM in the inlet stream to the fabric filter and the expected concentration of PM in
the outlet stream are known, the CE equation may be used to back calculate the control efficiency. Generally,
fabric filters are designed to reduce overall PM emissions to below an expected concentration when the inlet
concentrations are within a specified range.
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The design specifications for a fabric filter may state that the expected outlet emissions are 0.01 grains (1 gram =
15.43 grains) of PM per dry standard cubic foot of stack gas (0.01 gr/dscf) when the inlet emissions are between
5 gr/dscf and 20 gr/dscf. This means that the outlet emission rate remains relatively “constant” even though the
inlet concentration varies; and, as the inlet emissions decrease, the overall control efficiency is decreased.
Therefore, controlled emissions are calculated using the dust loading in the flue gas and the exhaust flow rate.
Example ¥

This example shows how to estimate PM emissions from a fabric filter when the exit gas flow rate and
dust concentration are known.

Erm=QxC
where:
Q = exit gas flow rate (dscf/min) = 50,000 dscf/min (dry standard cubic foot = 0.028 m)
C = PM concentration (gr/dscf) at exit = 0,01 gr/dscf
Epy =QxC
= 50,000 (dscf/min) x 0.01 (gr/dscf)
=500 (gr/min) = 7865 grams/min

Note that in this example inlet concentration and control efficiency data are not needed.

The manufacturer provides the nominal efficiency of an APCD, but some facilities do not always operate devices
at their maximum level of efficiency. Although APCDs should be designed to accommodate reasonable process
variation and some deterioration, some types of control devices vary in efficiency based on process equipment
operating rates, fuel quality, and age. It is therefore important to know how effectively an APCD works.
Questions that should be asked, or information that should be obtained, include the following: (54)

e How old is the control device? Some devices are affected by age and their control efficiencies
deteriorate over time if not properly maintained. In the case of an electrostatic precipitator, for
example, the collection efficiency declines due to corrosion, warpage, and the accumulation of non-
removable dust on surfaces.

e |s the control device properly maintained? Most devices require routine maintenance and some devices
may require intensive maintenance. For example, the bags (filters) in a fabric filter should be cleaned
when they are blinded by a permanently entrained cake of particulate matter. Bags can also develop rips
if not replaced frequently enough. The fields in an electrostatic precipitator must be maintained to
operate at a specific voltage. If a device is not properly maintained, the control efficiency will be
reduced.

e |s the device operated under conditions necessary for maximum efficiency and are these conditions
monitored? A fabric filter may be designed to operate at a specific pressure drop to attain maximum
efficiency and the pressure should be monitored. A thermal incinerator must operate at a particular
temperature and residence time, and these parameters should also be monitored. Wet scrubbers must
have the scrubbing liquor available at all times in proper amounts. When a device is not operated
properly, the control efficiency will be reduced.

e What is the throughput to the control device relative to its design capacity? If a device is operated above
its design capacity, the control efficiency may be reduced. For example, if too much gas is forced
through a wet scrubber, channelling of gas can result and the control efficiency is reduced.
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Particulate matter control

Four categories of particulate control techniques for industrial boilers can be identified:

e dry scrubbers (cyclones and multicyclones)
e wet scrubbers

e electrostatic precipitators

e fabric filters

Dry scrubbers

Cyclones

Cyclonic separation is a method of removing particulates from an air, gas, or liquid
stream, without the use offilters, through vortex separation. Rotational effects
and gravity are used to separate mixtures of solids and fluids. This method can also
be used to separate fine droplets of liquid from a gaseous stream.

A high-speed rotating (air) flow is established within a cylindrical or conical
container called a cyclone (see Figure 114). Air flows in a helical pattern, beginning
at the top (wide end) of the cyclone and ending at the bottom (narrow) end before
exiting the cyclone in a straight stream through the centre of the cyclone and out
the top. Larger (denser) particles in the rotating stream have too much inertia to
follow the tight curve of the stream; they strike the outside wall, and then fall to
the bottom of the cyclone where they can be removed. In a conical system, as the
rotating flow moves towards the narrow end of the cyclone, the rotational radius of

the stream is reduced, thus separating smaller and smaller particles.

Key advantages of cyclones include:

e |ow investment cost
e low operating cost, and
o reliability.

Key disadvantages of cyclones include:

e |ow collection efficiency particularly with small particles, and
e clogging problems.

Gas

Cleaner
© Air

Inlet

Cyclone
Body

Conical
Section

Figure 114 Cyclone
separator(Wikipedia) "

Small-Diameter Multi-Cyclone Collector

Multicyclones
Multicyclones

Dirty Gas
(71 (7). are dust collectors made up of various
cyclones in parallel. They are designed to handle heavy flows
without the cyclone units assuming prohibitive dimensions.
Multicyclones consist of a certain number (sometimes high) of
small diameter collection units, arranged in parallel according to

widely differing technical and design solutions (Figure 115).

Extra
Thickness at
Wiear Paoints

efficiencies because the efficiency increases as the diameter of

The use of small diameter units allows for high settling

the unit decreases, when all other conditions remain the same.

Fly Ash
Particles

Treated Gas

Oustlet Tube

Dirty Gas
Tube Sheet

Figure 115 Multicyclone (US EPA) 7%
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The limitations in this case are that dust concentrations in the air are too high, which could create problems of

plugging; and higher installations costs as compared with normal cyclones owing to manufacturing difficulties.

This discourages its use as a pre-cleaner but only as single dust collectors. In this case, the field of application is

considerably restricted, and is limited almost exclusively to problems collecting non-abrasive particles present in

not too high concentration, with specific gravity over 300 kg/m3 and not too fine particles (over 10 micron).

Key advantages include:

low pressure drop (approximately 80
millimetres (mm) H,0)

no maintenance costs

very low operating costs, and

average cost of the equipment.

There are also some disadvantages:

A typical application of a conventional multicyclone collector
is shown in Figure 116. In this example, the multicyclone is
located after a small, wood-fired boiler and is used as a pre-
collector for the fabric filter. The waste from a mechanical
dust collector is dry particulate matter. To decrease the
problems associated with handling fine dust, the collected
particulate matter can be wetted in a pug mill into a clay-like
consistency, or pelletized before it is recycled or landfilled. 4 ikl

Plugging of the dust outlet tube and
clogging from particles that accumulate
the blades affect
performance.

on fan can
Abrasion of large particles can lead to
leaks or rough areas on the surface of
the cylinder that can cause local
turbulence, reducing the effectiveness
of the vortex in removing particles.

The efficiency can be decreased by

Small-Diameter Multi-Cyclone Collector
(Small, Wood-Fired Boiler)

Superheaters

Mote: Bailer
wall tubes are
not shown
for simplicity

Air Preheater

-

Source: Reproduced with permission of Schmidt Associates,
72)

Figure 116 Multicyclone application (US EPA)'

hopper recirculation, which occurs when uneven pressure drops across the system, resulting in reversed

flow of the exhaust stream in some areas of the

multicyclone.

Wet scrubbers

Wet scrubbers
control of organics.
technique to:

(72)

(54)

scrub particulates from incinerator exhausts

control  particulate  and
simultaneously

control acid gases

control sticky emissions that would otherwise plug

filter-type collectors

control PM and acid gases, with some
They are applied as a post-process

gaseous

Impachion Vi ¥ W .
FIGURE 1. Mop Panicles Arc Renoved by Direct Impexasd
ipdn & Diroplet .

Intarceplicn wp Vg
FIGUREZ.  (Wher Porticles Coe Close 1o e Proplet acsd Arc
Iwcreepted. ’
Pariizn .
Target Trapiat
Shrwiin Ll vp '.j-, 6 Mo

emissions

DIt Vpd¥n

Figure 117 Schematic of wet scrubber removal of
Particles (US EPA from AWMA 1992) ©¥
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recover soluble dusts and powders, and
control metallic powders such as aluminium dust that tend to explode if handled dry.

How wet scrubbers work
Particles are captured by liquid droplets through three mechanisms © (see Figure 117):

Impaction: of the particle directly into a target droplet

Interception: of the particle by the target droplet as the particle comes near the droplet

Diffusion: of the particle through the gas surrounding the target droplet until the particle is close enough
to be captured

Wet scrubbers remove particles from gas by capturing the particles in liquid droplets (usually water), and

separating the droplets from the gas stream. They are configured to create a closely packed dispersion of fine

droplets to act as targets for particle capture. The goal is to cause the tiny pollutant particle to be lodged inside

the collecting droplet, and then to remove the larger droplet from the gas stream. In general, the smaller the

target droplet is, the smaller the size of particulate that can be captured; and the more densely the droplets are

packed, the greater the probability of capture.

Categories of wet scrubbers
Major categories (not exhaustive or listed in order of efficiency) of wet scrubbers include:

e Venturi scrubbers

e impingement and sieve plates
* spray towers

e  Cyclonic spray

¢ mechanically aided

e condensation growth

e packed beds

e ejector

* mobile bed

e catenary grid

e froth tower

e oriented fibre pad, and
e wetted mist eliminators.
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This section discusses Venturi scrubbers, impingement plate scrubbers, spray towers and cyclonic spray

Clean Gas

Gas Inlet .+ g*. Spray
\ "‘. Headi

hist
Eliminator

Cowncomer

Liquid -
il poe
Moweable |mpig?£g'l&m
Throat
Dampers
Gas Outlet
Figure 120 Adjustable throat Figure 120 Impingement Figure 120 Spray tower
Venturi scrubber (US EPA) 7 plate Scrubber (US EPA) 72 Scrubber (US EPA) "%
scrubbers.

Venturi scrubbers

Particulate matter, which accelerates as it enters the Venturi throat, is driven into the slow moving, large water
droplets that are introduced near the high velocity point at the inlet of the throat. The adjustable dampers are
used to adjust the open cross-sectional area and thereby affect the speed of the particles entrained in the inlet
gas stream. A typical Venturi throat is shown in Figure 120.

Impingement plate scrubbers

These scrubbers usually have one to three horizontal plates, each of which has a large number of small holes.
The gas stream accelerating through the holes atomizes some water droplets in the water layer above the plate.
Particles impact on these water droplets. A typical impingement plate scrubber is shown in Figure 120.

Spray tower scrubbers

This is the simplest type of particulate wet scrubber in commercial service. Sets of spray nozzles located near the
top of the scrubber vessel generate water droplets that impact with particles in the gas stream as the gas stream
moves upwards. A typical spray tower scrubber is shown in Figure 121.

Cyclonic spray scrubbers (66)

Cyclonic spray scrubbers use features of both the dry cyclone and the spray

chamber to remove pollutants from gas streams. Generally, the inlet gas enters C&E%E?s
the chamber tangentially, swirls through the chamber in a corkscrew motion, = o

L= A7
and exits. At the same time, liquid is sprayed inside the chamber. As the gas = =i

swirls around the chamber, pollutants are removed when they impact on liquid
droplets, are thrown to the walls, and washed back down and out.

Cyclonic scrubbers are generally low- to medium-energy devices, with pressure  oarr B
drops of 4 cm to 25 cm (1.5 in. to 10 in.) of water. Commercially available
designs include the irrigated cyclone scrubber and the cyclonic spray scrubber

hod
Shery Suinl

(see Figure 121). -
Figure 121 Cyclonic

scrubber (Courtesy of ASPA
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In the irrigated cyclone the inlet gas enters near the top of the scrubber into the water sprays. The gas is forced
to swirl downward, then change directions, and return upward in a tighter spiral. The liquid droplets produced
capture the pollutants, are eventually thrown to the side walls, and carried out of the collector. The "cleaned"
gas leaves through the top of the chamber.

The cyclonic spray scrubber forces the inlet gas up through the chamber from a bottom tangential entry. Liquid
sprayed from nozzles on a centre post (manifold) is directed toward the chamber walls and through the swirling
gas. As in the irrigated cyclone, liquid captures the pollutant, is forced to the walls, and washes out. The
"cleaned" gas continues upward, exiting through the straightening vanes at the top of the chamber).

Cyclonic spray scrubbers are more efficient than spray towers, but not as efficient as Venturi scrubbers, in
removing particulates from the inlet gas stream. Particulates larger than 5 micrometres are generally collected
by impaction with 90% efficiency.

Collection efficiency of wet scrubbers
All of the particulate wet scrubbers in commercial use depend on inertial impaction. However, the velocities of
the particle-laden gas stream and the liquid targets vary substantially. Accordingly, there are substantial
differences in the ability of particulate wet scrubbers to collect particles of less than approximately 5
micrometres. This is illustrated in Figure 122. If a significant portion of the particulate matter mass is composed
of particles of less than 5 micrometres, care is needed to select the type

. - . Efficiency of Several Types of Particulate
of scrubber that is effective in this size range.  WetScrubbers. o

It should be noted that some types of wet scrubbers have limited
capability to remove particles in less than 0.3-micrometres. Methods of
particle collection for this very small size range take advantage of these
particles' tendencies to diffuse slowly due to their interactions with gas
molecules (Brownian diffusion). In other words, these particles are so

Collectinn officiency, %

small that their movement is influenced by collisions with individual

molecules in the gas stream. e

Particle diameter, pm

Advantages and disadvantages of wet scrubbers (72)

. . . . Figure 122 Wet scrubber particle
Many types of particulate wet scrubbers can provide high efficiency

. . . ; ... collection efficiency (72)
control of particulate matter. One of their main advantages is the ability

to simultaneously collect particulate matter and gaseous pollutants. Also, wet scrubbers can often be used on
sources that have potentially explosive gases or particulate matter. They are compact and can often be
retrofitted into existing plants with very limited space.

One of their main disadvantages is that they require make-up water to

o

replace the water vaporized into the gas stream and lost to purge liquid "

. FEED .
ﬁ

" 0

and sludge removed from the scrubber system. Wet scrubbers generatea /@@ > Fﬁ ~ - ®

waste slurry that can present a wastewater treatment problem. The S @ : T
. . . . ) J T e lole
chemical and physical routine of the particulate matter being collected . lo _° FILTRATE° J

-] o

determines the ultimate disposal method of the slurry. If a scrubber is

used to remove organic vapours, it is important that the vapours are Figure 123 Mechanism Filtration

Wikipedia) “?
released during the wastewater treatment process. Glean ®
Gas Exits J " '
Other issues of concern include the following: tjj j N o l‘ 'I I
T Bags
of
Dirty Gas ﬁuarm?wml
\l{‘ k' =S Epters
7 Hopper
127 H“‘Discharga

Figure 124 Fabric filter components (US-EPA) 04
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e Droplet entrainment in the flue gas can increase the opacity of the plume.

e Wet systems cause more corrosion problems than dry systems.
e Solids can build up at the wet-dry interface.

Fabric filters

Fabric filters, also referred to as baghouses, are used to control emissions of particulate matter and are capable

of achieving the highest particulate removal efficiencies of all
particulate control devices. Unlike other control devices, their
efficiency does not decline when smaller particles are involved.
However, fabric filters are generally designed to reduce overall PM
emissions to below an expected concentration when the inlet
concentrations are within a specified range. The expected outlet
concentration remains relatively “constant” even though the inlet

concentration varies within the specified range. 4

Fabric filters are used to de-dust gaseous streams. In particular, in the

power and heat sectors, they capture the particulate matter (ash and Fig

incombustibles) from the combustion flue gas before its exit to the stack,
thus avoiding pollution to the environment.

Fabric filters are one of the oldest means of controlling aerosol particles.
Since 1950 they have been used widely as air cleaning devices in asphalt
plants, cement manufacturing, carbon black plants, glass furnaces and a
variety of ferrous and nonferrous foundry operations. "® Electrostatic
precipitators were by far the preferred control devices for particulates in
the electric power industry. More and more stringent emissions
regulations and limits, however, have increased the demand for fabric
filter devices, which can guarantee more efficient capture of particulate
matter.

How fabric filters work

A fabric filter system consists of several filtering elements (“bags”), a bag
cleaning system, and dust hoppers contained in a main shell structure.
Fabric filters remove dust from a gas stream by passing the stream through
a porous fabric. The fabric does some of the filtering, but plays a more
important role by acting as a support medium for the layer of dust that
quickly accumulates on it. The dust layer (“cake”) is responsible for the
highly efficient filtering of small particles, but also increases the
resistance to gas flow. The filter is normally installed before the induced
draught fan, after the air heater, to maintain the gas duct at negative
pressure.

Bags are made of special treated fabric, which lets the flue gas pass
through but traps the particulates. The formation of a “cake” that sticks
to the fabric amplifies its filtering performance (also referred to as

“sieving”). "%

128

&
B b

Normal e T
Lparatlon Cleaning

Figure 126 Fabric filter types (EPA
From Babcock & Wilcox 1992) 54)
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The main particle collection mechanisms of fabric filters are as follows:

Outhet

Pulse .Jet Fabric Filter

Top Aocess
Hatches

Rpm rlgssed
Ir Uelivery
Tube

Tube Shest

Bags

Gas Inlat

Serew
Conweyer
hdotor

Figure 128 Pulse jet fabric filter

(72)

of particulate. Commonly used fabrics have very different abilities with respect to operating temperatures and
chemical content of the gas stream. Some types of industrial fabrics used in fabric filters are shown in Figure

Bag filters can be made of woven or nonwoven materials (e.g.,
polyester,
material and type of weave) is important because the fabric must be
matched properly with both the gas stream characteristics and the type

Inertial impaction: occurs as the flue gas stream flows through

the fabric.

accelerates and changes direction to pass around the fibre.
Inertia maintains the forward motion of the particles, and they

(54)

As the gas stream approaches the fabric fibres, it

impact onto the surface of the fabric filter.

Collection by diffusion: occurs as a result of both fluid motion and
the Brownian (random) motion of particles. Diffusional effects
are most significant for particles less than 1 micron in diameter.

Interception or sieving: occurs when a particle comes within one

particle radius of an obstacle.

polypropylene, etc.

130. A bag life of three to five years is common.

Different types of fabric filters are available on the market according to fabric type and technology used to clean
the bags. Some common fabric filter configurations are shown in Figure 126 Figure 127, Figure 127 and Figure

128:

Removal of the dust from the fabric is a crucial factor in the performance of a fabric filter. If the dust cake is not

Reverse air baghouses: operate by directing the dirty flue gas inside the bags so that dust is collected on
the bags’ inside surfaces. The bags are periodically cleaned by reversing the flow of air. This causes the
dust cake to fall from the bags to a hopper below. In some configurations, the bags are shaken during

the reversed air flow.

Shaker baghouses: are similar to reverse air units in that cleaning occurs on the inside surface of the

bags.
accumulated dust cake.

Pulse jet baghouses: a high-pressure air jet (6-7 bar) is periodically injected into the internal part of the
bag. The bag blows and the particulate deposited on the fabric wall falls down to the ash hopper. The

). Fabric selection (considering both

bags represent more than 20% of the cost of the device (Figure 128

adequately removed, the pressure drop

across the system increases to an excessive

level.

If too much cake is removed,

excessive dust leakage occurs while the

new cake develops.

Frequent inspection and maintenance of

the bags and other components ensure

control of emissions from fabric filters.

Holes in bags cause jets of dirty gas that

Unlike reverse air units, a mechanical motion is used to shake the bags and dislodge the

P84 {polyimide)®

Ryton (polypropylene
sulfide”

Expanded PTFE®

2 Caoppet CD a{aﬂ'ﬂ'l’“ Allasr 10
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rapidly destroy surrounding bags by abrasion. Dust sensors at the compartment outlet may sense this problem

during operation or during bag cleaning. Dust falls on top of the tube sheet when a bag leaks during operation.

In a pulse jet collector, this may be noticed as a sudden increase on an opacity meter beyond the fabric filter

outlet when the cleaning air pulse suspends dust already on the tube sheet floor. The compartment with filter

damage can be determined in this case. If bags are leaking, prompt inspection of the bags and replacement of

the damaged filters are required. A delay causes excess emissions and additional bags to fail.

Advantages and disadvantages of fabric filters
Advantages of fabric filters include:

e |ow investment costs

e modularity

e small dimensions

e high efficiency with any type of particulate, and

o efficiency independent from sulphur content in flue gases.

ELECTROSTATIC PRECIPITATION
Disadvantages of fabric filters include: -va [CRGSS SECTION

Electrodes cause
particles to become

e high maintenance costs Flus gas negatively chargsd
. . . +ve
e problems with moisture in flue gas e =

. . . +va P O
e deterioration at high temperatures | I e
& P ’ : NN P, @ Q0 @ P

and Particles = e e e

fall into Cleaned —_——t___ % & &

e high-pressure losses, which require  hoppers flue gas +¥& | Negatively charged particles
altracted to positively

charged pletes
SOURCE: Powerspan Corp.

more induced draught fan power.

Electrostatic precipitators Figure 131 ESP-Working principle (BBC News) (194)

An electrostatic precipitator (ESP), or electrostatic air cleaner, is a particulate collection device that removes

particles from a flowing gas (such as air) using the force of an induced electrostatic charge. ESPs are highly

efficient filtration devices that minimally impede the flow of gases through the device, and can easily remove

fine particulate matter such as dust and smoke from the air stream. 8 In contrast to wet scrubbers, which apply
energy directly to the flowing fluid medium, an ESP applies energy only to the particulate matter being collected;
therefore, it is very efficient in its consumption of

energy (in the form of electricity). Clean gas exits
l:‘iug.ali:-.rda_ia!é;!:tj'-udié |
P Ty
How ESPs work CE_I.ggﬂ_?'. _ ::nm:r-;nta_. 4 el

The working principle of an ESP is shown in Figure 131.
The electric field uses high voltage (10,000 V to 20,000
V). In this condition, couples of ion-electrons are

Conmventional Electrostatic Precipitator
formed within the flue gas. lons are attracted by the Transtommer-

negative electrode; at the same time, electrons are |g Bat=
attracted by the positive electrode (captation :

electrode), but are also captured by electro-negative L — Collection

Plates
molecules such as SO, and oxygen. These negative ions

9| Flue Gas In

e
s

cl
tend to be adsorbed by particulate matter. This is called (US .%%E

the “corona effect”. Particulate matter, which normally has -
a neutral charge and is not influenced by electric fields,
assumes a negative electric charge and is attracted by the
! ™~— [Dizcharge
13( Electrodes
Hoppers

Figure 133 ESP (US EPA) 7
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positive electrode (captation) where it loses its charge and falls down along the electrode’s walls (see Figure 132
and Figure 133).

Precipitator performance is very sensitive due to two particulate properties:

(64)

Resistivity: If particle resistivity is too high, the particles do not lose their charge and hide the electric
field effect. If resistivity is too low, the particles can rapidly lose their charge and pass through the
electric fields with no capture, and go to the stack.

Particle size distribution: The particle size affects the amount of electric charge and influences the
filtering performance.

ESPs are excellent control devices for many industrial particulate emissions, including smoke from electricity-

generating utilities (coal and oil fired.) These devices treat gas volumes from several hundred thousand cubic

feet to 2.5 million cubic feet (70,000 m3/s) in the largest coal-fired boiler applications.

For a coal-fired boiler, collection is usually performed downstream of the air preheater at about 160 °C (320 °F),

which provides optimal resistivity of the coal-ash particles. For some difficult applications with low-sulphur fuel,
hot-end units have been built, which operate above 371 °C (700 °F). (79)

There are three common configurations for ESPs:

Advantages and disadvantages of ESPs
Key advantages include the following

(54)

Plate-wire precipitators: The most common configuration, plate-wire ESPs feature a chamber consisting
of a series of discharge wire electrodes that are equally spaced along the centre line between adjacent
collection plates. Dirty gas flows into this chamber, and charged particles are collected on the plates as
dust. Plate-wire ESPs can handle large volumes of gas and are used in coal-fired boilers, cement kilns,
solid waste incinerators, paper mill recovery boilers, petroleum refining catalytic cracking units, sinter
plants, basic oxygen furnaces, open hearth furnaces, electric arc furnaces, coke oven batteries, and glass
furnaces.

Rigid discharge electrode (RDE) units: Currently the most popular configuration, RDE units have
electrodes suspended from high-voltage frames located in the area above the gas passages. The
discharge electrodes are centred in the gas passages. In a common form of this design, sharp-pointed
needles attached to a rigid structure are used as high-voltage electrodes instead of the electrodes
hanging between plates of a plate-wire ESP. RDE units are typically used in the pulp and paper, ferrous
and non-ferrous metals, petrochemical, cement, and waste-to-energy industries, as well as in electric
power generating plants.

Wet precipitators: These plate-wire, flat-plate, or tubular ESPs operate with water flow applied
intermittently or continuously to wash the collected particles into a sump for disposal. The advantage of
this configuration it is that it eliminates problems with re-entrainment. Disadvantages include increased
complexity of the wash system, and increased difficulty
and cost of disposing of the collected slurry.

PartcheS|ZEEfﬁmencytumefurlgsps

(76).

good efficiency for different particulate sizes including
small concentrations

work with flue gases with high moisture content

work within a large temperature range
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Figure 134 ESP particle collection efficiency”
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Key disadvantages include the following:

e high investment costs

o efficiency depends on ash resistivity

e voluminous dimensions

e sensitivity to sulphur content (sulphur lowers resistivity)

Collection efficiency of ESPs

The typical particle size-collection efficiency curve for a properly sized and operated ESP is shown in Figure 134.
The efficiency is usually at a minimum in the range of 0.1 micrometres to 0.5 micrometres. The shape of the
efficiency curve is the combined effect of two particle electrical charging mechanisms, neither of which is highly
effective in this particle size range. Although this decrease in efficiency occurs in the same particle size range as
for particulate wet scrubbers, the cause of the decrease is entirely different.

The main issues affecting the control efficiency of an ESP are its design and proper maintenance.® The design
of an ESP for a particular application is based on characteristics of the particulate matter that affect its ability to
be collected and the gas volume flow rate. The ability of the particulate matter to be collected is affected by the
particle migration velocity. The particle migration velocity is the rate at which the particle moves along the
electric field lines toward the walls, where they are collected. Particle migration velocity is based on the
estimated particle charge, mass of particles in the gas stream, and particle diameter and shape (size). These
estimations are not always exactly correct because the particulate actually consists of particles of a wide range
of sizes. Collection efficiency decreases as the particle diameter becomes smaller, down to about 0.5 microns
(when Brownian motion effects cause movement toward the collection surfaces). Therefore, the collection
efficiency of PMy and PM, s is much lower than for total PM.

The particle migration velocity is used to determine the specific collecting area (SCA) required to achieve the
desired collection efficiency. The SCA is the ratio of the collecting surface area to the gas volume flow rate and
is usually expressed in units of square feet of collection area per thousand actual cubic feet per minute of gas
flow (ft*/kacfm).

The design total collecting area (size of the ESP) is determined by multiplying the SCA by the gas volume flow
rate. ESPs are usually designed with more theoretical total collecting area than is required to achieve a
guaranteed control efficiency. This minimizes the possibility of not meeting the guarantee because of changes in
PM or flue gas characteristics. Thus, if flue gas parameters and particulate matter characteristics are not
considered when designing the ESP, the control efficiency will not be at the desired level.

The electrical fields must be properly maintained for the ESP to achieve the desired control efficiency. Each
electrical field in an ESP is composed of bus sections. If electrical power is lost to a bus due to grounding or
other reasons, the bus will be out of service. Bus sections out of service directly in line between fields will
reduce the control efficiency because some of the particles miss multiple active fields. To account for this, the
number of bus sections per field in industrial ESPs has increased over the last couple of decades.

Simply operating the ESP reduces the control efficiency over time. Non-removable dust build-up on discharge
and collecting surfaces inhibits current flow and particle charge, resulting in fewer particles collected. Warping
of components shortens the distance from discharge to ground, and corrosion creates sharp edges that cause
arcing. Both of these conditions reduce the discharge voltage and charge build-up on the particles, reducing the
collection ability of the particles.
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Small and mini ESPs

Small and mini ESPs have been developed for special applications.”” Small ESPs (Error! Reference source not
found.) have been developed for boiler capacities from 1.0 MW to 2.5 MW. They can work on a flue gas flow
range from 4,800 m3/h to 10,000 m3/h (= 2,825 cu. ft./min to 5,886 cu. ft./min), with gas temperatures of up to
420 °C (788 °F).

Mini ESPs (Error! Reference source not found.) have been developed for small boiler plants with capacities of up
to 1 MW with biomass gasification. They can work with gas volumes of between 900 m3/h and 4,800 m3/h (= 530
cu. ft./min and 2,825 cu. ft./min), and with gas temperatures of up to 300 °C (572 °F).

Wet ESPs

A wet electrostatic precipitator (WESP or wet ESP ) operates Flarvd

Purga Alr Insulabor

with saturated air streams (100% relative humidity). WESPs
(Error! Reference source not found.) are commonly used to
remove liquid droplets such as sulphuric acid mist from industrial
process gas streams, and when the gases have a high moisture
content or contain combustible particulate or particles that are
sticky in nature. Another positive effect is the additional bonding
of toxic elements like hydrochloric acid (HCI), sulphur dioxide
(50,), NaCl (sodium chloride) and hydrofluoric acid (HF).W)

Wet ESPs can perform as follows:

e Volume flow rates: 1,000 m3/h to 500,000 m3/h (= 588.6
cu ft/min to 294,300 cu ft/min)
 Temperatures: up to 75 °C (= 167 °F) Figure 135 Wet ESP (Courtesy of B&W ) ***
For higher temperatures, an additional cooling zone can be
provided.

Clean Gas

The preferred and most modern type of WESP is a downflow

tubular design. This design allows the collected moisture and wetwoe /|
particulate to form a slurry that helps to keep the collection Elect#ijgg’recipl'tator

(69)

surfaces clean.

In a wet ESP,”” the process gas vertically enters the ESP from Flu&@as ~>
below and is spread in a uniform flow profile across the entire

filter cross-section by means of a gas distribution system. The

AAA /

Coacling

particles/aerosols/water droplets are electrically charged by the Towar

application of high voltage (78V to 135kV) between the spray

electrodes and the honeycomb collecting electrodes. On their
Ahddi ! ‘

way through the electric field, the charged particles are

YV
transported by electric field strength to the honeycomb |

collecting electrodes, where they agglomerate with the existing

dust particles and are subsequently flushed off by a periodically

working purging system. The dust-water-mixture automatically

flows into the filter sump located below the gas intake. The First Absorber  Second Abrosber

purified gas leaves the filter through the gas outlet hood located Figure 136 DeSO, coupled with wet ESP

at the filter head. The gas is distributed from bottom to top (Courtesy of Toyo Engineering-Japan) (78)
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through the honeycomb collecting electrodes (honeycomb clusters). The honeycomb shape results in a very
large collection surface on a small base area.

Wet ESPs can be used for high sulphur fuels. When these fuels are combusted, high-concentration SO, gas
develops proportionally along with sulphuric acid mist, which causes bluish smoke. The sulphuric acid mist
cannot be removed with an ordinary desulphurization process. By treating the desulphurized flue gas with wet
ESPs, 90% to 99% of the sulphuric acid mist can be collected and removed efficiently Figure 136).7® . Plate style
and upflow design wet ESPs are very unreliable and should not be used in applications where particulate is sticky

in nature. ™

Example ©¥

Consider a coal-fired boiler that operates as follows:

Throughput: 1,764 MMBtu/hr (about 500 MW)

Operating hours: 8,500 hr/y

Permitted emissions: 0.03 Ib particulate/MMBtu (13.6 gr/10> MJ; MJ = megajoules)
Control device: Electrostatic precipitator

Assumed control efficiency: 99%

If this process and its associated control equipment operated exactly as designed for the entire 8,500
hr/y, the expected emissions would be:

Expected annual particulate emissions = 1,764 MMBtu/hr x 8,500 hr/y x 0.03 Ib
Particulate/MMBtu = ~450,000 lb/y =~225 tons/y

However, low voltage or other malfunctions might cause the ESP to occasionally operate at 95%
efficiency rather than 99% efficiency. During such events, the emission rate would be 0.12 |b
particulate/MMBtu (four times the “normal” emission rate of 0.03 Ib particulate/MMBtu). If these
anomalous conditions occurred during 5% of the total operating hours (i.e., 425 of the 8,500 hr per year)
for the plant, annual particulate emissions would be:

Actual annual particulate emissions

= 1,764 MMBtu/hr x (8,500 hr/y x

95%) x

Clean Flow
“'

0.03 Ib/MMBtu +1,764
MMBTU/hr x (8,500 hr/y x 5%) x

0.12 Ib/MMBtu = 517,293 = 258
tpy

Thus, in this example, a 4% reduction in ESP
efficiency for 5% of the operating time
would increase actual annual particulate
emissions by 33 tpy (20%) over the
permitted amount.

Recirculation Lines

Core separators
Figure 137 LSR Technologies’ Core System Separator
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Core separators are mechanical dust-collecting devices that remove micron- and submicron-sized particles from
gas streams. Historically, mechanical collectors have been ineffective in removing particles with diameters of
less than 10 microns. A core separator system includes two conventional components: a cyclone collector for
extracting solids and a fan for flow recirculation. A complete system is actually a multitude of cylindrical units,
each with a single inlet for the stream to be treated and two outlets. One outlet is for the clean gas stream and
the other contains a highly concentrated recirculation stream. The dust-laden recirculation stream is fed to a
cyclone and returned again by means of the fan. The core separator component cleans the inlet stream and
detains dust particles in the system. Because its efficiency is very high, most particles do not leave the system.
They recirculate until collected by the cyclone.

Two factors govern the performance of core separators: high separation efficiency of the separator component,
and the interaction between individual components. To achieve high separation efficiency, a proper bleed-flow
ratio (i.e., ratio of the recirculation flow to the total flow) is required. By controlling bleed flow, the tangential
and radial velocities are controlled independently to maintain them in the desirable range. A schematic of a core
separator is shown in Figure 137. (79)

Comparing PM control devices

The performance of dust collectors is sensitive to many factors such as fuel characteristics, amount of dust in
the flue gas, dust size distribution, flue gas temperature, flue gas moisture content, quality of maintenance
service, etc. Keeping this in mind, Table 20 shows a broad classification of the performance of various
technologies that are currently available. This can be used as a first step in selecting the best PM abatement
devices for a given boiler.

Table 20 Comparison of PM control devices

Type of PM control device | PM removal efficiency
(%)

High efficiency cyclone 30-40

Multicyclone 40-50

Venturi scrubber 90-95

ESP 95-99

Fabric filter 95-99

Table 21 shows the performance of boilers using different types of dust abatement devices in different working

Table 21 Performance of various PM abatement devices (EPA BACT DATA, 2008)

Boiler Size Permit Particulate Matter L‘Es%t)ﬂ
Builer Type Control Method State Date oMM
MMBTU/hr MW BTU mgm® | kg/GJ] | Grain/SCF
. Mechanieal Dust

1300 3810 Boiler Collector, ESP ME 1172001 0.03 34.14 0.01 0.01 93

631 184.9 Boiler, Bark ESP KY 0272002 0.1 103.10 0.04 0.05

Multicyclone and
. vatiable throat
600 175.8 Boiler- Wood-fired venturi type wel NC 10/2001 0.250 25775 0.11 0.11
scrubber

550 161.2 Boiler Cyclone, ESP MN 1172001 0.03 30.93 0.01 0.01 99
315 92.3 Boiler #1 ESP Cyclone ME 04/1999 0.036 37.31 0.02 0.02 93

310 90.8 Hog Fuel Boiler ESP WA 10/2002 0.15 154.65 0.06 0.07
265.1 777 Boiler, Multi-Fuel B3P and wet GA 171958 | 010 | 10310 | 004 0.05 99
230 67.4 Boiler, wood-fired ESP MN 06/2005 0.025 25.78 0.01 0.01 98
230 67.4 Boiler, wood-fired ESP MN 06/2005 0025 25.78 0.01 0.01 98

} Good Combuston
120 352 Boilers, steam Practices and CEM VA 0212002 0.150 154.65 0.06 0.07 98
Heat Energy Systems Setting Chambers
[ 2hE for Pellet Processing and Cyclones R e e e e e 2L
Wood Thermal .
43 126 Oridizers for Wood | Souing Chambers VA 12//2005 | 009 | 9351 004 0.04 9
and Cyclones
Pellel Process
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conditions for wood-burning systems. The boiler size is given in MMBtu per hour and in MW. PM emissions are
shown in several units of measurement: pounds per million Btu, milligrams per kilogram, kilograms per gigajoule
(1 GJ =10%joules), grains per standard cubic feet (1 grain = 64.798 milligrams). For comparison purposes, the best
unit of measure is the energy unit produced by the boiler: kg/GJ or MMBtu/Ib. According to the Table, ESPs
alone, or together with cyclones, have the best PM reduction rates.

NOx control technologies

Nitrogen oxides are formed during combustion of fuel in the presence of air. At elevated temperatures, nitrogen
from the air and the fuel reacts with oxygen to form nitrogen oxides. Approximately 90% to 95% of the nitrogen
oxides generated in combustion processes are in the form of nitric oxide (NO). Once in the atmosphere, the NO

Formula | Name Nitrogen | Propertics l
Valence
N,0 nitrous oxide 1 colorless gas
water soluble
NO nitric oxide 2 colorless gas
MN.O, dinitrogen dioxide slightly water soluble
N0, dinitrogen trioxide | 3 black solid
water soluble, decomposes in water
NGO, nitrogen dioxide 4 red-brown gas
N,O, dinitrogen tetroxide very water soluble, decomposes in water .1
N,O, ! dinitrogen pentoxide | 3 white solid

very watet soluble, decomposes in water ;
undergoes a variety of photochemical and thermal reactions to form NO,. Accordingly, the total mass emissions
of nitrogen oxides from the unit are usually expressed in the

form of NO.. Buperheater

Mote: Boiler
wall tubes are

The different types of NO, that can be formed are shown in o shoun
or simplicity
Table 22.®

Table 22 Types of NO,

Economizers

The complex sets of reactions responsible for nitrogen oxide
generation are very sensitive to high oxygen concentrations and
high gas temperatures in the combustion zone. Nitrogen oxide
emissions are highest during high boiler or incinerator loads
because the highest gas temperatures occur under these
conditions. " The formation of NO, is shown in Figure 138. (72)

Air
Freheater

To Dy
Scrubber
and Induced
. Dratt Fan

(Foreed
Draft Fan)

NO, Formation uhd_er Normal Conditions
NO, controls can be classified into: and Low Excess Air

(a) Hormal Comibustion

» EPA)

e combustion controls, and
e post-combustion controls. pee

\\'F'i.fewall
combustion process by regulating flame characteristics such as {b) Low Excess Air

. L. . (15-30% reduction in NO,) |
temperature and fuel-air mixing. Post-combustion controls ' :

136 Fuel and Air

g “Nitric axide molacule (ND)

Combustion controls reduce NO, emissions during the

™ Fire wall N Nitric ide molecule (NOY

Ficure 139 NO. Formation (US EPA) (72)
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operate downstream of the combustion process and remove NO, emissions from the flue gas. Each method
results in a different degree of NO, control. For example, when firing natural gas, low excess air firing typically

reduces NO, by 10%, flue gas recirculation by 75%, and selective catalytic reduction by 90%. (50

Combustion controls
Combustion control techniques are frequently used on industrial boilers requiring NO, controls because they are
simpler and less expensive than post-combustion controls. Several options are available.

Low excess air firing

Excess air is a very important parameter for controlling the combustion performance of a boiler. Normally, fuels
are fired with excess air to ensure complete combustion and avoid formation of carbon oxide, a potentially
dangerous compound that can lead to boiler explosion. As already mentioned, high excess air levels may result
in increased NO, formation because the excess nitrogen and oxygen in the combustion air entering the flame
will react to form thermal NO,. To reduce excess air, the oxygen content at the burner is controlled and
trimmed. Low excess air levels not only result in low NO, generation, but also have a positive effect on boiler
efficiency (Figure 139).

Water/steam injection

Injection of water or steam into the burner can reduce NOy S SRS CRBis T e

levels by more than 50% by lowering the flame temperature iLove HO. Butner);

and thus the chemical reactions that generate NO,. Higher ~'Temar'mrf.—ﬂvi_f—

T T

reduction rates of up to 80% can be achieved for natural gas. :::'0::::‘;" I
The addition of water/steam results in boiler efficiency loss = B . o
because the latent heat of vaporization of water (the heat that Sl Bl okl )
is needed to evaporate the injected water) is lost. Losses can Figure 140 Low NO, Burner (US EPA) v

reach up to 10%, depending on the amount of injected water.

Staged combustion
Staged combustion ® involves changing the air and fuel flow patterns to reduce the peak flame temperature
and oxygen concentrations. Enlarging the flame results in
lower flame temperatures and lower thermal NO, formation, Off-Stoichiometric Combustion {Overfire Air)
which, in turn, result in lower overall NO, emissions. The
. . . Cherfire Ar - —— -
technology can be applied to most boiler types and sizes. %’ -
Staged combustion can be achieved by modifying the burner ' 2
design. These new types of burners are called low NOy secondary ,;,,-r ;
burners (LNB) (see Figure 140). Burner modifications can
affect the overall performance of the burner itself and boiler
operation. . = i —
Fuel and Air i
Secondany Air —= e B ——F
Overﬁred air (OFA) _Stoichiometric Combustion {Overfire Air)
Over fired air is another system that introduces combustion B _ﬁ
Figure 141 P¢

air separately, over the floor of the burners, from special .
holes. abatement d secoary ar S

Owerfire Ar ——

Flue gas recirculation (FGR)
Fuel and Air
Flue gas recirculation involves the return of combustion gases to the s ar =

@

Figure 142 Over fire combustion

Fire wall Mitric: oxide molecule (HNO)

burner area of the boiler. The slightly cooled combustion gas from the
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boiler exit is mixed back with the burner flame to reduce the peak flame temperatures, thereby suppressing NO,
formation. This approach requires a separate recirculation fan and duct system. There are two types of FGR:

e External flue gas recirculation: uses an external fan to recirculate the flue gases back into the flame. An
external duct routes the exhaust gases back from the stack to the burner. A valve controls the
recirculation rate, based on boiler input.

e Induced flue gas recirculation: uses the combustion air fan to recirculate the flue gases back into the
flame. A portion of the flue gases are routed by duct work or internally to the combustion air fan, where
they are pre-mixed with the combustion air and introduced into the flame through the burner. New
designs of induced FGR that use an integral FGR design are becoming popular because of their
uncomplicated design and reliability.

Theoretically, there is no limit to the amount of NO, reduction with FGR; practically, there is a physical, feasible
limit. The limit of NO, reduction varies for different fuels: it is about 80% for natural gas and 20% to 25% for

standard fuel oils. Fuel Reburning

Heder
Fuel reburning Overfirs i
Fuel reburning (see Figure 143) involves the operation of a

- Burnout Zone
(Combustion is
completad herej;

boiler’s main burners at very low excess air (fuel-rich
conditions). Between 10% and 20% of the total fuel is
injected into the boiler through a series of ports. This

‘Reburn Fuei = E Reburn Zone

Burnout Zone
creates fuel-rich conditions across the entire combustion =t
chamber. The partially oxidized compounds formed in the
burner and reburn fuel injection area, which is located in
the middle region of the boiler, are then oxidized

completely in the upper region of the boiler. A series of s
.. Main Fuel. .

over fire air ports are used in this upper region to provide (B5-90% of total),
all of the air needed for complete combustion. LN FIUyAlL
Water/steam injection is often used in conjunction with Figure 143 Fuel Reburning (US EPA) 7

other NO, control methods such as burner modifications or
flue gas recirculation.

Post-combustion controls

Boiler Burnout Zone

Economizer

Baghouse

Overfire Air —p Air Preheater

Natural Gas —m
Recirculated
Flue Gas
Windbox Reburn
Zone

Y

Coal—»
Air —p

e

Low-NO,
Burners

Primary
Combustion To Disposal

Zone comase

L=, 5 Bum
i e J=Boruing z0ue

Figure 144 Combustion NOx control technologies (NETL DOE) & Mﬂ‘

Il
Main fuel and air\ /
138 |

Figure 145 Selective Non -

Catalytic Reduction (US EPA)
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The current trend for low NO, technologies is to design the boiler and low NO, equipment as a package. This
allows the NO, control technology to be specifically tailored to the boiler's furnace design features, such as
shape, volume, and heat release, thus addressing and minimizing the adverse effects on boiler operating
parameters (e.g., turndown, capacity, efficiency, and CO Ievels).‘so) Combustion NO, control technologies for a
large boiler are shown in Figure 144. ®

Post-combustion technologies address NOx emissions after formation, and tend to be more expensive than
combustion control techniques. They are generally are not used on boilers with inputs of less than 30 MW (100
MMBtu/hr). Post-combustion control methods include selective non-catalytic reduction and selective catalytic
reduction.

Selective non-catalytic reduction (SNCR)

Selective non-catalytic reduction involves the injection of a NO,-reducing agent, such as ammonia or urea, into
the boiler exhaust gases at a temperature of approximately 1400 °F to 1600 °F. The ammonia or urea breaks
down the NO, in the exhaust gases into water and atmospheric nitrogen. SNCR reduces NO, by up to 70%. A
simplified diagram of the technology is shown in Figure 145, and a more comprehensive diagram for a large
boiler is shown in Figure 146.

Example SHCR System for HO, Control in a Boiler

Superheaters

Mote: Boiler
wall tubes are
not =hown
for simplicity

Urea ar HH,
Added

||L‘-‘
Location of
WO, reduction

Crwerfire Air
—>

Air
Freheater

To Dy

Air In-T ake Serubber
(Farced and Induced
Lrraft Fan) . Draft Fan

—_—
Figure 146 SNCR System (US EPA) "

NH; Catalyst
. . . H—+ NH; \\\‘ ®—H0
Selective catalytic reduction (SCR) o NO. £ 8 o, % K,
Selective catalytic reduction (see Figure 147) involves the 55'5'3. é*-* NH; %\\\ —HO Cé’:%"’
injection of ammonia into the boiler exhaust gases in the o e NOx % =
X Nk R @ Hio

139

Figure 147-Selective Catalytic Reaction (SCR) =US EPA

from B&W (163)
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presence of a catalyst. The catalyst allows the ammonia to reduce NO, levels at lower exhaust temperatures
than SCNR. Unlike SCNR, where the exhaust gases must be approximately 750 °C to 900 °C (1400 °F to 1600 °F),
SCR can be used when exhaust gases are between 250 °C and 650 °C (500 °F- and 1200°F), depending on the
catalyst used. SCR can result in NO, reductions of up to 90%. However, it is costly to use and can rarely be
justified on boilers with inputs of less than 30 MW —(100 MMBtu/hr).

SOx control technologies

The combustion of fuels containing sulphur (primarily oils and coals) results in pollutants occurring in
the form of SO, (sulphur dioxide) and SO; (sulphur trioxide), together referred to as SO, (sulphur
oxides) "?. Sulphuric acid is also produced.

The chemical reactions involved are:

Superheaters

Mote: Baoiler

SOZ +% OZ = 503 wall tubes are

not =hown
for simplicity

503 + Hzo = H2504

Conwersion of
S0.to Hx50,

The level of SO, emitted depends directly on

the sulphur content of the fuel, and not on
. . . . Economizers
boiler size or burner design. Typically, about
95% of the sulphur in the fuel is emitted as

SO,, 1% to 5% as SO; and 1% to 3% as

sulphate particulate. Sulphate particulate is el
not considered part of the total SO, To by
emissions. A diagram of SO,, SO; and H,SO, e

S50z =and _SD;
(sulphuric acid) formation is shown in Figure [plriEluEiE

148.

Crraft Fan) . Draft Fan

i

Muclestion of H =0, as particles

Sulfur-caontaining Fuel and Air
Sulphur dioxide flue gas treatment
techniques

Sulphur can be present in residual oils, depending on raw oil origin and composition, and in coal, depending on

Figure 148 Location of sulphur dioxides in a boiler (US EPA) "2

its place of origin. Many types of gas desulphurization systems currently exist, while new technologies are also
being tested. Most of these systems are implemented in large power boilers and are not suitable for small

boilers because of prohibitive costs ©°.

Two approaches to characterizing post-combustion control techniques are effective in reducing SO, emissions.

Flue Gas Desulfurization

Once-through Regenerable
[

Limestone Forced Oxidation
Limestone Inhibited Oxidation
Lime

Magnesium-Enhanced Lime
Seawater

Lime Spray Drying Sodium Sulfite Activated Carbon
Duct Sorbent Injection Magnesium Oxide

Furnace Sorbent Injection Sodium Carbonate

Circulating Fluidized Bed Amine

Figure 149 SO, removal technologies (US EPA) &)
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One approach involves categorizing the various flue gas desulphurization (FGD) techniques into non-
regenerable (throwaway) and regenerable (recovery once through) processes. Non-regenerable and regenerable
refer to the by-products, not the reagent. In a non-regenerable process, sulphur-bearing waste products that are
derived from flue gas processing are stored or treated prior to disposal. Regenerable processes recover the SO,
in some commercially useful form such as elemental sulphur or sulphuric acid. This classification is shown in
Figure 149. (83)

The second approach is to categorize the FGD process as wet or dry. A wet process saturates the flue gas with
water vapour whereas a dry process does not. Although the various FGD techniques are distinctively different in
their implementation, they all involve chemical reactions that transform gaseous SO, into a liquid or solid
sulphur-bearing compound. Flue gas scrubbers that effectively reduce SO, emissions are often described as

(30)

complex chemical plants. Because of

complexity and high costs, their application is !
more suitable for large utility boilers than for et Mo oas
industrial boilers.
Flue Gas from ‘ FGD‘SIurry
Non-regenerable processes ESP or FF Sprays
Three widely used non-regenerable (once >
. . . Limestone &
through) FGD techniques are lime or limestone Water FGD Absorber
wet scrubbing, the double-alkali (or dual-alkali) dation Ly —&) T

process, or lime dry scrubbing ®?. Depending on
the technique, the required desulphurization Figure 150 Wet FGD Process Schematic
equipment is located either upstream or

downstream from the PM collection system.

Lime or limestone wet scrubbing process

Lime or limestone wet scrubbing is a very common FGD technique. In these systems, flue gas is contacted with
an aqueous slurry of either lime or limestone in a countercurrent absorber, or scrubber, which is located after
the PM collection system. Inside the scrubber, the lime (CaO) or limestone, which is predominantly calcium
carbonate (CaCOs;), reacts with SO, to form calcium salts. To sustain this reaction, fresh slurry must be
continuously introduced as the calcium salts are removed for processing and disposal. Several wet FGD systems
are in commercial use with SO, removal efficiencies as high as 98%.

Most lime-FGDs discharge wastewaters that are either slurry of waters, dissolved solids, and/or suspended
solids laden with heavy metals and salts; however, in most European countries the sludge water is classified as
hazardous.

Double-alkali process

In the double-alkali (or dual-alkali) process, lime or limestone is consumed, and wet calcium salts, consisting
primarily of calcium sulphite and calcium sulphate, are produced as waste. Unlike the lime or limestone wet
scrubbing process, SO, absorption and waste production are performed as separate operations in the double-
alkali process. Absorption is

accomplished by circulating a soluble i

alkali such as sodium carbonate NaCO;, 1

sodium hydroxide (NaOH), or sodium

. Flue Gas from Dry Flue Gas
sulphite (Na,SO; through a scrubber. Air Preheater A to Stack
; q FGD Spray # ESP or FF #
Effluent from the scrubber, which Dryer
contains sodium-sulphur compounds, is

FGD Solids and
Ash to Disposal

Figure 151 Dry FGD Process schematic —
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then mixed with lime or limestone to produce a calcium-sulphur waste product. Sodium that is lost as a result of
entrainment in the waste can sometimes complicate the disposal process because sodium sulphate contributes
to surface and groundwater contamination. This process, which is located downstream from the PM collection
system, results in excellent SO, removal efficiency.

The use of dual-alkali systems on utility boilers is attractive because of their ability to remove SO, efficiently and
reduce scaling problems. Non-generable sodium FGD systems have been used mostly on industrial boilers.
These systems use a sodium scrubbing liquor that absorbs SO, emissions efficiently, but they produce liquid
wastes that can cause waste disposal problems. FGD systems used on utility boilers generate large quantities of

liquid wastes. &

Spray Dryer
Absorber

Lime dfy SCFUbbing Precombustors
Lime dry scrubbing is a

Tubular Air
Preheater

relatively simple SO, removal

Baghouse

technique. Located upstream
from the PM collection system,

lime dry scrubbing involves

Sorbent
Activation

spraying a highly atomized

slurry or aqueous solution of an oA
alkaline reagent into the hot
flue gas to absorb the SO,. The

predominant reagent used in

Slag Taps Solid Waste To Disposal

Generator

dry  scrubbers is  slaked
(hydrated) lime, but solutions Slag & Bottom Ash To Disposal Steam Turbine

of soda ash and its related Figure 152 Spray dryer FGD with advanced combustors (NETL DOE)
compounds are sometimes

used. Crystallized reaction products as well as fly ash from the boiler are collected in the PM collection system
and then processed as waste.

Wet scrubbers are generally selected for high-sulphur fuels. Dry scrubbers, which are not as effective as wet
scrubbers for high-sulphur fuels, are generally selected for low-sulphur fuels. Use of lime dry scrubbers on large
utility boilers is limited because of the high cost of the reagent, but their use on industrial boilers is more
attractive because they are easier to implement than wet scrubbers. Lime dry scrubbing is sometimes referred
to as spray absorption, spray drying, or semi-wet scrubbing.

Regenerable processes

Regenerable FGD processes % typically involve an 10 Ve_ry low capital

expensive and complex system for producing

Power Plant Diagram © Low removal

marketable sulphur or sulphuric acid instead of

v 30 to 60 percent
valueless sulphur-bearing waste. Although SO :
. P . g g 2 @ Poor limestone
removal efficiency is generally greater than 90%, s
utilization

application of regenerable FGD is limited. The

processes are generally energy intensive and © Slagging issues

© Heat rate
impacts

@ Fly Ash quality

involve hazardous and potentially toxic gases that
are not routinely associated with boiler
operations. New technologies involve advanced

combustors and spray driers, and injection of g5

Figure 153 Dry sorbent injection- URS'

T
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sorbents with sulphur capture for retrofitting existing power plants, as shown in Figure 153.

FGD technologies for small boilers

Using low-sulphur fuels is the most cost-effective method of reducing SO, in industrial boilers. Because SO,
emissions primarily depend on the sulphur content of the fuel, burning fuels containing a minimal amount of
sulphur (distillate oil) can achieve SO, reductions, without the need to install and maintain expensive equipment.
This solution also affects the cost of steam because cleaner fuels are more expensive than high-sulphur fuels.

The most suitable technologies for relatively small industrial boilers (100 MWe to 300 MWe) include: (85)
e High SO, removal:
0 conventional dry FGD systems
= lime
0 circulating dry scrubbers
= lime
0 wet FGD systems
e Moderate removal:
0 furnace injection
= |ime or limestone
0 dry sorbent injection (see Figure 153)
= trona or other sodium salts
= high surface area hydrated lime
New technologies are now
available for smaller boilers
including Lextran’s 3 in 1 SO,,

NO, and mercury control, which i 77 o (Y

. . . I+ Fom
is available for boilers of 5 MW
: (86) Aquecus solufien
capacity and above. The Y
absorption is realized by 5 focislalizen
. 0
reacting SO,, NO,, and mercury L .g
. Oxldation ha *
pollutants with the Lextran WG, o 0" Stoke Miker 5 v |+
catalyst, an organic substance in r
Hl
emulsion form, in a wet stieom | Smoll B
] 40 ~ wet filter
scrubber process. After

+
Wel coke
disposal

facilitating the initial oxidation,
the Lextran catalyst is released

I
. Basic Stobllsaflan
and recycled back into the 255% NH OH of 487 KOH

process, leaving the pollutants in

chemical form and amenable to Figure 154 Lextran's NO,, SO, and Mercury removal technology

becoming commercially

beneficial by-products (fertilizers) with further neutralization by ammonia, potassium hydroxide (KOH), or other

basic reagents to control the type of by-product see (Figure 154). &°

Summary of FGD technologies
The performance and application of various SO, control technologies are shown in Table 23.
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Table 23 Performance and application of FGD technologies(

Control Option

Description

Wet S

138)

Performance
stems

Application

Limef/Limestone Sorbent

Sodium Carbonate
Sorbent

Magnesium
oxidelhydroxide

Dual Alkali

An agueous slurry of the
sorbent is injected into the
flue gas, saturating the gas
stream. SOx dissolves into
slurry droplets and reacts
with alkaline particles. The
slurry falls to the bottom of
the reactor, is collected,
and sent to a reaction tank
to complete conversion to
a neutral salt.

80 to 90% SOx removal
with limestone; up to 95%
removal with lime

Wet systems are
applicable to high sulfur
fuels, and produce a wet
sludge byproduct requiring
management and disposal.
Though high in capital and
operating cost, wet
limestone scrubbing is the
preferred process for coal-
fired electric utility plants.

80% to 98% reduction

High reagent cost a
disadvantage

809% to 95+% reduction

Sorbent can be
regenerated

90% to 96% reduction

Uses lime to regenerate
sodium-based scrubbing
liquid

Semi-Dry Systems (Spray Dryers)

Calcium hydroxide slurry
sorbent

Like with wet systems, an
aqueous sorbent slurry is
injected into the flue gas
stream. The sorbent is
more concentrated in
semi-dry system slurries,
however. Hot flue gas
evaporates water in the
slurry, but sufficient
remains on the solid
sorbent to enhance SOx
removal. The resulting
dried waste product is
subsequently captured
with a standard particulate
collection device.

70% to 90% SOx reduction

Applicable to low- and
medium-sulfur fuels;
produces a dry residual
byproduct that is less
difficult to manage than
wet residuals.
Performance is sensitive to
operating conditions due to
potential for wet solids to
deposit on the absorber
and downstream
equipment. High
temperatures and high
SOx concentrations
degrade performance.
Typical applications are
utility and industrial boilers
burning low to medium
sulfur coal and requiring
80% SOx control.
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Dioxin and furan control

The generation of dioxins and furans was discussed : DE‘St_futiiﬁ'ﬁ'_T_é'fﬁh'E"réitu'r:é's for
Dioxins and Furans,

in Chapter 3. Combustion studies indicate that both

dioxin and furan compounds are destroyed when the 100
gas temperatures exceed approximately 750 °C Eexachlﬂm-
enzanea
(1400 °F). In fact, oxidation of these compounds is
completed at lower temperatures than some other g a3 i
£ 0 Dioxinz and i
forms of partially oxidized compounds, as shown in z Furans I_':'n';hr:;;c;
Figure 155. These temperatures usually exist in the E \
C
combustion zones of incinerators and fossil fuel-fired 5 s A
. & Benzens
boilers.
The formation mechanisms decrease to negligible : : | | | :
rates when the gas stream temperature goes below D'11|:||:||:| VMO0 1200 1300 1400 1500 1800
200 °C (400 °F). Accordingly, ensuring that the gas Temperature, °F

stream is sufficiently cooled prior to the air pollution Figure 155 Destruction temperatures for dioxins and

control system can eliminate this formation furans
mechanism. Cooling is accomplished in the heat

recovery equipment (economizers and air preheaters) or in the incinerator waste heat boilers. Some dioxins can
be re-formed, however, as a result of the “de novo” formation mechanism in the economizer and de-dusting
devices area. Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) can be

destroyed when incinerated at sufficient temperatures with adequate residence time and mixing in the

Table 24 Dry systems

Dry Systems
Dry calcium Powdered sorbent is 50% to 60% SOx reduction | Even distribution of sorbent
carbonate/hydrate injected directly into the and adequate residence
injected in upper furnace | furnace. The waste time within narrow tempera-
cavity product is removed with ture bands are critical for
standard particulate control high SOx removal. Dry
equipment. systems are less costly
Dry sorbent injection Powdered sorbent is 50% to 80% SOx reduction | than wet systems, use less
into duct work injected directly into with sodium-based space, and are thought
downstream ductwork. sorbent. more suitable for retrofit
Water can be injected to applications. The technique
enhance SOx removal. The is viewed as an emerging
waste product is removed technology for medium-to-
with standard particulate small industrial boiler
control equipment. applications.

combustion zone. Good combustion practices are needed to limit the generation of dioxins during the
combustion process in industrial boilers. Fast temperature quench after the combustion zone is necessary to
prevent re-formation of PCDD/PCDF in the post-combustion zone.

Variables known to affect the formation of PCDD/PCDF in thermal processes include: (&7)

e Technology: PCDD/PCDF formation can occur either in poor combustion or in poorly managed
post-combustion chambers and air pollution control devices. Combustion techniques vary from
very simple and very poor, such as open burning, to very complex and greatly improved, such as
incineration using best available techniques.
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Temperature: PCDD/PCDF formation

in the post-combustion zone or air pollution control

devices has been reported to range between 200 °C and 650 °C; the range of greatest formation is
generally agreed to be 200 °C to 450 °C, with a maximum of about 300 °C.

catalyse PCDD/PCDF formation.

Metals: Copper, iron, zinc, aluminium, chromium, and manganese are known to

Sulphur and nitrogen: Sulphur- and nitrogen-containing chemicals inhibit the formation of

PCDD/PCDF but may give rise to other by-products/

Chlorine: Chlorine must be present in organic,

inorganic or elemental form. Its

presence in fly ash, or in elemental form in the gas phase, may be especially important.

Emissions of persistent organic pollutants (POPs) from boilers
Figure 156 shows potential locations for PCDD/PCDF formation in a large utility boiler. These locations are also

relevant for large industrial boilers. Data are still being collected and analysed to better understand dioxin

generation mechanisms in small boilers. Since small

steam boilers are more compact, separating the various

formation mechanisms along the flue gas pathway is more difficult. The dioxins emitted from a steam boiler are
also called UP-POPs (unintentionally-produced POPs) because their production is not part of the production
process but happens accidentally, as a result of combustion mechanisms and the presence of undesirable

compounds in the fuel matrix.

Supearheatars
.

Note: Boiler
wall tubes are
not shown
far simplicity

Location of
some dioxin and
furan form=tion.

Air
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: To Dry
Location of Air In-T ake Serubber
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Figure 156 Dioxin formation mechanism in a large boiler®

The formation of dioxins can also occur in the dust abatement filters (e.g., ESPs) or bag filters positioned

between the air heater and the stack.

The following operating parameters have been identified for air pollution control devices, which result in lower

PCDD/PCDF emissions:
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e |ow temperature at the particulate control device inlet
e minimization of gas or particle residence time in the 200 °C to400 °C temperature window

. uniform high combustor temperature

. good mixing with sufficient air

. minimization of entrained, unburned particulate matter
) feed rate uniformity

Other measures that can be taken to decrease the formation and release of dioxins and other chemicals listed in
Annex C of the Stockholm Convention include:

e maintenance of efficient combustion conditions within the boiler and ensuring sufficient time is available
to allow complete combustion to occur;

e undertaking measures to ensure fuel is not contaminated with Polychlorinated biphenyl (PCB),
hexachlorobenzene (HCB) or chlorine, and is low in other components known to act as catalysts in the
formation of PCDD and PCDF;

e use of appropriate gas-cleaning methods to lower emissions that may contain entrained pollutants; and

e appropriate strategies for disposal, storage or ongoing use of collected ash.

Measurement of the low levels of PCDDs, PCDFs, polychlorinated biphenyls (PCBs) and hexachlorobenzene
(HCB) from combustion of fossil fuels in boilers is technically challenging and costly compared with
measurement of criteria pollutants such as sulphur dioxide, nitrogen oxides, and particulates. Although direct
measurement of persistent organic pollutants from individual facilities is encouraged to improve the knowledge
base of emissions of these toxic components, it is acknowledged that, in some circumstances, this may not be
possible except for those operating large and technically advanced facilities. In an efficient combustion process
the levels of pollutants may be up to several orders of magnitude below prevailing standards. As a result,
although PCDD, PCDF, PCB and HCB may possibly be present, they may be below the detection limits of
currently available analytical methods.

Figure 157 shows a diagram of dioxin emissions from industrial boilers.

DIOXINS FROM STACK S DIOXINS FROM STACK
Fuel in INDUSTRIAL DusT
BOILER FILTER

Figure 157 Dioxin emissions from industrial boilers

Dioxins are released to:
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e air through the stack;

e residue through the ash collected at the bottom of the furnace ash bin and, mainly, at the dust filter
fly ash collection system;

e water through the water discharge (blowdown); and

e land by leachate of dioxin-contaminated materials (if appropriate disposal has not been
implemented).

The most harmful releases are those to air, as they disperse into the environment and cannot be confined.
Although dioxins are emitted in very small quantities (micrograms per terajoule), even very small amounts can
be harmful to the environment and human health. Moreover, dioxins are very stable compounds and, once
generated, do not degrade and accumulate in the environment. Even if the accumulation effect is slow, dioxins
can reach high concentrations over many years. Future generations, therefore, can be affected by accumulation
of dioxins generated in the past.

Dioxin emission factors

The United Nations Environment Programme (UNEP ®”) has carried out a survey based on the available dioxin
release data from boilers (mainly large power boilers). As an alternative to direct measurement, UNEP has
identified emission factors (EF) for each source of industrial dioxins. Dioxin emission factors (I-TEQ) for the

Table 25 Dioxin emission factors for the power and heat
sector (UNEP)

UNEP Toolkit
DIOXINS EMISSION FACTORS*

Emission Factors - ug TEQ/TI of

Power and Heat Sectors Fossil Fuel Burned
Air Water |Residue

1. Fossil fuelfwaste co-fired power boilers 35 ND ? ND
2. Coal fired power boilers 10 ND 14
3. Heawfuel fired powerboilers | 25 | N | ND
4. Shale oil fired power plants 15 ND | =
5. Light fuel oilfnatural gas fired power l:rctilers| 0.5 ND MO

*important note: In this evaluationsthe type of plant does not affect the emission factors
WL Goiaini - UNIDD - Jakarts now. 2010 5y

power and heat sector are given in Table 25 for three media: air, water, and residue, ®7) \which helps estimate the
releases of dioxins from a boiler by referring to its fuel consumption, avoiding more expensive and complicated
measurements. It can therefore be used for preliminary release assessment of dioxins.

The EF is strictly linked to the energy content of the fuel, as expressed in ug-TEQ micrograms (toxic equivalent
per terajoule) of energy input to the boiler (1 terajoule = 10° joule). It is also linked to the type of fuel burned.
This is because the effect of the fuel prevails over other effects, and the data available at the time of preparation
of the UNEP document did not allow for more detailed analysis of the effects of plant type and age on emissions.
The Table does not take into account the effect of emission abatement devices. There is no differentiation
between boilers equipped with APCD and those without, though the effect of APCD on dioxin emissions to air
can be relevant.

The emission factors for biomass burning are given in Table 26. "
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Table 26 Emission factors for biomass burning (UNEP)

Emission Factors - pg TEQ/TJ of

Biomass Burned

Air Water Residue
Mi i -fi
ixed bloma.ss ired 0 ND ND
power boilers
Clean wood-fired
0 ND 15

power boilers

The emission factors for diesel engines, often used as generators or for combined production of heat and

electricity, are given in Table 27.®”

Table 27 Emission factors for diesel engines (UNEP)

Emission Factors — ug TEQ/t of Diesel

Air Water Land Product Residue

Diesel 0.1 NA NA NA ND
engines

Although the use of spent oil (from car and truck exhaust oils, and restaurant and fast food) in standard boilers is
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discouraged in many countries, it is common in developing countries. UNEP has also developed emission factors

for spent oil (see Table 28). "

Table 28 Emission factors for spent oil (UNEP)

COMBUSTION OF SPENT OILS

EMISSION FACTOR TO |EMISSION FACTOR TO
AIR LAND (fly ash)
ugTEQ/T] WETEQ,/T)

Low technology 35000 2000

combustion
No APCS

Hi-Tech combustion
Sophisticated APCS 0.75 30
(BAT/BEP)

By using the above emission factor tables, it is possible to evaluate the emissions of dioxins from a boiler and
identify the potential outcomes of implementing measures to reduce the release of dioxins , e.g., boiler retrofit,
new boiler purchase, fuel switching. Care should be taken, however, because if the boiler is not equipped with
APCD, the dioxins contained in the fly ash (the ash that is carried out together with flue gases) will not be
collected.

The dioxins referred to as residue in the tables will be released from the stack. For example, the EF for coal
boilers are as follows:

EF to air: 10 ug TEQ/TJ

EF to residue: 14 pug TEQ/T)

If the coal boiler has no filters, however, the EF will be:
EF to air: 24 pg TEQ/TIJ

EF to residue: O ug TEQ/T)
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The emission factor tables must be used with care for small industrial boilers because they are based on large
boilers equipped with sophisticated dust abatement devices, able to recover most of the fly ash carried out by
flue gases. UNEP, therefore, also developed emission factors for small industrial boilers (see Table 29) to better
represent their performance, particularly with respect to age and the possible solutions for modifying or

Table 29 Emission factors for small industrial boilers

(UNEP)
Dioxins Emission Factors for industrial boilers

Fuel type | Old boiler | Retrofitted New boiler
BAT/BEP
uegTEQ/TI

Biomass

Coal 100 10 1

Fuel oil 10 25 25

* Data from measures in Denmark_and Poland

replacing them. The Table is based on the limited data available in the literature for small industrial boilers. Old
boilers emit more dioxins than new boilers because of the effect of wear and the technology on releases. This
difference can be relevant for biomass and coal boilers.

Switching from a dirty fuel to a cleaner one can have additional effects. Table 30 shows the difference between
open burning of rice husks (a common agricultural practice) and burning them in a boiler. Since the dioxin EF for
open burning of rice husks is much higher than the EF for burning them in boilers, using rice husks as fuel for

Table 30 Emission factors for rice husk open
burning versus in industrial boilers (UNEP)

REPLACING RICE HUSKS OPEN
BURNING WITH UTILIZATION AS FUEL
IN INDUSTRIALBOILERS

pegTEQ/T)
(UNEP TOOLKIT)

OPEN BURNING OF 2000 660
RICE HUSKS (IN THE
FIELD)
RICE HUSKS BURNED
IN A FLUIDIZED BED 50 15 *
BOILER

= ASSUMED SAME AS FOR WOOD

boilers is not only economically attractive, but also greatly reduces emissions of dioxin to the environment.

Example
To calculate dioxin releases to air from an industrial boiler, total releases over a year will be estimated
since the emission levels are very low.
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An old coal industrial boiler produces 8 t/h steam, and burns about 1.6 t/h of coal (lignite) with a heating
value of 4000 kcal/h. The operating hours are 7000 h/year. To estimate the dioxin emissions, it is
necessary to first calculate the total energy produced by burning coal.

Annual coal consumption: 1.6 t/h x 7000 h = 11,200 tons/year = 11,200 x 10° kg

Coal heating value: 4000 kcal/kg = 16.72 MJ/kg = 16.71 x 10 ° TJ/kg (1 TJ = 10° MJ)

Total energy consumed in one year: 11,200 x 10% kg x 16.71 x10° TJ/kg = 187.15 TJ

Emission factor for an old industrial boiler: assumed as 100 ugTEQ/TJ (see the EF tables above)

The total amount of dioxins released by the boiler is:

Total dioxins e, = EF X Energy/year
Total dioxins ye,r = 100 pgTEQ/TJ x 187.15 TJ = 167100 x 10 ° ugTEQ = 0.167 g/year

Thus, the amount of total dioxins emitted from a coal-fired industrial boiler is 0.167 g/year

Mercury control and removal

The U.S. Environmental Protection Agency (EPA) has identified mercury as one of the toxic substances of
greatest concern among the air toxic pollutants emitted by power plants. The type of fuel burned is significant
for mercury emissions. The specific chemical form of mercury — known as the speciation — has a strong impact
on its removal from flue gas by boiler air pollution control equipment. Mercury may be present as elemental
mercury vapour (Hg°), as a vapour of an oxidized mercury species (Hg*), or as particulate-bound mercury (Hgp).

(88)

The removal of mercury from flue gas is affected by the following factors:

e (Coal type: Halogen (chlorine, bromine, other) and sulphur content
e Flue gas composition: HCl, SO,, incombustibles
e Emission control equipment: bag filters, electrostatic precipitators

Mercury may also be captured as a co-benefit of PM or SO, controls. NO, controls can enhance the capture that
is achieved in PM and SO, controls. ® The six major areas of intervention for flue gas mercury removal are

I.!.
Flue Gas ( )
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n

shown in Figure 158.
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Control of mercury emissions from coal-fired boilers is currently achieved via existing controls used to remove
PM, SO,, and NOy. This includes capture of particulate-bound mercury in PM control equipment and soluble

mercury compounds in wet FGD systems. (88)

Mercury removal systems are mostly focused on large power plants. New systems to improve mercury capture
(88)

include the following:

e Fuel blending: Blending of small amounts of bituminous coal with sub-bituminous or lignite coal may
provide some benefit to capture of mercury by existing equipment.

e Addition of oxidizing chemicals: The addition of chlorine to the fuel or injection into the flue gas is
another approach that is being tested for enhancing intrinsic capture of mercury.

e Increasing unburned carbon in fly ash: Carbon in the fly ash has been shown to be an important factor in
mercury capture by PM control equipment.

e Mercury-specific catalysts: Enhancing capture by wet FGD processes is possible if HgO can be oxidized to
Hg2+. Research efforts are underway to evaluate catalysts that are installed upstream of the wet FGD or
injection of oxidizing chemicals upstream of the FGD.

Mercury control by sorbent injection

Unlike the technologies described earlier, where mercury removal was achieved as a co-benefit of removal of
other pollutants, mercury control via injection of sorbent materials into the gas stream of coal-fired boilers is
under development. Injection of dry sorbents (e.g., powdered activated carbon) has been used for control of
mercury emissions from waste combustors and tested

at numerous utility units in the United States. The

mercury attaches to the carbon particles and is Sorbent
removed in a traditional particle control device (see Injection CEM -He
Figure 159). However, sorbent injection experience on Measure.

waste combustors may not be directly transferable to
) —

coal-fired electric utility boilers. (88

N
! | ESP ar FF

Wet scrubbers are only effective for removal of ] \
soluble mercury species, such as Hg2+. Mercury 2
vapour in its elemental form, HgO, is insoluble in the .
scrubber slurry and not removed. Therefore, an Ash

. . AH Inlet location may be more
additional process of HgO conversion, usually by effective for ESP's for Hg capture and
adding halogens to the flue gas, is required to Sorbent

complete mercury capture. The type of coal burned

and the presence of a selective catalytic reduction Figure 159 Mercury removal-sorbent injection (ADA

unit both affect the ratio of elemental to oxidized Environmental Solutions) (139)

mercury in the flue gas, and thus the degree to which

the mercury is removed. ¥
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The most promising technologies for removing mercury from industrial boilers are: ©?

e powered activated carbon (PAC), the most thoroughly tested and commercially available of all the
technologies to date, and proven to successfully remove up to 90% of mercury in many
configurations;

e co-benefits with other scrubbing technologies;

e switching to fluidized bed boilers, which have demonstrated very low emissions;

e fixed bed activated carbon applications; and

e catalytic removal.

Multiple control devices

Multiple control devices may be used in combination to control one or many pollutants. For example,
mechanical collectors are often used with fabric filters to control PM emissions: the mechanical collector collects
large particles, and the fabric filter collects smaller particles. SCR is often used with fabric filters to control NO,
and PM emissions: the devices are arranged in a series, or tandem, relative to the flue gas stream. The specific
types of devices used and the order in which they are arranged are dependent on the process, gas stream, and
pollutant characteristics. The overall control efficiency for multiple devices is likely to be around the efficiency
of the last device in the series.

Effects of APCD adoption on emissions and costs

The amount of pollutant released depends on the efficiency of the APCDs used: the lower the pollutant capture
rate of the devices, the more pollutants released to the environment. The use of best available techniques (BAT;
see Chapter 6), which guarantee higher pollutant removal rates, helps keep boiler emissions at the lowest
possible values. The implementation of best environmental practices (BEP; also discussed in Chapter 6) also
helps reduce the releases of pollutants to the environment. These include maintenance of APCDs. For example,
an ESP can only operate for a limited period at lower than nominal efficiency as a consequence of poor
maintenance. In this case, the amount of PM emitted to the air would be higher than under normal operating
conditions.

Effects of APCD efficiency on emissions

Consider a hypothetical ESP that operates under 97.5% efficiency during a minor malfunction. Table 31 shows
the emission increases that would occur if the device operated under malfunction conditions from 1% to 10% of
the time, and if the ESP was otherwise expected to operate at design efficiencies between 98% and 99.5%.
Small decreases in the control percentage can result in large percentage increases in actual emissions if the

design efficiency is high **.

Baseline: ESP with 99% dust removal efficiency assumed as BAT. If other, less efficient, non-BAT devices are

used, additional dust will be emitted to air as shown in Table 31. A device with 80% efficiency, instead of 99%,
will release 225 tons (baseline) + 54 tons/year more= 279 tons/year.

Table 31 Effect of reduced ESP efficiency on PM emissions

ESP design efficiency PM emissions Incremental PM emissions
% tons/year tons/year
99 258 Baseline (225 tons)
95 243 +15
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90 230 +28
85 217 +41
80 204 +54

If the ESP is not well operated and maintained, it will progressively lose its efficiency and experience
malfunctions, during which the emissions of PM will be higher (see Table 32). For example, if the control device

Table 32 Percentage increase of emissions of an ESP during malfunction ¥

Design Percentage Downtime
Efficiency| 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
99.5% 4.0% | 8.0% | 12.0% |[16.0% | 20.0% | 24.0% | 28.0% | 32.0% | 36.0% | 40.0%
99.0% 1.5% | 3.0% | 4.5% | 6.0% | 7.5% 9.0% 10.5% | 12.0% | 13.5% | 15.0%
98.5% 0.7% | 1.3% | 2.0% | 2.7% | 3.3% 4.0% 4.7% 5.3% 6.0% 6.7%

98.0% 0.3% | 0.53% | 0.8% 1.0% 1.3% 1.5% 1.8% 2.0% 2.3% 2.5%

design efficiency is 99.5%, and operates under malfunction conditions (e.g., at 97.5% efficiency) for 5% of the
operating time), the malfunction would add 20% to the expected annual emissions, which, in this case, are 225
ton/year of PM. In the case of 10% time malfunction, PM emissions would rise by about 40%. (54) This effect is
less evident if the nominal efficiency of the devices is lower.

Effect of NOx abatement devices

Choosing a low NO, technology can have adverse effects on boiler performance. It can limit the turndown ratio
(the capacity of the boiler to change from high load to low load), and reduce the boiler capacity (derating), as it
will produce less steam for the same fuel in input, due to the different burner flame shaping. The effect of
lowering the flame temperature for lower NO, production can also reduce boiler efficiency because the heat
transfer rate from gases to tube walls is reduced.

Changes in excess air ratio can also affect boiler performance. As already mentioned, the optimum excess air for
a boiler ranges between 10% and 20% (2% to 4% O,), according to the type of fuel used. Since NO, controls often
require higher excess air levels, this can result in increased stack losses, reduced boiler efficiency, and high
levels of carbon monoxide under stoichiometric conditions.

Air pollution control costs
The addition of an APCD on an existing boiler results in additional costs, not only for the purchase of the device,

but also for annual operating and maintenance expenses. APCD costs vary with performance, amount of flue gas
to be treated, type of flue gas, type of boiler, and location. Surveying costs of air pollution control technologies
is therefore challenging and cannot accurately reflect actual costs for specific markets and locations.

Comparison of particulate control technologies

This section compares costs of various particulate control technologies, based on a 2001 U.S. study of relatively
small wood boilers. Although the findings are not recent, (93) they can be used to compare different
technologies. Actual costs, however, would need to be verified on the basis of real needs in terms of efficiency
and compliance to local emission standards and market availability.

The study focused on wood-fired boilers in the size range of approximately 3 MMBtu to 10 MMBtu (1 MWth to 3
MW?th). The analysis is generic in that it is applicable to any manufacturer or type of wood-fired boiler of this
size for any location. It could also apply to biomass boilers in general. Table 33 summarizes the typical emissions
of different U.S. manufacturers, adopting different pollution control technologies.
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Table 33 Emission rates for small wood-fired boilers-Source: Resource System Group
inc. (93)

Manufacturer Chiptec Messersmith BCS KMwW AP42 AP42

Model 85-90T 2160 1800KW

Heat Input MMBtu 22 28 16.3 )

Control Cyclone None  Mulliclone  Cyclone None  Mechanical
Emissions bMMBu  b/MMBu  MMBiu  bMMBu  Ib/MMBlu  Ib/MMBlu
NCx 0.211 0.146 0.165 0.165
ca 0.902 213 14% 14%
Particulate PM10 0.097 012 0.113 0.12 0.968 0.286
502 000825  0.00825
TOC 0.0242  0.0242

Table 34 Comparison of boiler emissions (Resource System Group Inc.) (93)

Wood  Distillate Oil Natural Gas Propane

Ib/MM Btu Ib/MM Biu Ib/MM Btu Ib/MM Btu
PM 10 0.1 0.014 0.007 0.004
NOx 0.165 0.143 0.09 0.154
co 0.73 0.035 0.08 0.021
S02 0.0082 0.5 0.0005 0.016
TOC 0.0242 0.0039 0.01 0.005
co2 gross 220 (net 0) 159 118 137

A comparison of the emissions of the most common pollutants from different fuels is given in Table 34.

The costs of pollution control for a 7.5 MMBtu (2 MWth) boiler, assuming an annual capacity factor of 75% and
an emission rate (ER) of 0.71 Ib/MMBtu (0.4 grams/MJ), are shown in Table 35. It is evident from the Table that
cyclones and multicyclones are much cheaper than other technologies. The annual cost of a dry ESP is 15 times
that of a cyclone. A core separator mechanical dust collector, a special device developed by the U.S. EPA, has
been included in the evaluation.

Table 35 Particulate control System Costs Analysis (Resource System Group inc.) (93)

Core

Capital Cost ESP Dry ESP Wet  Separator Multiclone Cyclone
Equipment $170,769  §183,386 $19,875 $18,315 $7,600
Site and Facilities $13,969 $13,969 $2,000 $2,000 $2,000
Installation $114415  $122,868 $6,956 $7.365 $6,000
Total Direct Capital Cost $299,153  $320,223 $28,831 $27,680 $15,600
Annual Cost

Total Direct $37,883 $23.414 $4,984 $2,892 $2,838
Capital recovery facter 0.15 0.15 0.15 0.15 0.15
Capital recovery $44,574  $47713 $4,296 $4,124 $2,324
Total Annual Cost $82,457 $71,127 $9,280 $7,017 $5,162
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Sampling and analysis of particulate and gaseous pollutants

This section discusses some of the basic methodologies available for sampling and analysing pollutants from a
boiler ®¥. This information is helpful in evaluating and selecting the type and quality of sampling devices to
monitor emissions to the environment.

Particulate monitoring

Particulate monitoring is usually accomplished with manual measurements and subsequent laboratory analysis.
A particulate matter measurement uses gravimetric principles. Gravimetric analysis refers to the quantitative
chemical analysis of weighing a sample, usually of a separated and dried precipitate. In this method, a filter-
based high-volume sampler (a vacuum- type device that draws air through a filter or absorbing substrate) retains
atmospheric pollutants for future laboratory weighing and chemical analysis. Particles are trapped or collected
on filters, and the filters are weighed to determine the volume of the pollutant. The weight of the filter with
collected pollutants minus the weight of a clean filter gives the amount of particulate matter in a given volume
of air.

Chemical analysis can be done by:

e atomic absorption spectrometry (AAS)

e atomic fluorescence spectrometry (AFS)

e inductively couple plasma (ICP) spectroscopy, and
e X-ray fluorescence (XRF) spectroscopy.

AAS, which has been used to determine single elements i e Detcios

analytical samples, is a sensitive means for the %“ﬂ_\;_g{}_{ = Fn

quantitative determination of more than 60 metals or Fajiow Atomized

metalloid elements (see Figure 160). This technique “ﬁ‘,ﬁg“ SR

| Readout [HAmplifier |

measures energy changes in the atomic state of the
Figure 160 Atomic Absorption Spectrometry

(US EPA) (94)

analyte. An analyte is a substance whose chemical
composition is to be determined by chemical analysis. For
example, AAS is used to measure lead in particulate
monitoring. After lead particles are collected by gravimetric methods in a Teflon (polytetrafluoroethylene, PTFE)
filter, lead is acid-extracted from the filter. The aqueous sample is vaporized and dissociates into its elements in
the gaseous state. The element being measured, in this case lead, is aspirated into a flame or injected into a
graphite furnace and atomized. A hollow cathode or electrodeless discharge lamp for the element being
determined provides a source of that metal's particular absorption wavelength. The atoms in the unionized or
"ground" state absorb energy, become excited, and advance to a higher energy level. A detector measures the
amount of light absorbed by the element, hence the number of atoms in the ground state in the flame or
furnace. The data output from the spectrometer can be recorded on a strip chart recorder or processed by
computer. Determination of metal concentrations is performed from prepared calibration curves or read directly
from the instrument.

Gas monitoring

Gaseous pollutant monitoring can be accomplished using various measurement principles. As an example,
sulphur dioxide monitoring can be accomplished with dynamic samplers for average concentrations over a 24-
hour period and with static samplers for longer periods, e.g., 30 days. Some of the most common techniques to
analyse gaseous pollutants include spectrophotometry, chemiluminescence, gas chromatography-flame
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ionization detector (GC-FID), gas chromatography-mass spectrometry (GC-MS), and Fourier transform infrared
spectroscopy (FTIR).

With all sampling and analysis procedures, the end result is quantitative data. The validity of the data depends
on the accuracy and precision of the methods used in generating the data. Accuracy is the extent to which
measurements represent their corresponding actual values, and precision is a measurement of the variability
observed upon duplicate collection or repeated analysis. To ensure the validity of data, various quality control
measures are employed for each reference method. The primary quality control measure is calibration.
Calibration checks the accuracy of a measurement by establishing the relationship between the output of a
measurement process and a known input. Each of the reference methods has precise calibration procedures
that must be followed to ensure accurate results.

Methods of measuring and analysing air pollutants are summarized in Table 36. (54)

Table 36 Methods of measuring and analySing air pollutants

Methods of Measuring and Analysing Air Pollutants

Method Variable Measured Principle
. . Particles are trapped or collected on filters, and the filters are weighed to
SEHLS PMio, PM2.s determine the volume of the pollutant.
. . More than 60 metal . ) .
Atomic absorption spectrometry ore .an metals or Energy changes in the atomic state of the analyte are measured. Emitted
metalloid elements (e.g., Pb, o . .
(AAS) Hg, Zn) radiation is a function of atoms present in the sample.
The amount of light that a sample absorbs is measured. The amount of light
SRS 502 05 absorbed indicates the amount of analyte present in the sample.
Chemiluminescence NO,, 05 This me.thod is based upon thﬁe em|55|o.n spectrum of an excited species that is
formed in the course of a chemical reaction.
Gas chromatography (GC) - flame . . .
. VOoC FIDs respond in proportion to the number of carbon atoms in gas sample.
Gas ch t hy- . ; .
as chromatography-mass Mass spectrometers use the difference in the mass-to-charge ratio (m/z) of
spectrometry vVocC Lo
ionized atoms or molecules to separate them from each other.
(GC-MS)
Fourier transform infrared CO.VOC. CH The sample absorbs infrared radiation, and the difference in absorption is
spectroscopy (FTIR) ! e measured.

Boiler emission limits
Since emission standards and regulations vary widely by country and are periodically updated, it is difficult to
present and discuss emission limits in detail. As an example of improved regulation of boiler emission limits, Table
37 lists the U.S. EPA’s recent emission limits ®® by fuel used and boiler size.
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Table 37 EPA emission limits (Cleaver Brooks) (95)
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Compliance/Step-2/Step-2.aspx to
conduct an annual heat input fuel calculation.

aBoiler Size: Boiler size is expressed in terms of rated design heat input capacity and is measured in million British thermal units per hour, or MMBTU/hr. A boiler is considered “small” if its

input is <10 MMBTU/hr.

kevaFuel Subcategory: If you are not sure which fuel subcategory applies to your boiler, use the Fuel Subcategory Calculation Tool at http://cleaverbrooks.com/Reference-Center/EPA-

aNew vs. Existing: A boiler is considered “New” by EPA standards if you contracted to purchase it or have it rebuilt after June 4, 2010.

For more information about Area Source Rule Requirements, including boiler classification, visit the Cleaver-Brooks website at http://cleaverbrooks.com/Reference-Center/EPA-

Compliance/Index.aspx or call your local Cleaver-Brooks representative at http://cleaverbrooks.com/Find-a-Rep/Index.aspx.

Although Cleaver-Brooks strives to provide the most current and accurate information as provided by the EPA, Cleaver-Brooks assumes no responsibility for the form’s accuracy and is in no way

liable for the contents provided herein. Effective as of August 11, 2011.

EPA rules have established “work practices requirements”, summarized in Table 38, which can be considered as
equivalent to implementation of best environmental practices (BEP) for boilers (discussed in Chapter 6). These
rules confirm that periodic tune-ups of boilers are a good practice to reduce emissions.
Table 38 EPA requirements for boilers (Cleaver Brooks

96
)( )
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Boiler Size and Construction Date Fuel type - Summary of Requirements

All Gas-fired boilers * Gas (all types) * None (not covered by the rule)

Other New and Existing Small

boilers (<10 MMBtu/hr] 0Oil, Biomass and coal s Tune-up every other year

Existing boilers: Commenced construction or reconstruction of the boiler on or before June 4, 2010

¢ Tune-up every other year
Biomass and Oil e One-time energy assessment

Existing Large boilers (>10 MMBtu/hr) + Emission limits for Hg and CO

Coal « (QOne-time energy assessment
New boilers: Commenced construction/ reconstruction or switched from natural gas fuel to solid fossil fuel, biomass or
liquid fuel after June 4, 2010

« Emission limit for PM

Biomass and Qil
e Tune-up every other year

New large boilers (>10 MMBtu/hr)

Coal & Emission limits for Hg, CO, and PM

In March 2011, EPA released the National Emission Standards for Hazardous Air Pollutants for Major Sources:
Industrial, Commercial, and Institutional Boilers and Process Heaters. ©7) The standards include a table on limits
for pollutant releases such as PM, CO, HCl, mercury and dioxins (see Table 39):

Table 39 Emission limits for industrial boilers US EPA

EMISSION LIMITS FOR BOILERS AND PROCESS HEATERS
[Pounds per million British themnal units]

Carbon
Particulate drogen monoxide Dioxin/furan
Subcategory matter R orae Mercury (CO) (TEQ)
(PM) (HCY) (Ha) (ppm @3% |  (ng/dscm)
oxygen)
Existing—Coal Stoker 0.039 0.035 0.0000046 270 0.003
Existing—Coal Fluidized Bed 0.039 0.035 0.0000046 B2 0.002
Existing—Pulverized Coal 0.039 0035 0.0000046 160 0.004
Existing—Biomass Stokerfother ....... 0.039 0.035 0.0000046 490 0.005
Existing—Biomass Fluidized Bed ..........ccoceience creern 0.039 0035 0.0000046 430 002
Existing—Biomass Dutch Oven/Suspension Bumer ... 0.039 0035 0.0000046 470 02
Existing—Biomass Fuel Cells 0.039 0.035 0.0000046 630 4
Existing—Biomass Suspension/Grate ............. corrrrrrern 0.039 0035 0.0000046 3,500 02
Existing—Liquid 0.0075 0.00033 0.0000035 10 4
Existing—Gas 2 (Other Process Gases) ... — 0.043 00017 0.000013 9.0 0.08
Existing—non-continental liquid .........ccmenes S 0.0075 0.00033 0.00000078 160 4
New—Coal Stoker 0.0011 0.0022 0.0000035 6 0.003
New—Coal Fluidized Bed 0.0011 0.0022 0.0000035 18 0.002
New—Pulverized Coal 0.0011 0.0022 0.0000035 12 0.003
New—Biomass Stoker 0.0011 0.0022 0.0000035 160 0.005
New—Biomass Fluidized Bed ......ccoviininnnnes N 0.0011 0.0022 0.0000035 260 0.02
New—Biomass Dutch Oven/Suspension Bumer ........ 0.0011 0.0022 0.0000035 470 02
New—Biomass Fuel Cells 0.0011 0.0022 0.0000035 470 0.003
New—Biomass Suspension/Grale ... - 0.0011 0.0022 0.0000035 1,500 02
New—Liquid 0.0013 0.00033 0.00000021 3 0.002
New—Gas 2 (Other Process Gases) ... N 0.0067 0007 0.0000079 3 0.08
New—non-continental liquid 0.0013 0.00033 0.00000078 51 0.002
*Heat input means heat derived from combustion  include the heat derived from prebeated from other sources (such as stationary gas lurbines,

of fuel in a boller or process heater and does not combustion air, recirculated flue gases or exhaust internal comhbustion engines, and kilns).

e Boilers are classified into two main categories, Existing and New, each of which is divided by type of fuel
used: 1-Coal. 2-Biomass, 3-Liquid, 4-Gas, 5-Non continental liquid.

e Coal boilers are also classified by type: 1-Stoker, 2- Fluidized bed, 3- Pulverized coal.

e Biomass boilers are also classified by type: 1-Stoker, 2-Fluidized bed, 3-Dutch oven/Suspension burner, 4-
Fuel cells, 5-Suspension grate.

The classifications used take into account the intrinsic limits of each type of boiler, e.g., coal fluidized bed boilers
have more stringent limits for dioxins and CO than stoker boilers because this technology normally guarantees
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lower emissions than stoker boilers. EPA’s proposed limits thus try to take into account both type of fuel and

technology.
EMISSION LIMITS FOR BOILERS AND PROCESS HEATERS
[Peunds per million British thermal units]
Particulat d Carbmd Dioxind
culate rogen monoxide ioxinfuran
Subcategory matter Chioride Merctiy (CO) (TEQ)
(PM) (HC) tHg) (ppm 83% | (ngidscm)
oxygen)
Existing—Coal Stoker 0.039 0.035 0.0000048 270 0.003
Existing—Coal Fluidized Bed 0.039 0035 0.0000045 B2 0.002
Existing—Pulverized Coal 0038 0035 0.0000048 180 0.004
Existing—Biomass Stokerfother 0.038 0.035 0.0000048 430 0.005
Existing—Biomass Fluidized Bed 0038 0035 0.0000048 420 0.02
Existing—Eiomass Duich Oven/Suspension Bumer .. 0.038 0035 0.0000046 470 02
Existing—Biomass Fuel Callg ... - 0.039 0.035 0.0000045 630 4
Existing—Biomass SuspensionfGrate ... 0038 0035 0.0000048 3,500 02
Existing—Liguid 0.0075 0.00033 0.0000035 10 4
Existing—Gas 2 (Other Process Gases) .o 0043 00017 0.000013 8.0 0.08
Existing—non-continental liquid ..o . 0.0075 0.00033 0.00000078 160 4
New—Coal Stoker 0.0011 0.0022 0.0000035 6 0.003
MNew—Coal Fluidized Bed 0.0011 0.0022 0.0000035 18 0.002
New—Pulverized Coal 0.0011 0.0022 0.0000035 12 0.003
New—Biomass Stoker 0.0011 0.0022 0.0000035 160 0.005
MNew—Biomass Fluidized Bed ..o - 0.0011 0.0022 0.0000035 280 0.02
New—EBiomass Dutch Oven/Suspension Bummer ... 00011 0.0022 0.0000035 470 02
MNew—Biomass Fuel Cells 0.0011 0.0022 0.0000035 470 0.003
New—Biomass Suspension/Grale ... - 0.0011 0.0022 0.0000035 1,500 02
New—Liquid ..... 0.00M3 0.00033 0.00000021 3 0.002
New—Gas 2 (Other Process Gases) ..o - 0.0067 00017 0.0000073 3 0.08
New—non-continental liquid 0.0H3 0.00033 0.00000078 5 0.002
*Heat input means heat derived from combustion  include the heat derived Fom preheated from other sources (such as slalionary ges burbines,

of fuel in & boiler or process heater and does not combustion gir, recirculated flue gases or exhanst  inlemal combustion engines, and kilos).

161




Guide to environmentally sound industrial boilers

CHAPTER 5 - BOILER EFFICIENCY

SUMMARY

This Chapter deals with efficiency, which is one of the most critical parameters for the economically
and environmentally sound operation of boilers. Improving efficiency means less fuel consumed and
fewer pollutants emitted.

The Chapter discusses how to use different types of efficiency to determine the most suitable boiler
operation. Since boiler operators need to know how to measure and improve the efficiency of a
boiler, direct and indirect methods for measuring efficiency are illustrated. The Chapter also examines
the main factors that affect efficiency including stack losses — the losses from the hot flue gases
leaving the stack. Operators often keep high excess air values to optimize combustion, but this can
result in loss of efficiency and increased fuel consumption. Other factors that affect efficiency are
feedwater temperature, intermittent operation, and fouling of heat transfer surfaces.

Steam production is basically an energy conversion process in which fuel energy is converted into steam energy.
Since boilers are the most energy-intensive components of a steam system, they should be the focus of energy
management. Several factors are key ingredients in boiler performance. Typically, the energy exiting the boiler
with the flue gas is the most significant loss associated with boiler operation. This loss is directly linked to the
temperature of the flue gas and the amount of excess air supplied to the combustion process. Other combustion
factors also impact this portion of the energy conversion process. Boiler blowdown (a periodic bleeding of steam
from the boiler) is essential for the continued operation of any steam boiler, but is also a loss to the boiler
operation. To a large extent, this loss can be managed and reduced. Heat transfer losses from the boiler shell are
also an area of potential heat loss management.

Definition of boiler efficiency
The concept of efficiency is very important for understanding how sound management of boilers can reduce
their emissions. Generally, efficiency is an expression of the amount of desired output from a component
compared to the input required. In a system where there is energy in input, energy in output, and some energy
lost, the efficiency can be expressed as:

SYSTEM

Energy loss
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Energy out

EFFICIENCY = -
Energy in

Energy out

EFFICIENCY = -
Energy in

Energyin — Energy loss

EFFICIENCY = .
Energyin

The energy out from the system is the difference between the energy in and the energy losses, according to the
following equation:
Energy out = Energy in —energy loss

Efficiency is expressed by non-dimensional values, and is very often indicated as a percentage:
Efficiency = 0, 75 or
Efficiency = 75%

To avoid mistakes, the values used to calculate efficiency components, energy in and energy out, must be
expressed using the same energy unit of measure (MJ, kcal, MBtu, etc.). Normally energy input is expressed in
kilograms per hour (kg/h) of fuel and energy output is expressed in kg/h of steam, but efficiency cannot be
measured by simply dividing the two values, even if they are apparently expressed in the same unit. The two
values must be first converted into energy (MJ, kWh, Btu etc.) using the same energy units. Therefore, to
calculate efficiency, kg/h of fuel and kg/h of steam must be converted into kilowatt hours (kWh), megajoules
(MJ), or British thermal units (Btu).

In an industrial boiler, where the energy input is the fuel, and the energy output is the steam, efficiency can be
expressed as:

Flue gas at stack

BOILER Steam out

Efficiency can be calculated as:

Steam out
EFFICIENCY = —
Fuel in

Energy sSteam out — Energy water in
EFFICIENCY = LAl LA

Energy fFuel in
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The energy input (fuel in) is related to the energy content (fuel heating value). Each fuel has its own heating
value, which can be expressed as kcal/kg, MJ/kg, or Btu/lb (see Chapter 2). The heating value multiplied by the
fuel mass flow gives the amount of energy input to the boiler for the given unit of time (hours, in this case):

Energy input = Fuel hHeating vValue x Ffuel mass flow
Fuel mass flow = kg/h
Fuel heating value=M]/kg

Energy input = Mj/kg x kg/h x 1h = MJ

The energy output is related to the intrinsic energy of the steam produced — the enthalpy (see Chapter 1 on
REVIEW OF BASIC CONCEPTS). It mainly depends on the steam temperature and pressure, and the steam/water
ratio for saturated steam. The enthalpy of the steam, measured in MJ/kg (or MBtu/Ib), can be extracted from
the enthalpy tables (see ANNEXES 2 and 3) according to steam characteristics (pressure and temperature). The
enthalpy of steam multiplied by the fuel mass flow gives the amount of energy input to the boiler for the given
time (hours, in this case):

Energy out = Steam specific eEnthalpy x Steam mass flow
Steam mass flow = kg/h
Steam specific enthalpy =MJ/kg

Energy out = Mj/kg x kg/h x h = MJ

Example

A boiler consumes 104 litres of fuel oil per hour and produces 1100 kg/h of steam at 3 bar and 134 °C
(100% saturated steam). To calculate boiler efficiency, the fuel heating value and steam enthalpy are
needed:

For fuel oil, the heating value can be assumed as 40 MJ/kg.

For steam, by using the steam tables, at pressure of 3 bar, the specific enthalpy of the steam is
2724,66 kjoule per kilogram (kl/kg).

The units of measure for calculations are MJ and kg; thus both fuel and steam must be expressed as
MJ/kg.

As fuel mass flow is given in litres, litres must be converted to kg by using the fuel density (or specific
gravity). For fuel oil, a density of 0.8 kg/litre can be assumed.

The energy input is then:Energy input = 104 litres x 0,8 kg/litre x 40 MJ/kg = 3328 MJ/kg (assuming that
the enthalpy of feedwater is negligible)
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Energy output = 1100 kg/h x 2724,66 kl/kg= 2997126 klJ/kg =2997,13 MJ/kg

— M
Energy out = Z'EI'EITE

EFFICIENCY =

Energyin = 3328 MJkg =0.9=90%

This means that 90% of energy of the fuel is used, while 10% is lost. Although most of the losses are
found in the hot flue gases leaving the stack, other losses also exist, and will be discussed in detail in the
next sections. Care must be taken because the term “boiler efficiency” is used in several instances to
describe energy conversion processes associated with the boiler. The above definition of efficiency can
be regarded as global boiler efficiency.

Types of boiler efficiency
The two most important ways of expressing boiler efficiency are combustion efficiency and thermal efficiency.

Combustion efficiency

Combustion efficiency indicates a burner’s ability to burn fuel measured by unburned fuel and excess air in the
exhaust. The burner must ensure complete combustion of the fuel, by appropriate mixing with combustion air. If
some of the fuel is not burned, it can be found at the stack, together with other compounds (e.g., ashes,
pollutants). The more unburned particles detected at the stack, the lower the combustion efficiency (and,
consequently, the global efficiency). Combustion efficiency is often calculated on the basis of flue gas analysis,
by measuring the combustion products (carbon dioxide, CO,; nitrogen oxides, NO,; carbon monoxide, CO) to
determine combustion completeness.

Thermal efficiency

Thermal efficiency, or heat exchange efficiency, indicates the effectiveness of the heat exchangers in
transferring heat from the hot gases generated by the combustion process to the water or steam in the boiler.
The heat is transferred to the water (and steam) by radiation and convection. If the hot gases do not transfer all
of their heat to the water to transform it into steam, some heat will be lost at the stack. The higher the
temperature of the flue gases is at the stack, the lower the combustion efficiency.

The overall efficiency of the boiler can be calculated by multiplying the single efficiencies:
Boiler ef ficiency = Combustion ef ficiency x Thermal ef ficiency
As efficiency is normally indicated by using the symbol n, the equation becomes:

Nboiler =Nfcombustion XNthermal
Efficiency is strictly linked to fuel consumption and the amount of emissions from the stack. The following

principle is always valid:

The more efficient the boiler is, the lower the fuel consumption.

Example
If Neombustion 1S 0.98 and N wermal is 0.92, boiler efficiency is:
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Nboiler =0.98 x 0.92 = 0.90 = 90%

If, for some reason (e.g., delayed maintenance), the heat exchange surfaces become dirty and do not
ensure good heat transmission, the boiler efficiency is reduced. Assuming a reduction in thermal
efficiency from 0.92 to 0.85 (from 92% to 85%), the result is higher fuel consumption, which can be
calculated as follows:

New boiler efficiency: 0.98 x 0.85 = 0.83 = 83%
New fuel consumption: to generate the same amount of steam, 2997,13 MJ/kg, the amount of heat
needed will be: 2997,13 MJ/kg/0.83 = 3611 MJ/kg, instead of 3328 MJ/kg

The difference in fuel consumption can be calculated as follows:

Difference in fuel consumption (Af fuel consumption): (3611 MJ/kg - 3328MJ/kg) / 40 MI/kg (fuel oil
heating value) = 7 kg/h

The fuel consumption will therefore be increased by 7 kg/h.

Assuming that the boiler runs 12 hours/day and 330 days/year, the increase in the annual fuel bill can be
calculated. Assuming a fuel cost of about 600 USD/ton (0,6 USD/kg), the increase in the fuel bill will be:

Annual fuel bill increase = Af ¢l consumption) X daily working hours x 330 working days x fuel price

=7 kg/h x 12 hour/day x 330 days/year x 0.6 USD/kg = 16 632 USD/year

The price of a 1 t/h capacity fuel oil boiler in the market varies greatly, according to its characteristics and local

market rules, but usually ranges between 50,000 USD and 100,00 USD. The increase in fuel consumption in the

above example can therefore represent from 15% to 30% of boiler capital investment.

Ways to calculate efficiency

Effect of efficiency on emissions
It is possible to calculate the effect of decreased efficiency on emissions. If we assume 1.5 tons of CO, per 1 ton

of burned fuel oil, the increase in CO, emissions as a result of the increase in fuel consumption is as follows:

Boiler fuel consumption: 104 litres/h x 0.8 kg/litre = 83.2 kg/h
Boiler annual fuel consumption: 83.2 kg/h x 12 h x 330 days = 330 t/year

Boiler CO, emissions: 330 t/year x 1.5 tonsco,/tons.e = 495 tons CO,/year

If the boiler is not properly maintained, the CO, emissions will increase as follows:

Increase in fuel consumption: 7 kg/h x 12 hour/day x 330 days/year = 27720 kg/year=27.72 t/y

Increase in CO, emissions: 27.72 t/y x 1.5 tonsc,/tons, = 41.58 tons CO,/year

The boiler will emit an additional 41,58 t/y of CO,
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Efficiency as boiler heat rate

The efficiency of a boiler is often given by using the boiler heat rate: the amount of fuel needed to generate a
unit of product (e.g., a ton of steam or a kWh of electricity). The boiler heat rate can be expressed in kcal/kWh
for electricity production, or in kcal/kg for steam production. The reference for calculating boiler efficiency is the
unit of conversion between kcal and kWh: 1 kWh = 860 kcal.

Example

If a boiler uses 0,25 kg of fuel (fuel heating value = 10,000 kcal/kg) to produce 1 kWh of electricity, this
means that it needs 0,25 kg x 10,000 kcal/kg = 2500 kcal to produce 1 kWh instead of the theoretical
860 kcal (which corresponds to 100% efficiency). Therefore, the efficiency can be calculated as:

EFFICIENCY = 860 _ 0,34 = 34%

T 25000 T
In this example, 860 kcal, which gives a reference for 100% energy conversion, is the link between boiler
heat rate and boiler efficiency. Different units of measure give the same outcome.

Efficiency as boiler evaporation rate

The boiler evaporation rate can also be used to calculate boiler efficiency. The evaporation rate can be defined
as the amount of steam produced per unit of fuel burned e.g., an evaporation rate of 5 means that 1 kg of fuel
produces 5 kg of steam. The evaporation rate varies according to the actual efficiency of a boiler.

Example

Using the example above, the evaporation rate of a boiler that consumes 104 litres/h of fuel oil and
produces 1100 kg/h of steam is calculated as follows (litres must be converted into kg to have
homogeneous unit of measure).

Assuming a density of 0.8 kg/litre, the mass flow, expressed in kg, is 104 x 0.8 = 83.2 kg/h.

The evaporation rate is:

Evaporation rate = 1100 kg/h of steam/104 litre x 0,8 kg/litre = 13.2 kg of steam per kg of fuel

If the efficiency decreases from 90% to 83%, the fuel consumption (see example above) will increase by
7 kg/h to produce the same quantity of steam. The fuel consumption will then be 83.2 + 7 = 90.2. The
evaporation rate is then:

Evaporation rate = 1100 kg/h/ 90.2 kg/h = 12.2 kg of steam per kg of fuel
This means that less steam is produced for the same quantity of fuel injected in the burner.

In summary, boiler efficiency is expressed as a non-dimensional number or a percentage (n), and heat rate and
evaporation rate are directly related to efficiency. In boilers that generate both electricity and steam, the
efficiency calculations are more complicated (see ANNEX 17).

Boiler efficiency is reduced by:
e energy losses in the flue gas during operation, either by unburned fuel because of excess fuel, or heating
more air than necessary because of excess air; and
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e radiation and convection loss from the exterior surface of the boiler during constant or intermittent

operation.
n Boiler efficiency vs load
100
50
0 T T T
100 80 50| load

Figure 161 Boiler efficiency versus load
As efficiency varies with load, the performance of a boiler is better given by an efficiency versus load curve (a
typical curve is shown in Figure 161. The lower the load is (x axis), the lower the efficiency, and, consequently,
the higher the specific consumption (fuel used per unit of steam produced). Intermittent operation (e.g., turning
on/off the boiler twice a day) results in lower efficiency.

Boiler efficiency calculations

Efficiency is an important parameter to consider when purchasing a boiler. The manufacturer must normally
guarantee the boiler’s efficiency because it affects the fuel consumption (and operating costs) during the boiler’s
lifetime. There are various ways to calculate efficiency, depending on its use.

To estimate the performance of a steam boiler operating in a production process, three main types of efficiency
(whose names may vary in scientific and technical literature) can be examined:

e nominal efficiency

e test efficiency

e average efficiency (e.g., daily, weekly, annual)

The nominal efficiency of a boiler is the efficiency at nominal capacity (100% load), which usually corresponds to
the value of capacity that can be read on the boiler plate and on the manufacturer’s technical specifications. As
illustrated above, the efficiency varies with load.

Test efficiency is boiler efficiency measured during post-commissioning tests, to check its compliance with the

guaranteed efficiency. If the boiler is not properly assembled on site, the measured efficiency will not match the
guaranteed value, resulting in increased fuel consumption (and increased operating costs). It is therefore
important to test the actual efficiency of the boiler after final assembly at the customer’s site.

Average efficiency is the average value of boiler (or plant) efficiency measured over a given period of time (e.g.,
day, week, month, year). This indicates how good the management of the steam generation system has been in
that period, and boiler performance at various loads. For example, if a boiler has high efficiency at nominal load
but low efficiency at reduced load, and it is operated most of the time at reduced load, the average efficiency
will be unsatisfactory. Average efficiency is calculated by dividing the total energy produced (steam production
in the case of industrial boilers) over the given period (e.g., one year) by the total fuel consumption in the same
period:

total energy production
total fuel consumptions

??EF
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Average efficiency is very important for evaluating and optimizing boiler performance, and calculating the
amount of pollutants released to the environment. It should be used by plant managers to summarize, compare
and analyse the performance of the steam production plant over time, and to identify ways to improve
efficiency and reduce operating and maintenance costs. The example below shows how average efficiency can
be used to estimate the effects of changes in efficiency on fuel bills.

Example

Table 40 uses average efficiency to analyse the steam production system performance of a factory. ®® It lists the
amount of steam produced per year for 2001-2006, fuel (coal) consumption, average steam specific enthalpy,
feedwater temperature, average heating value of the coal (NCV: net calorific value), and boiler efficiency.

The coal heating value, steam enthalpy and feedwater temperature were kept steady over the six-year period.
The steam generation production increased from 67653 Mt/y (metric tons) to 75240 Mt/y, and the fuel
consumption increased from 13456 t/y to 16076 t/y. The table shows that boiler efficiency was reduced from
76.7% in 2001 to 71.4% in 2006.

To find out the effect of efficiency reduction on fuel consumption, the effect of the steam production increase
must be separated from that of efficiency reduction. This can be done by calculating the heat rate of the boiler

Table 40 Boiler efficiency variations (UNFCC) (58)
Calculation of Boiler Efficiency

Description Unit 2001 2002 | 2003 | 2004 2005 2006 | Source of Data
Steam Generation MT 67653 | 66968 | 72789 | 69631 | 66292 | 75240 | Boiler Log Bock
Coal Cansumption MT 13456 | 13608 | 14499 | 14371 [ 13531 | 16076 [ Bin Card
Steam Enthalpy Keallkg 665 665 665 665 665 665 | Calculated

T

Feed Water Temperature C 85 85 85 85 85 85 | Measured
Average NCV of Coal Keal/kg 3800 | 3800 3800 | 3800 3800 3800 | Estimated
Boiler Efficiency 76.7% | 75.1% | 76.6% | 74.0% | 74.8% | 71.4% | Calculated
Average Boiler Efficiency 75%

Formula = Boiler Efficiency (1) = _Steam Quantity x { Steam Enthalpy - Feed Water Temperature)
Coal Consumption Quantity x Caloerific Value of Ceal

(ratio of steam produced to fuel consumed), which shows how much fuel is needed to produce a unit (t/h) of
steam.

a) Boiler heat rate 2001 = (13456 Mt/y coal)/(67653 Mt/y steam) = 0,1988 tons of coal/tons of

steam

h] Boiler heat rate 2006 = (160?6 Mt‘f}’ cual]f{?EZ‘lﬂ Mtf‘}" steam] = 0,2135 tons Of Coal/tons Of

steam

The difference between the two heat rates that can be ascribed to the efficiency variation alone is therefore:
A heat rate =0.2136 — 0.1988 = 0.014 tons of coal per ton of steam

The effect of efficiency reduction on fuel consumption is:

A consumption?5240tseam/Y X 0.014 tons of coal/tons of steam = 1053 tons of coal per year
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As a result of the reduction in efficiency, the boiler consumes 1053 additional tons of coal per year.
Assuming a coal price of 100 USD/t, the effect of the increased fuel bill is:
Fuel additional expenses = 1053 t/y x 100 USD/t = 105,300 USD/y

Assuming that the boiler works 7000 hours/year, the capacity of the boiler can be calculated back as follows:

t
annual steam production 722407 steam t

=107-
hours 7000 h
vear v

_ _ _ boiler working
Estimated boiler capacity =

Assuming a price of between 300,000 USD and 500,000 USD for a 10 t/h coal boiler, the economic effect of 5%
efficiency reduction (more than 100,000 additional operating costs per year) ranges between 20% and 30% of
boiler cost. This confirms the importance of maintaining the highest efficiency levels.

Efficiency and boiler auxiliaries

Caution should be used when comparing efficiency values for different boilers. Efficiency must refer to the same
working conditions (nominal capacity) and the same set of auxiliary systems because a plant’s overall efficiency
varies by the number and power absorption of its auxiliaries.

The total plant efficiency is calculated as follows:

r]plant = N boiler X N auxiliaries

When the boiler runs at a reduced load, the efficiency is normally "% 100 gms s
lower and the consumption (heat rate) is higher.

- - - rf]’!’!i)(
Effect of intermittent operation Ioss due to surface
The energy loss due to radiation and convection will increase with = riﬂ':f:;’;g';d
intermittent operation and reduced combustion time. Figure 162 g
shows that the more shutdowns there are, the lower the average %
efficiency.
Multiple boiler systems N

. X . X engineeringtoolbox.com
If more than one boiler is operating in the boiler house, the average
0 %
efficiency is affected by how each of the boilers is operated. The full time e no.
operation operation

most common situation is a steam production plant equipped with

two boilers, with one normally in operation and one normally in Figure 162 Effect of intermittent
standby. In the event of failure, the standby boiler will start running, ©peration (Engineering Toolbox'
and the front boiler will be stopped for repairs. In this case, the

average efficiency is calculated by taking into account the period in which the standby boiler operated.

If there are more than two boilers, the average efficiency can be calculated for each boiler by dividing the steam
it produced by the fuel it burned. This allows selection of the most efficient boiler for the longest operational
period, saving fuel and money. More complex situations, such as boilers with different tasks (e.g., base load
boilers and peak load boilers), must be analysed case by case to identify the operating conditions that lead to
the maximum average efficiency and minimum fuel consumption.
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Effect of boiler sizing

Many boiler plants experience substantial seasonal variations in demand, e.g., food industry production often
depends on availability of seasonal agricultural products. If one boiler only provides steam/heat to the process,
the efficiency at which it converts fuel energy into steam or hot water drops sharply at low load. It can drop to
about 40% of maximum capacity rating (MCR). It therefore makes sense to select boiler sizes to match seasonal
demand: for example, a small boiler operating at close to full load in periods of low demand, with one or two
larger boilers sized to handle peak loads. Investment costs would be higher, but the boilers would operate more
efficiently and the final steam cost would be lower. Reductions in emissions would also be substantial. Again,
each situation must be analysed on a case-by-case basis.

Energy efficiency drift

The performance of an operating boiler declines over time, due to poor combustion, heat transfer surface
fouling, deterioration of fuel and water quality, and poor operation and maintenance. Efficiency testing helps
determine the extent to which boiler efficiency drifts away from optimum efficiency. Any observed abnormal
deviations could therefore be investigated to pinpoint the problem area for necessary corrective action. Hence,
it is necessary to find out the current level of efficiency for performance evaluation, which is a prerequisite for
energy conservation action in industry.

Efficiency measurements

International standards have been developed to measure efficiency, of which the ASME (American Society of
Engineers) Boiler and Pressure Vessel Code is one of the most widely used. Although normally used to test the
guaranteed efficiency values during the commissioning tests, it can also be used to verify how far the boiler is
from the optimal conditions.

ASME Standard PTC-4-1 Power Test Code for Steam Generating Units can be used to test the efficiency of steam
boilers. It includes the direct method and the indirect method. In general, the direct method is relatively easy to
implement and does not need many measurements. However, it does not provide information on where energy
is lost. In contrast, the indirect method requires more measurements, but does indicate where energy is lost.

Direct method

This is also known as the “input-output method” because it only needs information on the useful output (steam)
and the heat input (i.e., fuel) to evaluate the efficiency. The efficiency can be evaluated by using the following
formula:

Energy out

EFFICIENCY = -
Energy in

As explained above, the energy input is the fuel mass flow to the burner, which can be calculated as follows:

Energy input = fuel heating value x fuel mass flow rate

P
The energy output is the enthalpy difference between feedwater and steam: l

Energy output = Steam flow rate (steam enthalpy — feed water enthalpy)

The measurements required to use these equations must be made during a period of |

steady operation in which the boiler has been producing a constant steam flow for !
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approximately 1 hour. During the data gathering period, the water level in the boiler’s steam drum should be
constant. Additional measurements required are steam temperature and pressure exiting the boiler, and
feedwater pressure and temperature. These steam and feedwater properties provide the information required
to determine the enthalpy content of the water entering and the steam exiting the boiler.

For small oil and gas boilers with no condensate recovery, the measurements are relatively easy to obtain. The
steam flow rate in this case is the same as the water flow rate. A water meter on the water feeding pipeline
provides the data on the steam flow rate (see Figure 163). A meter on the fuel oil pipeline (or a scale for solid
fuels) provides the data on the fuel flow rate. Temperature measurements are also needed at the water feeding
line, the steam line exit from the boiler, and the fuel line before the burner. Temperature can be measured with
thermometers. Depending on the steam working conditions (pressure and temperature), special thermometers
may be necessary.

To measure the energy input to the boiler, the fuel calorific value is needed. The data provided by the fuel
supplier can be used or a calorimeter bomb to obtain more precise measurements. This is a simple device, very
common in chemical labs, which measures the heat (energy) produced by burning
one unit of fuel (see Figure 164).

The energy (enthalpy) input to the boiler is related to the temperature of the fuel
and to its heating value. It can be calculated as follows:

value)

Enthalpy input (MJ/ kg/h = flow rate s, x enthalpy sei + flOW 1o suer X fuel heating £

It can be written as: Figure 165 Calorimeter Bomb
Wikipedia (253)
Enthalpy input (MJ/ kg/h = flow rate s, x (enthalpy s, + heating valuey,)

The enthalpy of feedwater should also be added if relevant.

The energy output can be calculated by using the steam enthalpy. Assuming that the steam is saturated, the
enthalpy can be obtained by consulting the steam tables (see ANNEXES 2 and 3). The energy (enthalpy) output is
therefore:

Energy (enthalpy) out = flow rate x (enthalpy steam out — €nthalpy waterin)

The efficiency of the boiler is then calculated as follows:

(flow rate steam x ( enthalpy steam — enthalpy feed water) ))/(flow rate fuel x (enthalpy fu
= Boiler efficiency

Measurement of energy input

The measurement of heat input requires information on the calorific value of the fuel and its flow rate in terms

of mass or volume, according to the nature of the fuel: **

e Gaseous fuels: A gas meter of the approved type can be used and the measured volume should be
corrected for temperature and pressure. A sample of gas can be collected for calorific value
determination, but it is usually acceptable to use the calorific value declared by the gas suppliers.

e Liquid fuels: Heavy fuel oil is very viscous, and this property varies sharply with temperature. The
meter, which is usually installed on the combustion appliance, should be regarded as a rough
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indicator only. For test purposes, a meter calibrated for the particular oil to be used and over a
realistic range of temperature should be installed. Even better is the use of an accurately calibrated
day tank.

Solid fuels: The accurate measurement of the flow of coal or other solid fuel is very difficult. In large facilities,

Crifice plate

Flow direction

..... ' Annular slot

Inlet pipe

Figure 166 Gamma rays coal mass flowmeter Pressure difference ap

. (153)
(Berthold Technologies-Germany) Figure 167 Orifice plate flowmeter

automatic mass flow measurement systems are used on travelling tapes that deliver the coal to the mills
(pulverized coal burners). The mass flow is determined by measuring the velocity of the travelling tape and the
mass of the coal passing through a fixed geometry gate. Other sophisticated systems based on radiations are
also available (Figure 167).

Measurements of energy output

Several methods can be used to measure heat output. For steam boilers, an installed steam meter can be used
to measure flow rate. Several types of flowmeters are available on the market, and differ in the methodology
used to measure the steam flow, including the following:

e orifice plate flowmeters (see Figure 166)

e turbine flowmeters (including shunt or bypass types)
e variable area flowmeters

e spring loaded variable area flowmeters

e direct in-line variable area (DIVA) flowmeter

e pitot tubes

e vortex shedding flowmeters

To measure the fuel heating value (calorific value), a calorimeter bomb must be used and samples taken to an
equipped lab for testing.

For small boilers, the alternative is to measure the feedwater flow rate. This can be done by putting a water
meter in the water feeding line to the boiler for steam systems with no condensate recovery (open cycles). For
condensate recovery systems, the water meter should be positioned immediately before the boiler water inlet.

To calculate the efficiency of the boiler, both gross calorific value (GVC) and lower (net) calorific value (LCV) can
be used, depending on the international standards used or the agreement with the boiler supplier. As the heat
used to evaporate the water content in the fuel is normally not recovered in industrial boilers, using LCV
produces more realistic outcomes. GCV is mostly used in the United States, and LCV in Europe.
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Example

Type of boiler: Coal-fired boiler

Heat output data
Quantity of steam generated (output): 8 t/h
Steam pressure/temperature: 10 kg/cm? (g)/ 180 °C

Enthalpy of steam (dry & saturated) at 10 kg/cmz(g) pressure: 665 kcal/kg
Feedwater temperature: 85 °C

Enthalpy of feedwater: 85 kcal/kg

Heat input data

Quantity of coal consumed (input): 1.6 t/h
Coal heating value: 4000 kcal/kg
Calculation

Boiler efficiency (n) = ( (Q x(H -h))/(q x GCV)) x100

Where Q = Quantity of steam generated per hour (kg/hr)
g = Quantity of fuel used per hour (kg/hr)

LCV = Lower (net) calorific value of the fuel (kcal/kg)

H = Enthalpy of steam (kcal/kg)

H = Enthalpy of feedwater (kcal/kg)

t (663 — 83 keal

t fecal
7 X 1000 kg = ‘}UUDH

Eoiler ef ficiency =
1.6

Indirect method

As mentioned earlier, the indirect method measure requires undertaking more measurements than the direct

method, but it provides valuable information on where the energy is lost in the boiler. Assuming a theoretical

boiler efficiency of 100, the actual efficiency is calculated by subtracting the heat losses fraction from 100:

Efficiency = 100 — Heat losses

The various heat losses occurring in the boiler are shown in Figure 168. The indirect method implies the

calculation of all energy losses to calculate the energy output, according to the following formula:

ENERGY OUT = ENERGY IN - ENERGY LOSSES
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O; Flue gases losses:

Dry flue gas enthalpy
(t°)

Surface losses

Moisture in fuel

Moisture in air

Hydrogen losses

CO losses

Combustion air

Blowdown losses

Feedwater

Figure 168 Efficiency measurement - heat losses

For large, sophisticated boilers, calculating the energy losses that occur in the
boiler and auxiliary systems can be complicated. For small boilers, however,
energy loss can be estimated by calculating the main energy loss from the flue
gases exiting the stack. Sophisticated flue gas analysers, which are currently
available on the market at a reasonable cost, can be used to calculate boiler
efficiency. Instruments range from inexpensive, small hand-held devices to

large, permanently installed units that can produce lab-quality results ¢
continuously. The type of gas analyser used depends on the type of gases to be ngure 169 TESTO 350
monitored and whether requirements call for analysis on a spot basis or Analyzer

continuous monitoring. One of the most common flue gas analyser, the
TESTO 350, is shown in Figure 169

Gas analysers measure the by-products of the fuel combustion process.
For fossil fuels, the components of interest from an environmental
perspective are NO,, CO,, CO and sulphur dioxide (SO,), if any. Flue gas
analysis is performed by inserting a probe into the flue gas duct before
the air heater (if present), and before the induced draught fan and
stack. It is important that air leakages are not present along the flue

gas duct during the analysis, so as not to distort the measurement

Q
outcomes. It is also necessary to take the temperature of combustion % T
air (normally ambient temperature). Measurement values are either 3 ?’6
provided in part per million (ppm) or percentage (%), depending on the & § g
analyser type and size. Og. %
a &
Modern flue gas analysers are able to calculate boiler efficiency as a %, 3 13‘?“
result of flue gas analysis, by using the indirect methodology and < {O . >
Excess Fuel Excess Air

internal algorithms to calculate the heat loss at the stack. Oxygen
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and/or CO, measurements, along with the air temperature, are needed to calculate boiler efficiency. The
measurements are based on the relationships between CO,, CO and oxygen content and efficiency (see Figure
171). The Figure shows the areas where efficiency is at its maximum. The highest efficiency area, however, does
not coincide with stoichiometric combustion. This is because it is very difficult to obtain stoichiometric
conditions (exact air-to-fuel ratio) throughout the entire combustion chamber, particularly in large boilers. There
will always be areas with air-to-fuel ratios lower or higher than stoichiometric conditions. Low excess air levels
ensure that the fuel has air for complete combustion, optimizing combustion efficiency.

Stack losses

Boiler stack loss ' is typically the major loss component associated with boiler operation. Many factors are
incorporated in the stack loss category, but the major contributors are the flue gas temperature and excess air
amount. Rarely do these losses combine to be less than 8% of the total fuel energy input to the boiler, and
generally they result in more than 15%.

Commonly, stack loss is converted into an expression of efficiency. Combustion efficiency is determined by the
following equation:

Ncombustion = 100% — stack loss (minor losses omitted)

This equation is very similar to the indirect efficiency equation provided above. In fact, combustion efficiency
represents the major components of indirect efficiency with shell losses, blowdown losses, and miscellaneous
losses omitted. In this case, stack loss is the only loss considered in combustion efficiency, and is expressed as a
percentage of total fuel input energy. In this Guide, stack loss is evaluated by using tables. ANNEX 16 provides
stack loss tables for different fuels. *

Because stack losses can be massive and are generally the largest loss in magnitude, they require close
management. The investigation of stack losses can be limited to two main categories: temperature effect and
excess air effect.

Flue gas oxygen content

Steam generation efficiency centres on the energy transfer process in the boilers. The main factors affecting the
efficiency of this energy transfer process are the temperature of the exiting flue gas and the flue gas oxygen
content ™. These issues are related in many areas. Flue gas oxygen content can represent a significant loss to
the steam system if the content is not maintained within the proper limits. The flue gas oxygen content, also
indicated and measured as “excess air,” is very important for boiler operation. In the combustion process, fuel
must come in contact with oxygen to allow the release of the chemical energy resident in the fuel. If the fuel
does not react, it leaves the combustion area and the boiler. This is a loss to the system because the fuel energy,
which was purchased, was not released, and it presents a safety and environmental hazard because combustion
can occur in boiler areas not designed for combustion. The partial combustion of the fuel will form carbon
monoxide, which is a toxic low-grade fuel. Reduced oxygen content can also result in the potential production of
smoke or opacity due to poor combustion and the formation of particles from partial combustion of the fuel.

Since these conditions must be avoided, excess oxygen is supplied to the combustion zone to ensure that all of
the fuel is combusted. However, this excess oxygen enters the boiler at ambient temperature, 21 °C (70° F) for
example, and exits the boiler with the flue gas at an elevated temperature, 232 °C (450 °F) for example.
Therefore, the fuel heats the extra air brought into the boiler from ambient temperature to flue gas
temperature.
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Further compounding the problem is the fact that the oxygen source is ambient air, which contains much more
nitrogen than it does oxygen. The nitrogen does nothing for the combustion process except to extract energy
and increase the loss. Management of this flue gas loss requires the excess oxygen to be maintained within an
appropriate range, which depends on the fuel type and the method of monitoring and control.

Table 41 shows typical control limits for steam boilers. The table shows the amount of oxygen (O,) in the flue gas
as it exits the combustion chamber, which is also expressed as excess air. Excess air is the amount of air
introduced to the combustion zone in comparison to the theoretical, stoichiometric amount required for
complete combustion with no excess air. The excess air values in the table correspond to the flue gas oxygen
content values.

Table 41 Flue gas oxygen content control parameters (EERE USA-Steam Survey Guide) **

Automatic control flue | Positioning control | Automatic control | Positioning control
gas O2 content fluee gas O2 excess air excess air
content
Minimum | Maximum | Minimum | Maximum | Minimum | Maximum | Minimum | Maximum
(%) (%) (%) (%) (%) (%) (%) (%)
Natural 1.5 3.0 3.0 7.0 8.5 18.0 18.0 55.0
gas
No. 2 fuel | 2.0 3.0 3.0 7.0 11.0 18.0 18.0 55.0
oil
No. 6 fuel | 2.5 35 35 8.0 14.0 21.0 21.0 65.0
oil
Pulverized | 25 4.0 4.0 7.0 14.0 25.0 25.0 50.0
coal
Stoker coal | 3.5 5.0 5.0 8.0 20.0 320 32.0 65.0

The two main designations in the Table are automatic control and positioning control, which are types of

excess air control on a boiler.

Positioning control is generally accomplished as part of an overall boiler control system without flue gas oxygen
measurement. Typically, a pressure controller observing steam pressure is the main system controller. As the
steam pressure decreases, the controller will increase fuel flow to increase boiler steam output. Combustion air
flow will be increased in a pre-set manner in response to the fuel flow setting. Combustion air is not adjusted
based on flue gas oxygen content. Periodically the relationship between the combustion air setting and the fuel
flow is verified and adjusted through flue gas oxygen content evaluation. Non-automatic control is also
accomplished through monitoring of the flue gas oxygen content and manually adjusting the quantity of
combustion air. This type of operation is usually found on boilers with constant load.

Automatic control refers to any type of boiler control that continually monitors flue gas oxygen content and
adjusts the combustion air flow to maintain required limits. Any type of control will result in a range of flue gas
oxygen content. Most boilers operate with less excess oxygen requirement at higher loads than at lower loads,
primarily because of the improved mixing and combustion parameters at higher loads.

As an example, consider a boiler that has a flue gas exit temperature of 293 °C (560 °F) and a combustion air
inlet temperature of 21 °C (70° F). This produces a flue gas temperature difference of 490°F (560°F — 70°F). The
flue gas oxygen content was measured to be 11.0%. Table 42 identifies the loss associated with the energy
exiting the boiler with the flue gas, accounting for about 25.18%. (This table, and tables for other fuels, can be
found in ANNEX 16.) If this loss can be reduced, by recovering energy to the steam, the operating cost of the

boiler will decrease. Even without flue gas monitoring and control, the boiler should be capable of operating
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with a flue gas oxygen content ranging between 3.0% and 7.0%. If the oxygen content is reduced to an average
of 5.0% and the flue gas exhaust temperature remains constant, the combustion loss will be reduced to 18.18%.
In other words, boiler efficiency will improve by 7.0 percentage points (25.18% to 18.18%). The initial boiler
efficiency was determined to be 72.2%.

Table 42 Stack loss of No. 2 fuel oil (%) -EERE USA-Steam Survey Guide (25)

Flue gas OplFlue gas temperature—combustion air temperature (°F)

content (%) b3y bso 70 [290 310 330 50 [370 [390 410 [430 450 470 |90 [510
1.00 10.33 [10.74 [11.16 [11.58 [12.00 [12.43 [12.85 [13.28 [13.70 [14.13 [14.56 [14.99 [15.42 [15.85 |16.28
2.00 10.55 [10.99 [11.43 [11.87 [12.31 [12.75 [13.20 [13.64 [14.00 [14.54 [14.99 [15.44 [15.89 [16.34 [16.79
3.00 10.79 [11.25 11.72 [12.18 [12.65 [13.11 [13.58 [14.05 [14.52 [14.99 |15.46 [15.94 [16.41 [16.89 [17.36
4.00 11.07 [11.56 [12.04 [12.53 [13.02 [13.52 [14.01 [14.50 [15.00 [15.50 [15.99 [16.49 [17.00 [17.50 [18.00
500 11.38 [11.89 [12.41 [12.93 [13.45 [13.97 [14.49 [15.01 [15.54 [16.07 [16.59 [17.12 [17.65 [18.18 [18.72
6.00 11.73[12.28 [12.83 [13.38 [13.93 [14.48 [15.04 [15.59 [16.15 [16.71 |17.27 [17.83 [18.40 [18.96 [19.53
700 12.13 [12.72 [13.30 [13.89 [14.48 [15.07 [15.66 [16.26 [16.85 [17.45 [18.05 [18.65 [19.25 [19.85 [20.45
8.00 12.60 [13.22 [13.85 [14.48 [15.11 [15.75 [16.38 [17.02 [17.66 [18.30 [18.94 [19.58 [20.23 [20.88 [21.52
9.00 13.14 [13.81 [14.49 [15.17 [15.85 [16.54 [17.22 [17.91 [18.60 [19.29 [19.98 0.68 [21.38 [22.07 [22.77
10.00 13.77 [14.51 [15.25 [15.99 [16.73 [17.47 [18.22 [18.96 [19.71 [20.46 [21.22 [21.97 [2.73 [23.49 [24.25
11.00 14.54 [15.35 [16.15 [16.96 [17.78 [18.59 [19.41 [20.23 [21.05 [21.87 [22.70 [23.52 [24.35 [25.18 [26.02
12.00 15.48 [16.37 [17.26 [18.16 [19.06 [19.96 [20.87 [21.77 [22.68 [23.59 [24.51 [25.42 [26.34 [27.26 [28.18

After tuning the boiler, efficiency would increase to 79.2%. This assumes that blowdown losses, shell losses, and
other miscellaneous losses remain constant (approximately 2.6% of fuel energy input). An oxygen content of
5.0% was chosen because the boiler would be operating within the control range of flue gas oxygen content
(3.0% to 7.0%). The approximate savings would be approximately 900,000 USD/year, and attainable with
relatively minor investment. The revised boiler operating costs (fuel only) would be 9,245,000 USD/year.

The example boiler could be equipped with an automatic oxygen trim system to further reduce the stack loss.
The oxygen trim system could control the flue gas oxygen content to 2.5%, and the combustion loss would
decrease to 16.6% if the flue gas temperature remained constant. In other words, boiler efficiency would
increase to 80.8%. The potential savings would be calculated as follows:

Savings = 9,245,000 USD/year (1 —0.980) = 183,000 USD/year *¥

This significant savings would require investment in combustion control equipment. The economics of this
project appear favourable, but further analysis would be required to determine the total project cost associated
with the installation of the combustion control equipment.

The location of oxygen measurement is important, especially for boilers operating with negative pressure in, and
downstream of, the combustion zone. Boilers operating with negative pressure will have some air leaking into
the flue gas stream. This air has not passed through the combustion zone and, as a result, did not contribute to
the combustion process. This can provide a false oxygen reading that results in poor combustion performance if
the input air flow is reduced based on this erroneous measurement. Therefore, the oxygen sensor should be
installed as close to the combustion zone as is practically possible to achieve acceptable sensor life and accurate
measurement of oxygen content.

In this example, flue gas temperature was assumed to remain constant when excess air was reduced. Typically,
flue gas temperature does not remain constant when the amount of excess air is adjusted. In general, flue gas
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temperature decreases as excess air is decreased. However, this is not a universal rule, and should be
investigated on a case-by-case basis.

Flue gas combustibles
A secondary measurement for determining combustion performance is the concentration of combustible
material remaining in the flue gas after the combustion zone. Poor or incomplete combustion can result even if

the appropriate amount of oxygen is introduced to the combustion chamber ).

Three main factors affect combustion:

e reaction time
e reaction temperature
e reactant mixture

For the combustion reaction to proceed to completion, fuel and oxygen must have enough time, be at the
proper temperature, and be appropriately mixed. If any component is missing, the reaction will not proceed to
completion. Babcock & Wilcox describes this as “the three T's of combustion; Time, Temperature, and
Turbulence.” The main chemical component arising from incomplete combustion is carbon monoxide. Periodic
carbon monoxide (or combustibles) measurement can provide insight into the performance of the combustion
zone.

A generally accepted limit is to have no more than 200 ppm combustibles in the flue gas. However, each boiler
should be investigated to determine the base combustibles level. Any changes observed during periodic
monitoring can then be interpreted as a problem in the combustion process. For example, a natural gas-fired
boiler may have 15 ppm combustibles in the flue gas under normal operating conditions. If this concentration
increased to 50 ppm (still well below the generally accepted limit), it would indicate a combustion problem.

Flammapbility limits

Not only must fuel and air be in the appropriate concentrations to obtain efficient combustion, they must also
be within proper limits to establish a flame. For example, methane (natural gas essentially) must be mixed with
at least 85% air (by volume) and no more than 95% air to burn. This indicates that the air fuel mixture will not
burn if there is more than 100% excess air (10% oxygen in the combustion products). However, many boilers
operate with more excess air than this. The explanation is that the full amount of extra air is not passing through
the flame zone. Air is either entering as “tramp air” through a shell leak or the combustion air system, but it is
not affecting the flame zone. Even though this air is not passing through the flame zone, it still affects boiler
efficiency by absorbing energy from the fuel .

This discussion is relevant when deciding on the appropriate method to reduce stack loss. Typically, excess air
loss is reduced by more precise control of the combustion air entering the flame zone. However, if a significant
portion of the air passing through the boiler does not pass through the flame zone, then reducing flue gas
oxygen content may result in substoichiometric conditions (oxygen starved) in the flame zone. This could cause
an explosion or economic problems. Periodically measuring flue gas combustibles concentration in a boiler is
essential when correcting flue gas oxygen content problems.

Flue gas temperature

An obvious loss associated with boiler operation occurs when the exhaust flue gas exits the boiler with an

elevated temperature 23 A diagnostic measurement essential to boiler efficiency evaluation is the exhaust flue

gas temperature. This measurement should be recorded at least daily and for boiler steam load and ambient

conditions. The location of the sensing point is also critical. It should be as close as possible to the flue gas exit of

the last point of heat exchange for the flue gas. In other words, if the boiler is equipped with a feedwater
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economizer, the temperature sensor should be located at the flue gas exit from the economizer. The idea is to
obtain the true energy content of the flue gas stream in relation to the energy exchange processes within the
boiler. An annual comparison should be made between current and previous flue gas temperatures with the
boiler operating under similar steam loading and ambient conditions.

The flue gas exit temperature is affected by many factors, including:

e boiler load (steam production)

e boiler design

e combustion-side heat transfer surface fouling

o fireside heat transfer surface fouling

o flue gas bypassing heat transfer surfaces because of failed boiler components, and
o excess air (possibly).

The next sections describe how these factors usually affect flue gas temperature, and how they can be managed.

Boiler load

As the boiler load increases, the flue gas exit temperature generally increases too. This is primarily because the
amount of heat transfer surface within the boiler is fixed, which allows less heat transfer per unit mass of
combustion products as the load increases. Since elevated flue gas temperatures are indicative of elevated loss,
it would appear that the boiler should be operated at low load to reduce stack losses. However, as the boiler
load is diminished, the flue gas oxygen content must increase to maintain proper combustion. This serves to
increase stack loss because of elevated excess air flow. Shell losses do not increase in magnitude as the boiler
load increases, but they increase as a percentage of total fuel energy input. As a result, most typical boilers do
not experience significant improvement in efficiency when the steam load is reduced.

Many boilers experience a greater non-proportional increase in flue gas temperature when the boiler is
operated at a load greater than 100% of design. This can result in significant losses and is the main component
leading to efficiency reduction for boilers operating at greater than 100% of full load.

In summary, boiler load generally affects flue gas exhaust temperature. Since this effect is essentially a design
characteristic of the boiler, there is little that can be done to manage this. However, it is important to take this
change into account when evaluating performance degradation. Flue gas temperatures should be recorded with
respect to boiler load as well as ambient temperature.

Boiler design

The design of a boiler is key to overall steam generation efficiency. Heat transfer area and other design
considerations are important factors in determining the amount of energy transferred from the flue gas.
Obviously, additional heat transfer area will, in general, equip a boiler to operate more efficiently (i.e., reduce
flue gas exhaust temperature), but at additional expense.

From a management standpoint, little can be done operationally to reduce the design component of stack loss
once the boiler has been installed. Generally, improvements in this area require installing additional heat
recovery equipment, such as a feedwater economizer or combustion air preheater, to extract energy from the
flue gas. A feedwater economizer exchanges heat between the flue gas and feedwater prior to entering the
boiler. A combustion air preheater exchanges heat between the flue gas and the combustion air entering the
boiler.
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Practical limits dictate the maximum amount of energy that can be extracted from the flue gas. These limits
arise from corrosion issues and result in a minimum (practical) flue gas temperature that is significantly
influenced by the corrosiveness of the flue gas. If the fuel contains sulphur, the sulphur content of the fuel is
directly responsible for this limit. Sulphur itself is a fuel, which reacts with oxygen to form sulphur oxide (SO, or
SO;) (see Chapter 3). These chemicals react with water (H,0) to form sulphuric acid (H,SO,), which can corrode
many boiler components. Problems occur with this chemical when it condenses. Therefore, the flue gas must be
maintained at a temperature greater than the dew point of sulphuric acid in the flue gas. Experience indicates
that the corrosion rate can be reduced to safe limits if the temperature of the heat transfer surface is
maintained above certain minimum values. These values correspond to the feedwater inlet temperature for
economizers.

If the fuel does not contain sulphur, the dew point of water vapour is the temperature limit because of the
potential carbonic acid corrosion. Carbonic acid (H,COs) forms when carbon dioxide (CO,) reacts with water.

Existing metallurgical technology allows the flue gas to be cooled below the dew point of these chemicals, and
thus minimizes corrosion. This technology is not considered in this Guide, but should be investigated with
equipment specialists.

Heat transfer surface fouling
A boiler is a large heat exchanger with a tremendous amount of heat transfer surface area. If the heat transfer
surface becomes fouled, heat transfer will be reduced and efficiency will suffer. Fouling can occur on the water-
steam side of the boiler as well as on the combustion flue gas side. The fouling mechanisms and management
techniques vary by deposit type.

Waterside fouling most commonly results from dissolved chemicals in the feedwater, which precipitate on boiler
heat transfer surfaces. These “dissolved solids” are much more soluble in liquid water than in steam. Therefore,
these chemicals enter the boiler with the feedwater, but essentially do not leave the boiler with the steam; as a
result, they concentrate in the boiler water. If not removed with blowdown, these chemicals concentrate until
the saturation limit is reached at which point precipitation occurs. The most detrimental form of precipitation
for heat transfer is a precipitant forming a layer of scale, which insulates the heat transfer surface.

Waterside fouling is best addressed by prevention. This is accomplished through make-up water treatment,
condensate conditioning, chemical addition, and blowdown. Waterside fouling is generally a thin scale deposited
at the boiler tube surface. Once the layer of scale has formed, two primary methods of removal are used:
mechanical cleaning and chemical cleaning. Mechanical cleaning can involve water jet cleaning, which uses high-
pressure water jets to scrub and dislodge the scale deposit. Brushes and other scrubbing devices are also used in
this service. Chemical or acid cleaning acts to dissolve the deposit. All of these methods are obviously conducted
while the boiler is out of service, and should be completed by trained, experienced personnel.

Waterside fouling can contribute to tube failures. Many of the deposits are accelerated by increased heat flux;
therefore, the “hottest” section of tubes can tend to scale more rapidly. As the scale layer forms, the tube is
insulated at the inside tube surface, which allows the external surface to increase in temperature. The tube
strength decreases as the temperature increases, and tube failures can result. Under-deposit corrosion can also
occur resulting in tube failures.

Fireside fouling is generally more prevalent in solid fuel boilers than fuel oil- or natural gas-fired boilers. Solid
fuels contain some amount of ash that generally remains in solid form throughout the combustion and heat
transfer processes. Ash will form into fine particles that can be carried with the flue gas. As the ash-laden flue
gas contacts boiler heat transfer surfaces, the ash can attach to these surfaces. Similar to waterside scale
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deposits, fireside ash deposits insulate the heat transfer surfaces and result in reduced boiler efficiency in the
form of increased flue gas temperature. Natural gas and light fuel oils carry essentially no ash load. Generally,
No. 6 fuel oil (heavy fuel oil) has some component of ash, which provides fouling potential. Fireside fouling can
also promote corrosion and result in tube failures.

Fireside fouling is reduced by periodic off-line and on-line cleaning. Sootblowing is generally an effective method
for cleaning the combustion side of boilers that burn fuels with an ash component. It sprays a high-pressure
steam jet onto the surface of the boiler tubes to dislodge the accumulated deposits while the boiler is in service.
Compressed air is used on some boilers as the blowing medium. The flue gas exit temperature should be
monitored before and after the sootblowing operation to indicate performance. Sootblowing is also conducted
with acoustic horns, which vibrate the deposit from the tube surfaces.

Although sootblowers are critical for maintaining the cleanliness of the boiler tubes, they can be located
anywhere in the boiler that is prone to fouling. To verify the effectiveness of the sootblowing operation, flue gas
temperatures exiting the sootblower sections before and after the sootblowing event should be monitored.
Thermometers should be calibrated to ensure proper monitoring. The flue gas temperature should decrease
after sootblowing.

Failure of internal components

Boilers are designed with specific Steam Bailer
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reduced with lower feedwater temperatures, as indicated in Figure 172. "% The lower the feedwater
temperature is, the lower the boiler rating. The rating decreases with increased operating pressure.

CHAPTER 6 - IMPLEMENTATION OF BEST AVAILABLE TECHNICHIQUES AND
BEST ENVIRONMENTAL PRACTICES
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SUMMARY

Knowledge of best available techniques (BAT) and best environmental practices (BEP) is essential for
purchasing and operating boilers. The economics of steam production is affected by fuel type, boiler
type, and number and quality of auxiliaries. Although it is commonly believed that buying a cheap
boiler saves money, it can be easily demonstrated that cheap boilers are less efficient and less
reliable, which ultimately results in increased annual costs and a higher cost for produced steam.

BAT and BEP can be implemented on many parts of a boiler and its auxiliaries. The Chapter provides
examples and suggestions on how to improve boiler performance by implementing BAT/BEP. As
discussed in Chapter 5, stack losses are one of the most critical points for boiler operation with the
amount of excess air strongly affecting boiler performance. An example of how to optimize excess air
is illustrated. Burner optimization, condensate recovery, blowdown recovery and optimization, water
purity, and the most critical boiler components are also discussed to demonstrate the potential for
improving boiler performance.

Factors affecting boiler selection

Supplying a steam production system for a production process includes:

boiler and auxiliaries selection and purchase (affects capital and operating costs), and
boiler operation and maintenance (affects operating costs).

Both are important for production process economics because, as the expected boiler lifetime is more than 20

years, a non-optimized boiler purchase will affect steam production costs and supply for a long time. Non-

optimized operation will also have a negative effect on steam production costs and on the environment.

Boiler operation is related to the following:

Fuel costs and characteristics (solid, liquid or gaseous): Fuel costs affect steam production, while fuel
characteristics affect maintenance type and costs e.g., solid fuels need ash collection and disposal systems
and normally require more personnel and expenses than gaseous fuels.

Number and sophistication of auxiliary systems: The more auxiliary systems there are, the more
demanding the maintenance service. Automated systems require fewer operation personnel than manual
systems.

Steam needs: Steady steam demand, and the resultant steady working conditions of the boiler, require
fewer manoeuvers than, for instance, daily operation with load variations. Therefore, it may work with
higher efficiencies and, consequently, is less expensive.

Pollutants emitted: Compliance with emission limits may result in additional costs for steam production.
All environmental aspects of boiler operation must be identified and carefully evaluated, in the context of
trends in regulations and standards.

When selecting a new boiler, all parameters that can affect boiler economics and environmental impact should
be carefully evaluated. The focus should be on the final cost of the steam produced, plant safety and reliability,
and the amount of pollutants released.

Three main factors drive the financial aspects of boiler selection:

Investment payback period: Many factory managers give priority to the boiler price rather than to the
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investment payback period. This is often because financial resources are not available. However, it

normally results in higher operating and maintenance costs, and increased final steam costs and

emissions of pollutants. Selecting a Boiler and auxiliaries must therefore be based on the payback period
or return on investment (ROI) rather than on market price.

e Fuel type: Fuel selection is of capital importance for steam production economics because it affects the
investment payback. Operating costs strongly depend on fuel price. Fuel selection should be made
before boiler selection in the decision-making process. Once the fuel is selected, it is easy to identify
boilers that can burn that fuel. Fuel selection must be based on the following parameters:

O Fuel price to the factory (including transportation costs) and supplier reliability: As already
mentioned, fuel prices affect steam production costs. It is important to verify the existence of
more than one supplier and/or agree on long-term supply contracts to avoid price variations.

O Fuel availability: The fuel must be available all year long, with no constraints on production or
supply. For instance, biomass may be available seasonally; an oil product has no seasonal
constraints, but, under certain conditions, a factory may be dependent on a single supplier with
consequent risk to fuel cost and availability.

O Fuel characteristics: Since boiler performance is affected by fuel characteristics, it is important to
fix the heating value and contaminants content in the fuel purchase specifications. Both values
have a direct effect on boiler efficiency and pollutants emitted. Selection of auxiliaries also
depends on fuel characteristics e.g., solid fuels need different auxiliaries than liquid and gaseous
fuels.

O Fuel price trends: Since a boiler, once purchased, will last for more than 20 years, fuel price trends
should be examined to prevent unexpected price increases from negatively affecting the final cost
of the steam produced. For example, it currently seems very likely that prices for oil products and
gaseous fuels will increase in the next decades. Care should therefore be taken when selecting oil
products or natural gas as the primary fuel for the boiler. Selecting a boiler capable of using two
or more different fuels allows the ability to switch to the cheapest (or most available) fuel in case
of market changes.

e Pollutants released: The amount of pollutants released from a boiler to the environment is directly
linked to the type of fuel burned. As a general rule, the dirtier the fuel is, the higher the amount of
pollutants released to the environment. The amount of pollutants released by the boiler indirectly
affects boiler operation. More and stricter laws and regulations on pollutant emissions from
industrial boilers are continuously being enforced all over the world because of increased global
warming and other negative effects on the environment and human health, particularly in
developing countries. Boiler owners must adopt cleaner fuels, more efficient air pollution control
devices (APCD), and good operating and maintenance practices to comply with upcoming new rules,
which will ultimately result in higher steam production costs.

Effect on the environment

The more pollutants a boiler emits, the greater the negative effects on the environment and human health.
Selection of a cheaper boiler that emits more pollutants will very likely result in future problems and additional
costs when it is cannot comply with new, stricter regulations on emissions. A more expensive, but more
efficient, boiler equipped with APCDs will be better able to comply with upcoming emission limits and
regulations.

Adopting best available techniques (BAT) and best environmental practices (BEP) for industrial boilers improves
efficiency and results in compliance with emission limits. BAT is best implemented during the boiler design and
construction phase when evaluating specific issues such as furnace temperature, heat recovery, combustion
systems, and efficiency; or in retrofit analyses of older boilers. BEP is more relevant to proper boiler operation
and maintenance focused on reducing releases of pollutants.

This Chapter discusses BAT and BEP for industrial boilers (though does not provide not an exhaustive list), with
special emphasis on reduction of pollutants, particularly dioxins and carbon dioxide (CO,). It demonstrates that,
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in many cases, it is possible to improve the economics of boiler operation while, at the same time, reducing the
releases of pollutants. The adoption of BAT/BEP may result in advantages for the factory owner (lower fuel bills)
and for the community (lower pollution). Investments can usually be recovered in a few years.

Best available techniques

BAT categories
BAT to achieve lower emission of pollutants for industrial boilers can be divided into two main categories:

e efficiency improvement/combustion optimization
e APCD installation

Efficiency improvement/combustion optimization

Improved boiler efficiency is achieved by several techniques that lead to lower fuel consumption per unit of
steam produced. The improvement in boiler efficiency normally results in better boiler performance and lower
emissions of pollutants. As a result of efficiency improvement, less fuel is burned in total, which reduces the fuel
bill and emissions of pollutants, particularly CO,. While efficiency improvement is a primary measure to reduce
CO, emissions, a secondary measure is to switch to a fuel that produces less CO, (see Chapter 2). For instance,
when burned, oil produces less CO, per unit of energy produced than coal.

Efficiency improvement has two beneficial effects on production and release of dioxins:

e Asless fuel is burned, fewer dioxins are produced and released to the environment.
e Since efficiency improvement often results in optimized combustion conditions, the production of
dioxins per unit of fuel burned in the combustion zone is lower.

APCD installation
Installation of APCD in between the boiler and the stack reduces emissions of polluting compounds (see Chapter
4), but has negative effects on efficiency and operating costs:

e Flue gas pressure losses are increased by the presence of pollution control equipment along the duct.

e The power absorption of boiler auxiliaries consequently increases (the draught fans need more power
and the pollution control equipment needs additional power to function).

e Additional APCD auxiliaries, such as pumps, fans, electric fields, etc., require power.

e The plant needs more maintenance because of the presence of additional equipment.

There are additional operating costs (e.g., cost of disposal of the ash collected by the pollution control

device).

BAT to reduce dioxin releases

This section looks in detail at a key example of the effects of BAT adoption on boilers and their emissions: BAT to
reduce dioxin releases. To reduce the emission of persistent organic pollutants (POPs) from fossil fuel-fired
utility and industrial boilers, a variety of measures can be used to minimize the pathways for generation and
release of such pollutants in boiler design and operation.

Fuel specification and monitoring

The unintentional introduction of contaminated fuels, which may promote the formation of POPs, must be
reduced as much as possible. This is especially important when co-firing fossil fuels with other fuel types.
Controls should be introduced to ensure that the fuels used are within the required specifications.

Combustion conditions
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To achieve complete combustion of POPs contained in the fuel, special attention must be paid to the four
cornerstones of high destruction efficiency:

e temperature
e time

e turbulence

® excess oxygen

Doing so will also ensure the destruction of precursors and reduce soot formation, and therefore provide fewer
possible sites for solid catalysis in the cooling gas effluent. Table 43 illustrates the influence of combustion
conditions on emission of pollutants from refuse-derived fuel, although the values shown are higher than might
be expected from combustion using fossil fuels.

Table 43 Effect of combustion conditions on PCDD/PCFD emissions (ng/Rm3)u

Species Good combustion Poor combustion
PCDD (total) 70-230 200-600
PCDF (total) 220-600 700-1,300

Clsg benzenes” 4,000-6,000 7,000-16,000

*Includes all of the congeners of tri, tetra and penta, as well as the fully substituted hexa.

It is generally accepted that a temperature in excess of 900 C and a gas residence time of 2 seconds are
sufficient to achieve complete oxidation of polychlorinated dibenzodioxins (PCDD), as long as the gas flow is
sufficiently turbulent and excess O, is present. McKay (2002) suggests that a furnace temperature higher than
1000 oC should be maintained to ensure that all POPs are oxidized.

Excess air and turbulent conditions in the furnace are also important factors. High degrees of turbulence avoid
the formation of cold pockets where oxidation temperatures cannot be reached. High turbulence also leads to
uniform distribution of oxygen to ensure total combustion, avoiding sub-stoichiometric zones, providing that air
is in excess.

To assess the efficiency of combustion, real-time monitoring of carbon monoxide (CO) can be useful. High CO
levels indicate incomplete combustion and conditions under which POPs may survive or be created.

When solid fuel is used, low-moisture pulverized fuels are preferred to crushed or lumpy fuels to maximize mixing
and combustion conditions. Evaporation is an endothermic reaction and, when moisture is introduced into the
furnace, the combustion temperature decreases. Introducing pulverized fuel allows, under good turbulent
conditions, isothermal conditions throughout the entire furnace and optimum mixing with oxygen.

Air pollution control devices
Air pollution control devices can be installed to further control and limit emissions (see Chapter 4), although, in
Table 44 Coal-fired boilers: expected annual emissions for different levels of control

P I S R TIE RS E S S S S XN ST T S L

Dioxin emissions {mg TEQ/year)

Small Meadium Large
© Mutti-cyclane {baseline) 2 10 60
Fabric filter 1.4 7 42

+ catalylic Tabric Tilter 075 38 23




Guide to environmentally sound industrial boilers

the case of fossil fuel-fired utilities and industrial boilers, they are considered as additional or secondary
measures. As an exampleTable 45 provides data on the effects of dust filters on dioxin emissions, based on a
report from New Zealand’s Ministry of Environment. "® The report shows different amounts of dioxin emissions
at different control levels for small (around 1 MWth), medium (5 MWth) and large boilers (5 MWth). The report
considered two levels of dioxin control that can be used for coal-fired boilers equipped with multicyclone filters:
i) adding a fabric filter (or baghouse); ii) using a catalytic fabric filter, which involves replacing the filters in the
baghouse with others impregnated with a catalyst. These figures are converted into WTEQ/TJ (7000 hours
operation/year):

Table 45 Effect of various dust filters on dioxins capture

Emission Factor
Filter type UgTEQ/T)
Multi-cyclone 79
Fabric filter 56
Fabric filter +
. 30
catalytic

The associated capital and operating costs are shown in Table 46 and Table 47 %%,

Table 46 Coal-fired boilers: Installation costs

Coal-fired boilers: total installed costs for different levels of control

Total installed costs (3'000s)
Small Medium Large
Existing New Existing New Existing New
{retrofit) {retrofit) {retrofit)
Fabric filter 160 120 380 290 1,300 970
+ catalylic fabric filter 240 200 760 670 3,100 2,800
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According to the report, the installation of sophisticated filters can result in reductions ranging from 20% (bag
filters) to 60% (bag filters + catalyst). Operating costs increase from 170,000 USD/year to 210,000 USD/year for
small boilers and from 330,000 USD/year to 800,000 USD/year for large boilers. For small boilers assuming that
the steam is produced at 10 bar, with an enthalpy of 2776 kjoule per kilogram (klJ/kg), and that the efficiency of
the boiler is 85%, it is possible to estimate the incremental costs per kg of steam produced. The outcomes give
high values for small boilers (more than 20 USD/ton of steam), and lower values for large boilers (about 1
USD/ton of steam). The cost effectiveness (i.e., how much a reduction of 1 unit of dioxin will cost by adding
more sophisticated filters to a standard boiler equipped with standard (multicyclone) filters) is shown in Table
48 1% The Table shows that reducing dioxin emissions by 1 mgTEQ/year would cost from 73,500 USD for
medium boilers to 323,000 USD for small boilers.

TcTable 47 Coal-fired boilers: Operating costs

Coal-fired boilers: operating costs for different levels of control

Operating costs ($'000s/year)

Small Medium Large
Fabric filter 170 200 330
+ catalylic fabric filter 210 360 800

Other considerations

It should be noted that the formation of PCDD, PCDF, PCB and HCB is complex; thus removing particles in the
flue gases does not mean POPs will not be emitted. Although important, these cleaning techniques are not the
only solution. As mentioned earlier, fuel quality and combustion control are the most important steps for
minimizing POP emissions.

The capture of particles from the flue gases may produce an amount of contaminated dust waste, which should
be handled with care as a possible POP-containing product. Generally, combustion products, such as fly ash and
bottom ash from pulverized coal combustion, contain very low residual levels of POPs, with PCDD of less than 1
pg I-TEQ/g (Meij and Winkel 2001). Disposal methods are therefore likely to be dictated by prevention of release
of other possible contaminants in the material rather than by any POPs that may be present.

For residues containing higher levels of contamination, several techniques are recommended for reduction of
POPs before disposal. These include catalytic treatment at low temperatures and with reduced oxygen
concentrations, extraction of the heavy metals and combustion to destroy organic matter, vitrification, and
plasma technology (UNECE 1998). A summary of measures constituting best environmental practices and best
available techniques is presented in Table 49

Table 49 BAT and BEP for reduction of dioxin releases *°¥

'ssue Pest environmental practices Pest available techniques )Environmental benefit
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Fuel Fuel sourcing Control fuel input to meet Minimization of persistent organic
Fuel monitoring specifications by rejection, pollutants introduced into the
Fuel specifications substitution, purification or blending combustion system
Combustion
conditions . ) .
Design appropriate reactor for the specified fuel usage
Monitor combustion conditions, particularly:
e  Temperature (> 900 °C) - Destruction of compounds of
. Automat_ed O CapL T persistent organic pollutants
e  Time (> 1 second) combustion control system to -
o«  Turbulence (high) maintain ideal combustion conditions | P
’ Maximized oxidation by maintainin WAL G e T 0
e Oxygen (in excess) . n by g persistent organic pollutants
o A . i ideal fuel/oxygen mix duri busti
Operate and maintain to achieve designed conditions uring combustion
Develop specific conditions and operating procedures for
co-firing, particularly during furnace start-up and shutdown
Collection Assess potential for environmental
improvement by installation of air
Operation and maintenance of existing air pollution control | Pollution control device Minimize persistent organic
devices Install air pollution control device | Pollutant content of gases
when environmental benefits can be
demonstrated
Waste Collect solid and liquid wastes from the combustion process .
- - : - Assess potential for waste volume .
disposal and air pollution control device reduction and recycling Minimize and control the release
Handle and store appropriately to minimize environmental . to the environment
release Safe disposal

Achievable performance levels

The available data suggest that for an effective boiler system using only coal, oil or gas as the fuel, an achievable
performance level for volumetric emissions of PCDD/PCDF from fossil fuel-fired utility and industrial boilers is <
0.1 ng I-TEQ/Nm?®. Actual emissions are likely to be much lower than this amount. Table 50 shows the emission
factors for PCDD/PCDF from controlled bituminous and sub-bituminous coal combustion, expressed in
nanograms /kg.

Table 50 Emission factors for PCDD and PCDF (ng/kg) from bituminous and sub-bituminous coals “*

Congener E;ggfgig:fgﬁg‘igtfggg Electrostatic pl;ziali:ep;itator or fabric
fabric filter

2,3,7,8-TCDD n.d. 0.0072
Total TCDD 0.197 0.046
Total PeCDD 0.353 0.022
Total HXCDD 1.50 0.014
Total HpCDD 5.00 0.042
Total OCDD 14.4 0.208
Total PCDD 21.4 0.333
2,3,7,8-TCDF n.d. 0.026
Total TCDF 1.25 0.202
Total PeCDF 242 0.177
Total HXCDF 6.35 0.096
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FIVE BEE Ul LT ZE e Electrostatic precipitator or fabric
Congener spray dryer absorber and filter
fabric filter
Total HpCDF 22.0 0.038
Total OCDF 68.5 0.033
Total PCDF 101 0.545
TOTAL PCDD/PCDF 122 0.880

Best environmental practices

Efficiency and steam generation costs
The implementation of BAT/BEP affects the economics of the boiler system and, consequently, factory
production costs. Before discussing the effects of BAT/BEP implementation, it is useful to recall some key

economic concepts related to how the cost of steam can be calculated. Two methodologies can be used: (205)

e Detailed financial assessment: requires detailed information on bank loan rates as well as costs
using predictions for future inflation rates. Calculations are quite complicated, but can be carried out
with the assistance of dedicated software tools.

e Simplified analysis: based on averaged interest rates and on basic assumptions for operating costs.
This method is useful in comparisons of different options and preliminary evaluations of steam
costs.

This section uses the second methodology because it is easy to implement, does not need special expertise or
financial tools, and can help decision-makers narrow down the options to be analysed in more detail.

The calculation of steam cost will be limited to the boiler island only, excluding the steam distribution system
and associated steam losses and condensate recovery, which are very dependent on the manufacturing process.
For the sake of simplicity, the calculation will assume steam production at nominal rate and fixed pressure and
temperature. Although load variations usually affect the cost of steam, this assumption can be used for boiler
cost comparisons (selection of a new boiler or retrofitting of an old one) where the operating conditions are
similar. A more exhaustive evaluation would take into account more technical and financial data, but would
require more tools and time e.g., rate of return (ROR), return of investment (ROI). ANNEX 15 provides more
information on these more complicated financial evaluations of investments.

In the simplified method for calculating the cost of steam produced by a boiler, the components may be divided
into two main categories:

e Fixed costs: These costs occur even when the boiler is not operating, including:

0 depreciation of boiler and auxiliary equipment

0 bank loan interest rates, and

0 staff costs, assuming that the factory has to pay its personnel even when the boiler is not
operating.

e Variable costs: These costs occur only when the boiler is operating, including:

fuel

repairs

maintenance materials and labour (Repairs and Maintenance: R+M)
power and consumables (for pumps, fans, etc.)

O 0 O0O0
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O raw water supply
O boiler feedwater treatment, and
0 ash disposal costs (solid fuels).

Maintenance and operating costs can be also expressed as a percentage of the investment or as an annual fixed
fee. This makes the comparisons even easier.

Depreciation of investment

The depreciation of the investment (boiler purchase) can be linked to the technical life of the boiler. Currently,
boilers tend to last more than 20 years, but, for financial calculations, a lifetime of 20 years is usually acceptable.
After 20 years, the residual value of the boiler is assumed to equal 0. The boiler could last for longer, providing
extra revenues, but decommissioning costs should also be taken into account.

Assuming that a bank loan has been requested to pay for the boiler, and fixed annual instalments are paid to the
bank (if the boiler is paid for with a variable interest loan, the calculations are different), the mortgage rate to be
paid to the bank is expressed by the mortgage constant formula:

1

=1 —--—
" a+or

Where:
r = mortgage rate
i = interest rate
n = boiler lifetime

It is not necessary to use this formula because widely available online database and software tools provide the
mortgage rate r amount to be used, for given capital, interest rate and period, for comparison calculations. The
software tools for calculating house purchase mortgages can also be used for boiler calculations.

Example

For a loan at an interest rate of 6% and term of 20 years, the annual mortgage constant formula would
be:
r=[1-[1/(1.06)*]]= 8.72%

If the investor borrows 100,000 USD then the annual payment would be:
Annual Payment = 100,000 X 0.0872 = 8,720 USD

Consider two purchasing options:
1. New efficient boiler
2.  Old inefficient second-hand boiler

Assumptions:

Boiler capacity: 3 t/h 10 bar

Fuel: Heavy oil

Boiler price:
New boiler: 150,000 USD
Second-hand boiler: 30,000 USD
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Boiler efficiency:

New boiler: 85%
Second-hand boiler: 70%

Fuel cost: 600 USD/ton
Interest rate: 6%
Mortgage annual payment: 8.72% of capital cost
Maintenance:
New boiler: 5% of capital cost/year
Second-hand boiler: 10% of capital cost/year

Based on these assumptions, the outcomes are shown in Table 51.

Table 51 Comparison between second hand and new boiler purchase

Mortgage Annual Working Total fuel Annual fuel Fuel bill Maintenance cost Total annual
rate payment Jours per year consumption bill difference difference difference
20 years usb kg/year usb usb usb usb
NEW BOILER 8.72% 13080 4000 979765 587859 4500
OLD BOILER 8.72% 2616 4000 1189714 713829 125970 111,006

In one year, the fuel savings achieved by the more efficient, new boiler would cover the difference

between the old and the new boiler. The investment
payback period is therefore less than one year.

S
The maintenance costs are higher for the new boiler S I E’-fr?o/&.
g Z
because they have been assumed to be a percentage of the 3 ‘% K
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more air will go to the stack and the greater the heat losses will be from the stack. Efficiency reaches its
maximum for oxygen values slightly higher than stoichiometric conditions because of the non-homogeneous
distribution of fuel and air within the combustion chamber. Figure 173 shows the relationship between
efficiency and excess air.

Achieving the highest efficiency requires excess air of:

e 5% -10% for natural gas
e 5% -20% for fuel oil, and
e 15% - 60% for coal.

Excess air is often measured/given as excess oxygen. Keeping in mind that the amount of oxygen in the air is
about 21% (ratio of 1:5), the conversion factor between excess air and excess oxygen is 5. This means that 15%
excess air is equal to 15/5 = 3% excess oxygen; 60% excess air gives 60/5 = 12% excess oxygen.

The CO, (a product of combustion) content in the flue gas is an important indication of combustion efficiency.
Figure 174 shows the relationship between excess air and CO, in the flue gas.‘lm) The optimal CO, content after
combustion is approximately 10% for natural gas and 13% for lighter oils.

As mentioned earlier, the temperature of the flue gas at the stack is important to achieve good efficiencies. The
rule of thumb is that the higher the flue gas temperature at the stack, the lower the efficiency. This is because
the heat (energy) lost at the stack is higher with higher temperatures. Normal combustion efficiencies for
natural gas at different amounts of excess air and flue gas temperatures are indicated in Table 52 For the same
stack temperature (200 °C), the higher the excess oxygen is, the lower the combustion efficiency. For the same
excess oxygen (3%), the higher the stack temperature is, the lower the combustion efficiency.

Table 52 Relationship between efficiency and flue gas stack temperatures (Engineering Toolbox) **”

Combustion Efficiency (%)

Excess % Net Stack Temperature* (°F)
Air Oxygen 200 300 400 500 600
9.5 2.0 85.4 83.1 80.8 78.4 76.0
15 3.0 85.2 82.8 80.4 77.9 75.4
28.1 5.0 84.7 82.1 79.5 76.7 74.0
44.9 7.0 84.1 81.2 78.2 75.2 72.1
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81.6 10.0 82.8 79.3 75.6

71.9 68.2

* The "net stack temperature" is the difference between the temperature of the flue gas inside the chimney and the room temperature

outside the burner.

Example ™

A boiler operates for 8,000 hours per year and consumes 500,000 million British thermal units (Btu;

MMBtu) of natural gas while producing 45,000 Ib/hour of 150 pounds per square inch gauge (psig)

steam. Stack gas measurements indicate an excess air level of 44.9% with a flue gas combustion air

temperature of 400°F. Using the table above, the boiler combustion efficiency is 78.2% (E1). Tuning the

boiler reduces excess air to 9.5% with a flue gas combustion air temperature of 300 °F. The boiler
combustion efficiency increases to 83.1% (E2). Assuming a fuel cost of $8.00/MMBtu, the annual savings

are:

Annual Savings = Fuel Consumption x (1-E1/E2) x Fuel Cost =

235,856 USD

Flue gas losses and stack temperatures

The relationships between the temperature difference between the flue
gas and supply air, CO, concentration in the flue gas, and the efficiency
loss in the flue gas, is shown in Figure 175. (107) The higher the net
stack temperature is, the greater the heat losses in the flue gas e.g., a
net stack T° of 100 °C at 15% CO, in the flue gas results in about 4% heat
losses at the stack. If the net stack T° rises to 400 °C, the heat losses are
about 16%. If the amount of excess air rises, the percentage of CO, in
the flue gas decreases because the CO, produced will be diluted in more
air. The Figure also shows that an increase of excess air (decrease of %
of CO, in the flue gas) results in more flue gas losses e.g., at 200 °C stack
exit T°, the flue gas losses decrease from 35% to about 8% when CO,
increases from 3% to 15%.

Excess air is very often measured by the value of CO. Because CO forms
when combustion takes place under
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Figure 175 Effects of stack
temperature on flue gas losses

stoichiometric conditions, the amount of
CO indicates how much of the fuel has
been burned under stoichiometric
conditions (incomplete combustion).

Optimization of excess air
Optimizing excess air is the easiest way

to substantially improve boiler efficiency.

safety

All that is required is some initiative on Margin

the part of the boiler operator and the

appropriate instruments for monitoring

Percent Carbon Monoxide and Smoke +

excess air, incomplete combustion and

Opt imum
Excess Air

The following limits have
been found useful when
testing stokers:

CG: 400 ppm
Smoke: 20%
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Figure 176 Excess air optimization "%
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stack temperatures. Careful observation and thoughtful action can increase efficiency by 1% to 4%.

Optimum excess air %

is illustrated in Figure 176. When excess air is reduced in the combustion chamber, the
gas stack heat loss drops until there is no longer enough oxygen for complete combustion. At this point,
sometimes called the “smoke limit” or the “CO limit,” smoke and carbon monoxide rapidly increase. This is the
minimum excess air level and the operating point of maximum efficiency for the boiler. However, operating the
boiler at this point is flirting with disaster because the excess air will easily swing below the smoke and/or CO
limit. Therefore, the operator must allow for a safety margin in the excess air level so that normal swings in the
load do not produce undesirable firing conditions. The size of the margin is determined by trial and error, and
depends on the stability of the load and the sophistication of the combustion controls. The safety margin
typically ranges between 5% and 20% excess air (1% and 5% oxygen). The optimum excess air can be established
at this point. However, it must be re-established at several different firing rates because more excess air is
required at reduced loads than at full load.

Excess air measurement techniques
To tune the boiler for optimum excess air, three basic measurements are required:

- 0, or CO, for determining operating excess air levels
- CO and visual observations for detecting the minimum excess air limit
- stack gas temperature for determining the stack heat loss

Excess air can be determined by using Figure 177 if either the percentage of O, or the percentage of CO, in the
flue gas is known. Portable flue gas sampling devices can record these measurements at a relatively low cost.
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Figure 177 Oxygen and carbon dioxide in flue gas

Excess air values for different fuels are shown in ANNEX 18

Efficiency improvement procedures
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1. Before determining the optimum oxygen operating level, the boiler should be inspected and
maintenance tasks performed to ensure it is in good mechanical condition. The following steps should then be
taken to minimize the flue gas oxygen: Bring the boiler to the test firing rate and put combustion control on
manual. Make sure that safety interlocks are functioning properly.

2. After stabilizing flame conditions, take a complete set of readings (O, or CO,, stack gas temperature, CO

and/or opacity).

3. Increase the air flow to the furnace by about 1%, allowing time to stabilize. Then take another set of
readings.

4. Reduce the air flow in small steps while observing stack and flame conditions. Allow the unit to stabilize

following each change and record the data.

5. Continue to reduce the air flow until a minimum excess air condition is reached as indicated by smoke, a
sudden rise in CO or other visible deterioration conditions.

6. Establish a safe margin in excess air above the minimum and reset the combustion controls to maintain
this “optimum” level.

7. Develop a CO or smoke versus excess air characteristics curve similar to the figure above using the data
obtained from this test.

8. Compare the minimum excess air value to the predicted value provided by the manufacturer. High
excess air levels should be investigated.

9. Repeat steps 1-8 for each boiler load to be considered. Some compromise in optimum excess air settings
may be necessary since control adjustments at one firing rate may affect conditions at other firing rates.

10. After these adjustments have been completed, verify the operation of these settings by observing
normal load swings. If undesirable conditions are encountered, increase the safety margin.

The data obtained in steps 2 to 5 will look something like the data in Table 53.

Table 53 Excess air control adjustments

%=0, @ Stack gas temperature ° F (°C)
Ppm
Step 2 8.9 105 472 (244)
Step 3 10.0 130 463 (239)
Step 4
A 8.3 95 461 (238)
B 7.5 100 461 (238)
C 6.8 158 456 (235)
D 6.0 270 450 (232)
E 5.2 612 445 (229)
Step 5 4.8 1050 442 (228)
Step 6 6.6 180 455 (235)
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In this example, the baseline or as-found = 2 was
8.9%. The air flow was first raised and then lowered
in stages until the carbon dioxide exceeded 1000
ppm (parts per million). As the test proceeded, the
carbon monoxide data were a function of O,, as
shown in Figure 178.

The carbon monoxide limit is taken to be 400 ppm.
Therefore, the minimum flue gas oxygen operating
level is 5.6%. If a 1% oxygen safety margin is
selected, the optimum operating level is 6.2% O,.
Since this is reasonably close to the optimum
operating level that was determined by testing, the
boiler is operating at it should. Step 8 is now
complete.

To find out by how much boiler efficiency was
improved Figure 179 shows the relationship
between stack temperature, stack heat loss and flue
gas oxygen content.

The graph relates stack gas (0,) and stack gas
temperature to stack gas heat loss for a typical bitumi
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Figure 178 Excess oxygen versus carbon monoxide

nous coal. It may be used for most coals to find

approximate gas heat loss savings. The results are shown in Table 54.
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Table 54 Efficiency gain from stack temperature and excess air reductions

Stack gas temperature Stack gas heat loss (from the
0,% o .
F figure)
Baseline Test 8.9 472 17.8%
Optimum Test 6.6 455 15.1%
EFFICIENCY GAIN 2.7 %

To calculate the fuel bill savings, if the baseline boiler efficiency is assumed to be 80%, 2.7% of the 80% is saved.
The actual savings will be:

2.7% efficiency gain/80% boiler efficiency x 100 = 3.38% fuel savings

If the assumption is that the boiler consumes 3 t/h of coal, operates 7000 hours/year at full load, and the cost of
coal is 100 USD/t, the annual savings will be:

Annual fuel consumption: 3 t/h x 7000 h/y = 21000 t/y

Annual fuel bill: 21000 t/y x 100 USD/t = 2,100,000 USD/y

Savings: 2,100,000 x 0.038 efficiency gain = 79800 USD/y

The reductions in CO, and dioxin releases (and sulphur oxide (SO,) and nitrogen oxide (NO,) releases) can be
calculated. The following emission factors can be assumed:

CO, releases: 1.84 tons CO, per ton of coal

Dioxin releases: 10 pu TEQ/TJ

Coal heating value: 16 MJ/kg (megajoules/kilogram)

€0,

Total CO, emissions in a year: 21000 t/y x 1.84 tco/tcoa = 38640 tons

Avoided CO, emissions: 38640 x 0,038 efficiency gain = 1468 tco,/y

Dioxins

Since the emission factor is linked to the energy inputted to the boiler, the total coal energy burned is
calculated as:

21000 t/y x 16 MJ/kg (16000 MJ/t) = 336 x 10° MJ/t = 336 TJ/y (1 TJ = 10° MJ)

Dioxin releases: 336 TJ/y x 10 u TEQ/TJ = 3360 u TEQ/y

Reduction in dioxin releases: 3360 p TEQ/year x 0.038 efficiency gain = 128 p TEQ/y

This is a case study only, and situations will differ case by case. However, in all cases, efforts to minimize excess
air will result in cost savings and less pollution.

Flue gas analysers

The percentage of oxygen in the flue gas can be measured by inexpensive gas-absorbing test kits. More
expensive (500 USD to 1,000 USD) hand-held, computer-based analysers that display percentage of oxygen,
stack gas temperature, and boiler efficiency are a good investment for any boiler system with annual fuel costs
exceeding 50,000 USD. More sophisticated, but easy-to-use, hand-held gas analysers are also available for
measuring the amount of pollutants emitted from a boiler.

Benchmarking of the fuel cost of steam generation

Benchmarking the fuel cost of steam generation, in USD per 1,000 pounds (USD/1,000 |b) or per ton (USD/t)

(20)

of steam, is an effective way to assess the efficiency of the boiler’s steam system “”. This cost is dependent

upon fuel type, unit fuel cost, boiler efficiency, feedwater temperature, and steam pressure. The calculation
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provides a good first approximation of the cost of generating steam and serves as a tracking device to allow for
boiler performance monitoring.

Table 55 shows the heat input required (in Btu) to produce 1 Ib of saturated steam at different operating

pressures and varying feedwater temperatures (given in psig and °F). Table 56 shows Bar, °C and M)
conversions.

Table 55 Heat required per unit of steam produced (BTU/Ib steam) *°

Operating Feedwater Temperature, °F
Pressure, - - |
psig 50 100 130 200 250
130 1I7E 1128 1 f7E 1,028 977
450 LIET 1137 1,027 1 037 984
a00 1184 1134 1 pE4 1,034 084

Table 56 Heat required per unit of steam produced (MJ/kg steam)

Dperating Pressure (bar) Feedwater Temperature (°C)
10 38 66 93 121
10 2.76 2.64 2.53 2.41 2.29
31 2.78 2.67 2.55 2.43 2.31
41 2.78 2.66 2.54 2.42 2.31

Higher feedwater temperatures result in less heat per unit of steam produced, which means the higher the
water inlet temperature, the higher the system efficiency. The influence of steam pressure on efficiency is low.
Table 55 and Table 56 have been calculated using steam tables (difference between the enthalpies of steam and
feedwater; see ANNEXES 2 and 3). The average boiler efficiencies for different fuels are given in Table 57.

Table 57 Average combustion efficiencies for different fuels

Fuel Type Combustion Efficiency, %
Natural Gas 920
Distillate/No. 2 Oil 89
Residual/No. 6 Oil 88
Coal 86
Example
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A boiler fired with natural gas costing 8.00 USD/MMBtu produces 450-psig saturated steam and is
supplied with 250 °F feedwater. Using values from the tables, the fuel cost of producing steam can be
calculated as follows:

Heat required per unit of steam produced = 986 Btu/Ib

Steam cost = 8.00 x 10 USD/Btu x 986 Btu/Ib x 90% efficiency = 7 x 10" USD/Ib = 7 USD/1000lb = 15.5
USD/ton (metric)

Boiler feedwater treatment

Producing quality steam on demand depends on properly managed water treatment to control steam purity,
deposits and corrosion. A boiler is the sump of the boiler system. It ultimately receives all of the pre-boiler
contaminants. Boiler performance, efficiency, and service life are direct products of selecting and controlling
feedwater used in the boiler. When feedwater enters the boiler, the elevated temperatures and pressures cause
the components of water to behave differently. Most of the components in the feedwater are soluble. However,
under heat and pressure, most of the soluble components come out of solution as particulate solids, sometimes
in crystallized forms and other times as amorphous particles. When solubility of a specific component in water is
exceeded, scale or deposits develop. The boiler water must be sufficiently free of deposit-forming solids to allow
rapid and efficient heat transfer, and it must not be corrosive to the boiler metal. This section explains deposit
control, followed by two major types of boiler water treatment: internal water treatment and external water
treatment.

Deposit control

Deposits in boilers may result from hardness contamination of feedwater and corrosion products from the
condensate and feedwater system. Hardness contamination of feedwater may arise due to a deficient softener
system. Deposits and corrosion result in efficiency losses and may result in boiler tube failures and inability to
produce steam. Deposits act as insulators and slow heat transfer. Large amounts of deposits throughout the
boiler could reduce the heat transfer enough to reduce boiler efficiency significantly. Different types of deposits
affect boiler efficiency differently. Thus it may be useful to analyse the characteristics of deposits. The insulating
effect of deposits causes the boiler metal temperature to rise and may lead to tube failure by overheating.

Two main groups of impurities cause deposits:

e Hard salts of calcium and magnesium: These “hardness salts” are the most important chemicals in water
that influence the formation of deposits in boilers:

0 Alkaline: Calcium and magnesium bicarbonate dissolve in water to form an alkaline solution;
these salts are known as “alkaline hardness”. They decompose upon heating, releasing carbon
dioxide and forming a soft sludge, which settles out. These are called temporary hardness
chemicals because the hardness can be removed by boiling.

0 Non-alkaline: Calcium and magnesium sulphates, chlorides, nitrates etc., when dissolved in
water, are chemically neutral and are known as “non-alkaline hardness”. These are called
permanent hardness chemicals and form hard scales on boiler surfaces, which are difficult to
remove. Non-alkalinity hardness chemicals fall out of the solution due to reduction in solubility
as the temperature rises by concentration due to evaporation that takes place within the boiler,
or by chemical change to a less soluble compound.

e Silica: The presence of silica in boiler water can rise to formation of hard silicate scales. It can also
interact with calcium and magnesium salts, forming calcium and magnesium silicates of very low
thermal conductivity. Silica can give rise to deposits on steam turbine blades, after being carried over
either in droplets of water in steam, or in a volatile form in steam at higher pressures.
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Internal water treatment

Internal treatment involves adding chemicals to a boiler to prevent the formation of scale. Scale-forming
compounds are converted to free-flowing sludge, which can be removed by blowdown. This method is limited to
boilers in which feedwater is low in hardness salts, low-pressure, high total dissolved solids (TDS) content in
boiler water is tolerated, and only a small quantity of water is required to be treated. If these conditions are not
met, then high rates of blowdown are required to dispose of the sludge. They become uneconomical considering
heat and water loss. Different types of water sources require different chemicals. Sodium carbonate, sodium
aluminate, sodium phosphate, sodium sulphite and compounds of vegetable or inorganic origin are all used for
this purpose. Proprietary chemicals are available to suit various water conditions. A specialist must be consulted
to determine the most suitable chemicals to use in each case. Internal treatment alone is not recommended.

External water treatment

External treatment is used to remove suspended solids, dissolved solids (particularly calcium and magnesium
ions, which are a major cause of scale formation), and dissolved gases (oxygen and carbon dioxide). The
external treatment processes available include:

e jon exchange

e deaeration (mechanical and chemical)
e reverse osmosis, and

e demineralization.

Before using any of these treatments, it is necessary to remove suspended solids and colour from the raw water
because they may foul the resins used in the subsequent treatment sections. Methods of pretreatment include
simple sedimentation in settling tanks or settling in clarifiers with aid of coagulants and flocculants. Pressure
sand filters, with spray aeration to remove carbon dioxide and iron, may be used to remove metal salts from
bore well water. The first stage of treatment is to remove hardness salts, and possibly non-hardness salts.
Removal of only hardness salts is called “softening”, while total removal of salts from a solution is called
“demineralization”.

Ion-exchange process (softener plant)

In an ion-exchange process, the hardness is removed as the water passes through a bed of natural zeolite or
synthetic resin, and without the formation of any precipitate. The simplest type is “base exchange”, in which
calcium and magnesium ions are exchanged for sodium ions. After saturation, regeneration is done with sodium
chloride. Since sodium salts are soluble, they do not form scales in boilers. Since the base exchanger only
replaces the calcium and magnesium with sodium, it does not reduce the TDS content, blowdown quantity, or
alkalinity.

Demineralization is the complete removal of all salts. This is achieved by using a “cation” resin, which exchanges
the cations in the raw water with hydrogen ions, producing hydrochloric, sulphuric and carbonic acid. Carbonic
acid is removed in a degassing tower in which air is blown through the acid water. Following this, the water
passes through an “anion” resin, which exchanges anions with the mineral acid (e.g., sulphuric acid) and forms
water. Regeneration of cations and anions is necessary at intervals using, typically, mineral acid and caustic soda
respectively. The complete removal of silica can be achieved by correct choice of anion resin. lon-exchange
processes can be used for almost total demineralization if required, as is the case in large electric power plant
boilers.

Table 58 shows feedwater limits for boilers working at different pressures. %) The rule of thumb is that the
greater the pressure, the more stringent the limits.

201




Guide to environmentally sound industrial boilers

Table 58 Boiler feedwater chemical limits of concentration

Boiler water chemical Hmits

Beoiler pressure (psig)

Parameters 150 300 600 940 1,200 1,500
Chemical concentration (mg/L)
TDS {maximum) 4,000 3,500 3,000 2,000 500 300
Phosphate (as PO,4) 30460 30-60 2040 15-20 10-15 5-10
Hydroxide (as CaCO,) 300400 250-300 150-200 120-150 100-120 80-100
Sulfite 30-60 3040 20-30 15-20 10-15 5-10¢
Silica {as Si03) 100 50 30 10 5 3
Total iron (as Fe) 10 5 3 2 2 1
Organics 70-100 F0-100 T0-100 50-T0 50-70 50-70
Deaeration

In deaeration, dissolved gases, such as oxygen and carbon dioxide, are expelled by preheating the feedwater
before it enters the boiler. All natural waters contain dissolved gases in solution. Certain gases, such as CO, and
0,, greatly increase corrosion. When heated in boiler systems, CO, and O, are released as gases and combined
water to form carbonic acid (H,CO).

Removal of oxygen, carbon dioxide and other non-condensable gases from boiler feedwater is vital to boiler
equipment longevity as well as safety of operation. Carbonic acid corrodes metal, reducing the life of equipment
and piping. It also dissolves iron (Fe), which, when returned to the boiler, precipitates and causes scaling on the
boiler and tubes. This scale not only contributes to reducing the life of the equipment but also increases the
amount of energy needed to achieve heat transfer. Deaeration can be done by mechanical deaeration, chemical
deaeration, or both (see section on Boiler control systems in Chapter 1).

Clean boiler waterside heat transfer surfaces

Preventing the formation of scales can translate into substantial energy savings, even for small boilers 20 Scale
deposits occur when calcium, magnesium, and silica, commonly found in most water supplies, react to form a
continuous layer of material on the waterside of the boiler heat exchange tubes. Scale creates a problem
because it typically possesses a thermal conductivity an order of magnitude less than the corresponding value
for bare steel. Even thin layers of scale serve as an effective insulator and retard heat transfer. The result is

T_ Ll rArec_ a2 _C _ __ V. _ . L. _ | Lo .at_ I’)’)\
Fuel Loss, % of Total Use
Scale Thickness, Scale Type
inches
“Normal” High Iron Iron Plus Silica
1/64 10 16 35
1/32 20 31 7.0
3/54 30 4.7 -
/16 39 6.2 -

Note: "Normal” scale is usually encountered in low-pressure applications. The high iron and iron plus
silica scale composition results from high-pressure service conditions.
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overheating of boiler tube metal, tube failures, and loss of energy efficiency. Table 59 shows the effect of
different scale types on fuel consumption. The higher the scale is, the higher the fuel consumption; the worse
the scale type is, the higher the fuel consumption.

Figure 180 shows that heat transfer can be impaired by deposits on the
waterside of boiler tubes. Such deposits can reduce boiler efficiency
substantially, and lead to serious mechanical and operating problems as

well. Waterside deposits restrict the amount of heat transferred to the
FURNACE

BOOF

boiler water and, in watertube boilers, also restrict water circulation. The
tube metal temperature rises as a result, which may increase both the rate aserBapesns
of deposition and flue gas temperature. In extreme cases, the tubes fail
from overheating. The Figure shows that scaling at tubes waterside can

increase the temperature at the external side of the tubes from 600 °F

(clean tubes) to 800 °F, and soot deposits can increase it from 600° F to 650
°F Figure 180 Effects of Deposits on
Boiler Tube Heat Transfer 7%

Example

A boiler uses 450,000 MMBtu of fuel annually while operating for 8,000 hours at its rated capacity of 45,000
Ib/hr of 150 psig steam (about 10 tons/hour and 10 bar pressure). If scale 1/32nd of an inch thick is allowed to

III

form on the boiler tubes, and the scale is of “normal” composition, Table 59indicates a fuel loss of 2%.

The increase in operating costs, assuming energy is priced at 8.00 USD per million Btu (8.00 USD/MMBtu), is:
Annual Operating Cost Increase = 450,000 MMBtu/y x 8.00 USD/MMBtu x 0.02 = 72,000 USD

As far as emissions are concerned, assuming a CO,emission factor of 116 Ib/MMBtu, the annual CO, increase
is: 450,000 MMBtu x 116 Ib/MMBtu x 0.02 = 1,044,000 lb/y = 469 tons CO,/y

Energy-efficient burners

The purpose of the burner is to mix molecules of fuel with molecules of air. A boiler will run only as well as the
burner performs. A poorly designed boiler with an efficient burner may perform better than a well-designed
boiler with a poor burner. Burners are designed to maximize combustion efficiency while minimizing the release
of emissions. A power burner mechanically mixes fuel and combustion air, and injects the mixture into the
combustion chamber. All power burners essentially provide complete combustion while maintaining flame
stabilization over a range of firing rates. Different burners, however, require different amounts of excess air and
have different turndown ratios. The turndown ratio is the maximum inlet fuel or firing rate divided by the
minimum firing rate *%.

An efficient natural gas burner requires only 2% to 3% excess oxygen, or 10% to 15% excess air in the flue gas, to
burn fuel without forming excessive carbon monoxide. Most gas burners exhibit turndown ratios of 10:1 or 12:1
with little or no loss in combustion efficiency. Some burners offer turndowns of 20:1 on oil and up to 35:1 on
gas. A higher turndown ratio reduces burner starts, provides better load control, saves wear and tear on the
burner, reduces refractory wear, reduces purge-air requirements, and provides fuel savings.

Efficient burner technologies

An efficient burner provides the proper air-to-fuel mixture throughout the full range of firing rates, without
constant adjustment. Many burners with complex linkage designs do not hold their air-to-fuel settings over
time. Often, they are adjusted to provide high levels of excess air to compensate for inconsistencies in burner
performance. An alternative to complex linkage designs, modern burners are increasingly using servomotors
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with parallel positioning to independently control the quantities of fuel and air delivered to the burner head.
Controls without linkage allow for easy tune-ups and minor adjustments, while eliminating hysteresis, or lack of
retraceability, and provide accurate point-to-point control. These controls provide consistent performance and
repeatability as the burner adjusts to different firing rates.

Alternatives to electronic controls are burners with a single drive or jackshaft. Standard burners that make use
of linkages to provide single-point or proportional control should be avoided. Linkage joints wear and rod-set
screws can loosen, allowing slippage, suboptimal air-to-fuel ratios, and efficiency declines.

Applications

Purchasing a new energy-efficient burner is a good idea if the existing burner is cycling on and off rapidly.
Rotary-cup oil burners that have been converted to use natural gas are often inefficient. Determining the
potential energy saved by replacing an existing burner with an energy-efficient burner requires several steps:

1. Complete recommended burner-maintenance requirements and tune the boiler.

2. Conduct combustion-efficiency tests at full- and part-load firing rates.

3. Compare the measured efficiency values with the performance of the new burner. Most manufacturers
will provide guaranteed excess levels of oxygen, carbon monoxide, and nitrous oxide.

Example

Even a small improvement in burner efficiency can provide significant savings. Consider a 50,000 Ib/hr
process boiler with a combustion efficiency of 79% (E1). The boiler annually consumes 500,000 MMBtu
of natural gas. At a price of 8.00 USD/MMBtu, the annual fuel cost is 4 million USD. What are the savings
from an energy-efficient burner that improves combustion efficiency by 1%, 2%, or 3%? (See Table 60.)

Cost Savings = Fuel Consumption x Fuel Price x (1 - E1/E2)

Table 60 Burner optimization-efficiency improvement

Burner Combustion Energy Savings Annual Dollar Savings
Efficiency Improvement, % MMBtu/y usD
1% 6,250 50,000
2% 12,345 98,760
3% 18,290 146,320

If the installed cost is 75,000 USD for a new burner that provides an efficiency improvement of 2%, the
simple payback on investment is as follows:

Simple Payback = 75,000 USD/98,760 USD/y = 0.76 year
Burner maintenance should be conducted at regular intervals. Wear on the firing head, diffuser, or igniter can
result in air leakage or failure of the boiler to start. One burner distributor recommends maintenance four times
per year, with the change of seasons. A change in weather results in a change in combustion.

Appropriate fan selection
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Fan selection is also important. Backward-curved fans provide more reliable air control than forward-curved
fans. Radial-damper designs tend to provide more repeatable air control at lower firing rates than blade-type
damper assemblies.

Feedwater economizers for waste heat recovery

A feedwater economizer reduces steam boiler fuel requirements by transferring heat from the flue gas to
incoming feedwater ?%. Boiler flue gases are often rejected to the stack at temperatures of more than 55 °C to
85 °C (100°F to 150°F) higher than the temperature of the generated steam. Generally, boiler efficiency can be
increased by 1% for every 22 °C (40 °F) reduction in flue gas temperature. By recovering waste heat, an
economizer can often reduce fuel requirements by 5% to 10%, and pay for itself in less than 2 years. Table 61

Table 61 Recoverable heat from flue Gases (22)

l Recoverable Heat, MMBtu/hr

Initial Stack Gas [
Temperature, *F

Boiler Thermal Output, MMBtu/hr

|

[ 25 ][ 50 ][ 100 ][ 200 ]

[ 400 ][ 1.3 1[ 2.6 ][ 53 ][ 10.6 ]
[ S500 ][ 2.3 ‘[[ 4.6 ][ 9.2 ]{ 18.4 ]
[ 600 ][ 3.3 H 6.5 ][ 13.0 ][ 26.1 ]

provides examples of the potential for heat recovery.
Example

An 80% efficient boiler generates 45,000 Ib/hr (20 t/h) of 150-psig (10 bar) steam by burning natural gas.
Condensate is returned to the boiler and mixed with make-up water to yield 117 °F (47 °C) feedwater.
The stack temperature is measured at 500 °F (260 °C). Determine the annual energy savings that will be
achieved by installing an economizer given 8,400 hr/y of boiler operation at a fuel cost of 8.00
USD/MMBtu.

From the steam tables, the following enthalpy values are available:

For 150-psig saturated steam: 1,195.5 Btu/lb

For 117 °F (47 °C) feedwater: 84.97 Btu/lb

Boiler heat output = 45,000 Ib/hr x (1,195.5 — 84.97) Btu/Ib = 50 million Btu/hr

The recoverable heat corresponding to a stack temperature of 500 °F (260 °C) and a natural gas-fired
boiler load of 50 MMBtu/hr is shown in Table 61 as 4.6 MMBtu/hr.

Annual Savings = (4.6 MMBtu/hr x 8.00 USD/MMBtu x 8,400 hr/y)/0.80 = 386,400 USD

Exhaust gas temperature limits

The lowest temperature to which flue gases can be cooled depends on the type of fuel used: 120 °C (250 °F) for
natural gas, 150 °C (300 °F ) for coal and low-sulphur content fuel oils, and 175 °C (350 °F) for high-sulphur fuel
oils. These limits are set to prevent condensation and possible corrosion of the stack due to formation of
sulphuric acid.
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Condensing economizers, made of corrosion-resistant materials, can achieve lower stack exit temperatures and
recover more energy (see section on Installation of condensing economizers below).

Applications

A feedwater economizer is appropriate when insufficient heat transfer surface exists within the boiler to remove
combustion heat. Boilers that exceed 100 boiler horsepower, operating at pressures of 75 psig or above, and
that are significantly loaded all year long, are excellent candidates for an economizer retrofit.

Combustion air heaters

For fuel-fired industrial heating processes, one of the most powerful ways to improve efficiency and productivity
is to preheat the combustion air going to the burners ’®. The source of this heat energy is the exhaust gas
stream, which leaves the process at elevated temperatures. A heat exchanger, placed in the exhaust stack or
ductwork, can extract a large portion of the thermal energy in the flue gases and transfer it to the incoming
combustion air. Recycling heat this way will reduce the amount of the purchased fuel needed by the furnace.

Many processes produce dirty or corrosive exhaust gases that will plug or attack heat exchangers. Since some
exchangers are more resistant to these conditions than others, all options must be investigated if the process is
not a clean one. Preparation of a detailed analysis of the troublesome materials in your exhaust gas stream is
necessary for discussions with potential vendors.

Fuel savings for different process temperatures can be found in Table 62, and used to estimate reductions in
energy costs.

There are two types of air preheaters:

e Recuperators: These are gas-to-gas heat exchangers placed on the furnace stack. Internal tubes or plates
transfer heat from the outgoing exhaust gas to the incoming combustion air while keeping the two
streams from mixing. Recuperators are available in a wide variety of styles, flow capacities, and
temperature ranges.

e Regenerators: These include two or more separate heat storage sections. Flue gases and combustion air
take turns flowing through each regenerator, alternately heating the storage medium and then
withdrawing heat from it.

For uninterrupted operation, at least two regenerators and their associated burners are required: one
regenerator is needed to fire the furnace while the other is recharging.

Table 62 Fuel Savings (109)

Percent Fuel Savings Gained from Using Preheated Combustion Air

Furnace Preheated Air Temperature, °F
Exhaust
Temperature, °F 600 800 1,000 1,200 1,400 1,600

1,000 13 18 — — — —
1,200 14 19 23 — — —
1,400 15 20 24 28 — —
1,600 17 22 26 30 34 —
1.800 18 24 28 33 37 40
2,000 20 26 31 35 39 43
2,200 23 29 34 39 43 47
2,400 26 32 38 43 47 51

Fuel: Natural gas at 10 percent excess air
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Example

A furnace operates at 1600 °F for 8,000 hours per year at an average of 10 MMBtu/hr using ambient
temperature combustion air. At 5 USD per MMBtu, annual energy cost is 800,000 USD. Use of preheated
air at 800° F will result in 22 % fuel savings, or 176,000 USD annually. The preheated air system
installation is estimated to cost between 200,000 USD and 250,000 USD with a payback period of 13.6
months to 17 months, or an annual return on investment of 70% to 88%.

To decide whether to purchase and install an air preheater on an existing boiler, it is helpful to calculate the
payback period of the investment using the following formula:

investment cost

fuel savings x operating hours
Payback period = year

x fuel cost

Example

A furnace operates at 1600 °F (870°C) for 8,000 hours per year at an average of 10 MMBtu/hr, (about
10550 MJ/hour) using ambient temperature combustion air. The cost of fuel oil is assumed to be 600
USD/ton. The fuel oil heating value is 40 MJ/kg. The cost of a fuel energy unit is as follows:

600
1000 UsD3

__ kg
40 xM
Cost of fuel energy unit = kg =0.015USD/MJ

The annual energy bill is: 10550 MJ/hour x 8000 hours x 0.015 USD/MJ = 1,266,000 $/y

UsingTable 61, if the exhaust gases at 1600 °F (870 °C) are sent to an air preheater and exit at 800 °F
(426 °C), the energy savings are 22%. The fuel bill savings are 1,266,000 x 20% = 253,000 USD/year.

The preheated air system installation is estimated to cost between 200,000 USD and 250,000 USD.
According to the formula above, the payback period is:

250,000
Payback period = 253,000

12

1

The investment will be recovered in about 1 year.

The fuel savings will be:

M]
hour

10550 x 8000 hours

M]
40—
Fuel savings = kg /=2110 tons/y

x22%

These savings will positively affect the emissions of pollutants.

For avoided pollution, the reduction in CO, and dioxin releases gained by installing an air heater on an
existing boiler can be calculated. For fuel oil boilers, an emission factor of 3,08 tons CO, per ton of fuel
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burned can be assumed. As the boiler will save 2110 tons of fuel per year, the amount of CO, not

released to the environment will be:

CO, not emitted = 2110 x 3.08 = 6500 tons CO,

For dioxins, assuming an emission factor for fuel oil of 2.5 pgTEQ/TJ, the emissions avoided can be

calculated as follows:

2110 t/y x 40 M/kg = 2110 t/y x 40000 MJ/t (0.04T}/t)

2110t/y x 0.04 TJ/t x 2,5 ugTEQ/T) = 211 pgTEQ/Y

(1T)=10"°M))

This example demonstrates that it is possible to simultaneously reduce the emissions of pollutants to the

environment and improve plant economics.

Optimization of air-to-fuel ratio for burners

Fuel needs oxygen to burn. In fuel-fired systems, excess air is provided to ensure complete and safe combustion.

However, too much excess air will reduce combustion efficiency by increasing heat losses carried away by the

exhaust gases. 19 The solution is to:

e test the amount of excess oxygen and carbon monoxide in the exhaust gases using an electronic

combustion (flue) gas analyser

e modify the air-to-fuel ratio to provide sufficient air for complete combustion but minimize the amount of

excess air, and

e ensure that carbon monoxide levels in the exhaust gas do not reach excessive levels.

If carbon monoxide levels exceed 100 ppm, it could mean
the boiler has insufficient air for complete combustion or
has improper air/fuel mixing. Small boilers can be
checked periodically with portable combustion analysers.
Optimizing combustion efficiency can reduce fuel costs
by 3% to 10%.

Excess air levels will be different for different firing rates
and for different boilers. For natural gas boilers, high
firing rates may require less than 2% excess oxygen (10%
excess air), while low firing rates may require more than
6% excess oxygen to ensure complete combustion. Qil-
fired systems will require more excess air than gas-fired
systems. Colder supply air will result in an increased level
of excess air because colder air is denser than warmer
air.Figure 181 can be used to optimize the air-to-fuel
ratio in the following example.

Example

Combustion Efficiency
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Inspection and testing using a portable combustion analyser led to the observation that a boiler is
currently operating at 9% oxygen (~65% excess air) in the exhaust gases. It is believed that the burner
can be adjusted to operate at 2% oxygen (~10% excess air). The exhaust gases leaving the boiler are 570
°F. The air at the combustion inlet is 70 °F. Assuming the historical boiler fuel consumption (while
operating at 9% excess oxygen) is 40,000 million Btu/y at 6.00 USD/million Btu, determining the
potential energy and cost savings through improving the air-to-fuel ratio of the boiler (reducing excess
air) is illustrated below.

Relevant data:

Existing level of oxygen in the exhaust gases is 9%.

Target level of oxygen in the exhaust gases is 2%.

Stack temperature rise is 500 °F (stack temperature: 570 °F; combustion air inlet temperature: 70 °F).
Using the Figure, Step 1, blue line, existing combustion efficiency is 76.5% (or 0.765).

Using the Figure, Step 2, working with excess air of 2%, the target combustion efficiency is 81.5% (or
0.815) (red line).

Historical boiler fuel consumption is 40,000 million Btu/y.
Marginal boiler fuel cost is 6.00 USD/million Btu.
Potential energy savings = [(0.815-0.765)/(0.815)] x (40,000 million Btu/y) = 2,454 million Btu/y

Potential energy cost reduction = (2,454 million Btu/y) x (6.00 USD/million Btu) = 14,724 USD/y

Installation of turbulators on two- and three-pass firetube boilers

The packaged firetube boiler is the most common boiler design used to provide heating or process steam in
industrial and heavy commercial applications. Although firetube boilers are available in ratings up to 85,000
pounds of steam per hour (Ib/hr; about 38 t/h), they are generally specified when the required steam pressure
is under 150 psig and the boiler capacity is less than 25,000 Ib/hr (about 11 t/h). Watertube boilers are designed

for larger, high-pressure, and superheated steam applications *'.

In a firetube boiler, hot combustion gases pass through long, small-diameter tubes, where heat is transferred to
water through the tube walls. Firetube boilers are categorized by the number of “passes,” or the number of
times that the hot combustion gases travel across the boiler heat exchange surfaces. For example, a two-pass
boiler provides two opportunities for hot gases to transfer heat to the boiler water. Hot combustion gases enter
the tubes in a turbulent flow regime, but, within a few feet, laminar flow begins and a boundary layer of cooler
gas forms along the tube walls. This layer serves as a barrier, retarding heat transfer. Turbulators, which consist
of small baffles, angular metal strips, spiral blades, or coiled wire, are inserted into the boiler tubes to break up
the laminar boundary layer. This increases the turbulence of the hot combustion gases and the convective heat
transfer to the tube surface. The result is improved boiler efficiency. Turbulators are usually installed on the last
boiler pass.

Turbulator installers can also balance gas flow through the tubes by placing longer turbulators in the uppermost
tubes. This practice increases the effectiveness of the available heat transfer surface by eliminating thermal
stratification and balancing the gas flow through the fire tubes.
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Applications

Turbulators can be a cost-effective way to reduce the stack temperature and increase the fuel-to-steam
efficiency of single-pass horizontal return tubular (HRT) brick-set boilers and older two- and three-pass oil- and
natural gas-fuelled firetube boilers. Turbulators are not recommended for four-pass boilers or coal-fired units. A
four-pass unit provides four opportunities for heat transfer. It has a greater heat exchange surface area, lower
stack temperature, higher fuel-to-steam efficiency, and lower annual fuel costs than a two- or three-pass boiler
operating under identical conditions. New firetube boilers perform better than older two- and three-pass
designs.

Condensate recovery

Steam can be produced by the boiler and either be directly used in the manufacturing process (e.g., in the food
industry) or sent to a heat transfer device (heat exchanger) that transfers its heat to another fluid, and then
reverts to the liquid phase (condensate) and goes back to the boiler. In both cases, steam losses can occur from
steam traps and other devices that eliminate condensate from the steam pipelines ()

An attractive method of improving a plant’s energy efficiency is to increase the condensate return to the boiler.
(20) Returning hot condensate to the boiler makes sense for several reasons. As more condensate is returned,
less make-up water is required, saving fuel, make-up water, and chemical and treatment costs. Less condensate
discharged into a sewer system reduces disposal costs. Return of high purity condensate also reduces energy
losses due to boiler blowdown. Significant fuel savings occur as most returned condensate is relatively hot (130
°F to 225 °F), reducing the amount of cold make-up water (50 °F to 60 °F) that must be heated.

A simple calculation indicates that energy in the condensate can be more than 10% of the total steam energy
content of a typical system. shows the heat remaining in the condensate at various condensate temperatures,
for a steam system operating at 100 psig (7 bar) with make-up water at 55 °F (13 °C) Figure 182.
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Figure 182 Heat remaining in condensate (22)

A simplified diagram of a condensate return system is shown in Figure 183.
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Let:

h. = enthalpy of condensate at 180 °F = 148 Btu/lb (346 ki/kg)
h., = enthalpy of make-up water at 55 °F = 23 Btu/Ib (54 kJ/kg)
h, = enthalpy of steam at 100 psig = 1,189 Btu/Ib (2787 kl/kg)
The percentage of heat remaining in condensate is:

= (hc=h,)/(hs—h,,) x 100

=(148-23)/(1,189—-23) x 100 = 11.0%

Example

Consider a steam system that returns an additional 10,000 Ib/hr of condensate at 180 °F after
distribution modifications (4.5 tons/hour at 82 °C). Assume this system operates 8,000 hours annually
with an average boiler efficiency of 80%, and make-up water temperature of 55 °F (13 °C).

The water and sewage costs for the plant are 0.002 USD per gallon (USD/gal; 0.5 USD/cubic metre); and
the water treatment cost is 0.002 USD/gal (0.5 USD/cubic metre). The fuel cost is 8.00 USD/MMBtu
(0,008 USD/MJ).

Assuming a 12% flash steam loss, (some condensate flashes off to steam again when saturated
condensate is reduced to some lower pressure), calculate overall savings achievable by recuperating the
flash steam losses.

Annual water, sewage, & chemicals savings

Steam loss: 12% of 10000 Ib/hr = 1200 Ib/hr

Savings by water recovery, assuming water density of 8.34 Ib/gal

1200 Ib/hr x (0.002 +0.002) USD/gal x 8000 h/y /8.34Ib/gal = 4603 USD/y

Annual fuel savings

The fuel savings are given by calculating the energy saved by recovering the flash steam losses.

The enthalpy difference between condensate and make-up water is:

Ah = C (h. — hy,); where Cis the heat capacity of make-up water, assumed as 1 Btu/Ib °F

Ah =1 x (180- 55) = 125 Btu/lb/hr

The fuel savings will be (assuming a boiler efficiency of 90%):

1200 Ib/hr x 125 Btu/Ib x 8x10°® USD/Btu x 8000 h/y/0.9 = 10666 USD/y

Total annual savings: 10666 + 4603 = 15269 USD/y

In terms of pollution, the amount of CO, not emitted can be calculated.

Fuel savings:

Assuming natural gas with a heating value of 900 Btu/ft* (about 45MJ/kg), the fuel savings are:

125 Btu/Ib/hr x 8000 h/y /900 Btu/ft’ = 1111 ft’/y

Assuming a CO, emission factor for natural gas of 0.12 |b CO,/ft3, the avoided CO, emissions are:

1111 ft’/y x 0.12 Ib CO,/ft> = 133 Ib/y = 60 kg/y CO,
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Blowdown recovery

When water is boiled and steam is generated, any dissolved solids contained in the water remain in the boiler. If
more solids are put in with the feedwater, they will concentrate and may eventually reach a level where their
solubility in the water is exceeded and they start deposit from the solution. Above a certain level of
concentration, these solids encourage foaming and cause carryover of water into the steam.

The deposits also lead to scale formation inside the boiler, resulting in localized overheating and finally causing
boiler tube failure. It is therefore necessary to control the level of concentration of the solids in suspension and
dissolved in the boiled water. This is achieved by the process of “blowing down”, where a certain volume of
water is blown off and automatically replaced by feedwater — thus maintaining the optimum level of TDS in the
boiler water and removing those solids that have fallen out of solution and tend to settle on the internal
surfaces of the boiler. Blowdown is necessary to protect the surfaces of the heat exchanger in the boiler.
However, blowdown can be a significant source of heat loss, if improperly carried out.

Conductivity measurement is used for monitoring overall TDS present in the boiler. The more solids that are
present in the water, the higher the conductivity (and the lower the electrical resistance). A rise in conductivity
indicates a rise in the "contamination" of the boiler water.

Intermittent and continuous blowdown
Conventional methods for blowing down the boiler depend on two kinds of blowdown: intermittent and
continuous.

Intermittent blowdown

Intermittent blowdown is conducted by manually operating a valve fitted to a discharge pipe at the lowest point
of the boiler shell to reduce parameters (e.g., TDS or conductivity, pH, silica and phosphates concentration)
within prescribed limits so that steam quality is not likely to be affected. This type of blowdown is also an
effective method to remove solids that have fallen out of solution and have settled upon the fire tubes and the
internal surface of the boiler shell. In intermittent blowdown, a large diameter line is opened for a short period
of time, with the time based on a general rule such as “once in a shift for 2 minutes”.

Since intermittent blowdown requires large short-term increases in the amount of feedwater put into the boiler
larger feedwater pumps than for continuous blowdown may be needed. The TDS level will also vary, thereby
causing fluctuations of the water level in the boiler due to changes in steam bubble size and distribution, which
accompany changes in concentration of solids. A substantial amount of heat energy is lost with intermittent
blowdown.

Continuous blowdown

There is steady and constant dispatch of a small stream of concentrated boiler water, and replacement by
steady and constant inflow of feedwater. This ensures constant TDS and steam purity at a given steam load.
Once a blowdown valve is set for given conditions, there is no need for regular operator intervention. Even
though large quantities of heat are removed from the boiler, opportunities exist for recovering this heat by
blowing into a flash tank and generating flash steam. This flash steam can be used for preheating boiler
feedwater. This type of blowdown is common in high-pressure boilers.

The residual blowdown that leaves the flash vessel still contains a good deal of heat energy, of which a
significant proportion can also be recovered by introducing a heat exchanger to heat up cold make-up water.
Complete blowdown heat recovery systems can recover up to 80% of the energy contained in the blowdown.
They can be applied to any size of steam boiler, and an investment in such a system is often recovered in a
matter of months.
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The quantity of blowdown required to control boiler water solids concentration is calculated by using the
following formula:

Make up water TDS x % Make up water

Blow down (percent} =
Maximum permissible TDS in boiler water

If the maximum permissible limit of TDS (as in a package boiler) is 3000 ppm, the percentage make-up water is
10% and the TDS in make-up water is 300 ppm, then the percentage blowdown is given as:

=300 x 10 /3000 = 1%

If boiler steam capacity is 3 t/hr (3000 kg/hr), then the required blowdown rate is:

=3000 x 1 /100 = 30 kg/hr

Benefits of blowdown control
Good boiler blowdown control can significantly reduce treatment and operating costs, including:

o |ower pretreatment costs

e |ess make-up water consumption

e reduced maintenance downtime

e increased boiler life, and

e |ower consumption of treatment chemicals.

Heat can be recovered from boiler blowdown by using a heat exchanger to preheat boiler make-up water. Any
boiler with continuous blowdown exceeding 5% of the steam rate is a good candidate for the introduction of
blowdown waste heat recovery. Larger energy savings occur with high-pressure boilers. Table 63 shows the
potential for heat recovery from boiler blowdown.

Table 63 Recoverable heat from boiler blowdown (22)

Blowdown||  Heat Recovered, Million Btu per hour (MMBtu/hr) |
R;;ﬁ;? [ Steam Pressure, psig ]
Feedwater|[ 5o || wo [ 150 || 250 || 300 |
[ 2 [ cas [ o5 [ oss ][ oss [ oss |
e Lo L w L v I = I w5 |
[ s [ 3 | s v e [ 20 |
[ s ]][[ 17 [ 20 [ 22 [ 26 ][ 27 }

22 [ 25 [ 28 ][ 32 ][ =

[ 10 2 3
20 [ aa ][ so 5.6 64 || 66 |

Example

In a plant where the fuel cost is 8.00 USD/MMBtu (8 USD per 1000 MJ) and the boiler produces 50,000
Ib/hr (22.5 t/h), a continuous blowdown rate of 3,200 Ib/hr (1.44 t/h) is maintained to avoid the build-up
of high concentrations of dissolved solids. What are the annual savings if a make-up water heat
exchanger is installed that recovers 90% of the blowdown energy losses?

Assuming the boiler pressure at 150 psig (about 10 bar), the heat recovered is 3200/50000 = 6%.

The 80% efficient boiler produces 50,000 lb/hr of 150- psig steam. It operates for 8,000 hours per year.
The blowdown ratio is:
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Blowdown Ratio = 3,200/(3,200 + 50,000) = 6.0%

Using Table 63, the heat recoverable corresponding to a 6% blowdown ratio with a 150-psig boiler,
operating pressure is 1.7 MMBtu/hr. Since the Table is based on a steam production rate of 100,000
Ib/hr, the annual savings for this plant, assuming an efficiency of 90%, are as follows:

Annual Energy Savings = 1.7 MMBtu/h x (50,000 lb/hr/100,000 Ib/hr) x 8000 hours/0.9 = 7555 MMBtu
Assuming the cost of fuel is 8 USD/MMBtu, the savings are: 7555 x 8 = 60440 USD/y.

In terms of pollution reduction, the avoided CO, emissions are, assuming a CO, emission factor of 116
Ib/MMBtu: 116 x 7555 = 876380 |b = 394 tons CO,/y

Automatic blowdown control systems

To reduce the levels of suspended and total dissolved solids in a boiler, water is periodically discharged or blown
down. High dissolved solids concentrations can lead to foaming and carryover of boiler water into the steam.
This could lead to water hammer, which may damage piping, steam traps, or process equipment. Surface
blowdown, which removes dissolved solids that accumulate near the boiler liquid surface, is often a continuous
process. Suspended and dissolved solids can also form sludge. Sludge must be removed because it reduces the
heat transfer capabilities of the boiler, resulting in poor fuel-to-steam efficiency and possible pressure vessel
damage. Sludge is removed by mud or bottom blowdown (20)

During the surface blowdown process, a controlled amount of boiler water containing high dissolved solids
concentrations is discharged into the sewer. In addition to wasting water and chemicals, the blowdown process
wastes heat energy because the blowdown liquid is at the same temperature as the steam produced —
approximately 185 °C (366 °F ) for 150-psig (about 10 bar) saturated steam — and blowdown heat recovery
systemes, if available, are not 100% efficient.

Waste heat may be recovered through the use of a blowdown heat exchanger or a flash tank in conjunction with
a heat recovery system.

Advantages

With manual control of surface blowdown, there is no way to determine the concentration of dissolved solids in
the boiler water, nor the optimal blowdown rate. Operators do not know when to blow down the boiler, or for
how long. Likewise, using a fixed rate of blowdown does not take into account changes in make-up and
feedwater conditions, or variations in steam demand or condensate return.

An automatic blowdown control system optimizes surface blowdown rates by regulating the volume of water
discharged from the boiler in relation to the concentration of dissolved solids present. Automatic surface
blowdown control systems maintain water chemistry within acceptable limits, while minimizing blowdown and
reducing energy losses. Cost savings come from the significant reduction in the consumption, disposal,
treatment, and heating of water.

How they work

With an automatic blowdown control system, high- or low-pressure probes are used to measure conductivity.
These probes provide feedback to a blowdown controller that compares the measured conductivity with a set-
point value, and then transmits an output signal that drives a modulating blowdown release valve. Conductivity
is a measure of the electrical current carried by positive and negative ions when a voltage is applied across
electrodes in a water sample. Conductivity increases when the dissolved ion concentrations increase.

214




Guide to environmentally sound industrial boilers

The measured current is directly proportional to the specific conductivity of the fluid. Total dissolved solids,
silica, chloride concentrations, and/or alkalinity contribute to conductivity measurements. These chemical
species are reliable indicators of salts and other contaminants in the boiler water.

Applications

Boilers without a blowdown heat recovery system, and with high blowdown rates, offer the greatest energy
savings potential. The optimum blowdown rate is determined by a number of factors, including boiler type,
operating pressure, water treatment, and make-up water quality. Savings also depend upon the quantity of
condensate returned to the boiler. With a low percentage of condensate return, more make-up water is
required and additional blowdown must occur. Boiler blowdown rates often range from 1% to 8% of the
feedwater flow rate, but they can be as high as 20% to maintain silica and alkalinity limits when the make-up
water has a high solids content.

Price and performance

Example

For a 100,000 lb/hr steam boiler (45 tons/hr), decreasing the required blowdown rate from 8% to 6% of
the feedwater flow rate will reduce make-up water requirements by approximately 2,300 Ib/hr (0.9 t/h).

Annual energy, water, and chemicals savings due to blowdown rate reductions for a sample system are
summarized inTable 63. In many cases, these savings can provide a 1 to 3 year simple payback on the
investment in an automatic blowdown control system.

Table 64 Recoverable heat from automatic boiler blowdown (22)

T Annual Savings, $
Reduction, Ib/hr Fuel ?_’&{E_‘.t_er;aﬂsi -
- Chemicals -
1,000 27,200 4,200 31,400
2,000 54,400 8,400 652,800
T 108,800 16,800 125,600

Note: Based on continuous operation of a 150-psig, natural gas-fired steam boiler with fuel valued at
$8.00 per million Btu ($8.00/MMBRUY, & makeup water ternperature of 60°F, and a boiler efficiency of
BO%. Water, sewage, and chemical treatrment costs are estimated at $0.004 per gallon.

Inspection and repair of steam traps

In steam systems that have not been maintained for 3 to 5 years, between 15% and 30% of the installed steam
traps may have failed — thus allowing live steam to escape into the condensate return system. In systems with a
regularly scheduled maintenance program, leaking traps should account for less than 5% of the trap population.
If the steam distribution system includes more than 500 traps, a steam trap survey will probably reveal
significant steam losses.

Example

In a plant where the value of steam is 10.00 USD/1,000 Ib, an inspection program indicates that a trap
on a 150-psig steam line is stuck open. The trap orifice is 1/8th inch in diameter. Table 65 shows the
estimated steam loss as 75.8 Ib/hr. After the failed trap is repaired, annual savings are:
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Annual savings = 75.8 Ib/hr x 8,760 hr/y x 10.00 USD/1,000 Ib = 6,640 USD

Table 65 Leaking steam trap discharge rate (236)

Leaking Steam Trap Discharge Rate*

TBEEEE%EEE l Steam|Pressure, psig I

l 15 " 100 “ 150 “ 300 I
e Los s | o | - |
l 1/16 “ 3.4 H 13.2 H 18.9 H 36.2 l
l /8 “ 13.7 “ 52.8 “ 75.8 “ 145 }
l 3/16 “ 307 “ 19 H 170 H 326 l
l 174 “ 54.7 ” 211 H 303 H 579 ]
l 3/8 | 123 ” 475 “ €82 I 1,303 l

*From the Boiler Efficiency [nstitute. Stearn is discharging to atmospheric pressure through a
re-entrant orifice with a coefficient of discharge equal to 0.72.

Prevention of duct air infiltrations

In small boilers with burners using combustion air at ambient pressure, it is important that there are no
obstacles to the air feeding system. Thus, the boiler room must be vented, and window/door openings should
not be obstructed. Boilers with forced- or induced-draught combustion, which use a fan to supply combustion
air, require proper adjustment based on the volume of air that the fan can supply. If, after proper adjustment,
covers are removed, inspection doors are kept open, or air can enter the boiler from openings other than those
of design, extra air goes to the burner, resulting in a loss of efficiency.

During boiler operation, the following measures should be implemented to avoid loss of efficiency:

e Keep observation doors closed and probe ports plugged.
e Keep covers and other openings in place.
e Check the sealing integrity to avoid extra air being fed to the burner.

Clean heat transfer surfaces

Industrial process heating systems use various methods to transfer heat to the load. These include direct heat
transfer from the flame or heated gases to the load, and indirect heat transfer from radiant tubes, muffles, or
heat exchangers. Indirect heating systems that use fuel firing, steam, or hot liquids to supply heat are discussed
in this section. In each case, clean heat transfer surfaces can improve system efficiency. Deposits of soot, scale
or oxides, sludge, and slag on the heat transfer surfaces should be avoided (113)

Contamination from flue gas and heating medium
Problem areas from flue gas contamination include the following:

e Soot: black substance formed by combustion that adheres to heat transfer surfaces.

e Scale or oxide: formed when metals are oxidized in the presence of oxygen, water vapour, or other
oxidizing gases.

e Sludge: residue from a liquid—solid mixture after the liquid evaporates.
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e Slag: residue formed by oxidation at the surface of molten metals, which can also adhere to heat transfer
surfaces.

These contaminants impede the efficient transfer of heat and reduce the efficiency of industrial heating
systems. Contamination of heat transfer surfaces is typically the result of:

e |ow air-to-fuel ratios

e improper fuel preparation

e malfunctioning burners

e oxidation of heat transfer surfaces in high temperature applications

e corrosive gases or constituents in the heating medium

e stagnant or low-velocity areas in contact with heat transfer surfaces for hot liquid or gas heating
systems, or

e special atmospheres (such as in heat treating furnaces) that can produce soot during the heating
process.

As shown in Table 66, a 1/32-inch thick layer of soot can reduce heat transfer by about 2.5%.

Table 66 Efficiency reductions caused by soot deposits

Efficiency Reductions Caused by Soot Deposits*

Soot Layer Thickness
1/32 inch (0.8 mm) 1/16 inch (1.6 mm) 1/8 inch (3 mm)
2.5% 4.5% 8.5%

*Extracted from the Application Note — Energy Efficiency Operations and Maintenance Strategies

for Industrial Gas Boilers, Pacific Gas and Electric Company, May 1997.

Contamination from flue gas can also shorten equipment life and lead to unscheduled maintenance. The extent
to which dirty heat transfer surfaces affect efficiency can be estimated from an increase in stack temperature
relative to a “clean operation” or baseline condition. Efficiency is reduced by approximately 1% for every 40 °F
increase in stack temperature.

Contamination from the water supply
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Scale is formed from deposits of calcium, magnesium, or silica from the water supply. Problems occur when
these minerals form a continuous layer of material on the water side of heat transfer surfaces; surfaces with
scale deposits have much lower thermal conductivity than bare metal. Efficiency losses from scale deposits can
range from 1% to 7%. Scale deposits can also lead to decreased heat transfer equipment life, especially because
of corrosion. Most scale problems are caused by inadequate water treatment. Scale can be removed
mechanically (by manual brushing) or with acid cleaning.

Table 67 Common impurities in water

Impurity Problems Common Chemical

(Chemical Formula) Treatment Methods
Alkalinity (HCO3- CO5~ | Carryover of feedwater into steam, produce COa | Neutrafizing amines, filming amines, combination of
and CaCO3} in steam leading to formation of carbonic acid both, and {ime-soda.

(acid attack}

Hardness (calcium and Primary source of scale in heat exchange Lime softening, phosphate, chelates and polymers
magnesium salts, CaCOj) | equipment
Iron (Fe'"and Fe) Causes boiler and water line deposits Phosphate, chelates and polymers
Oxygen (03} Corrosion of water lines, boiler, return lines, heat | Oxygen scavengers, filming amines and deazration

exchanger equipments, etc. (oxygen attack}

pH Corrosion occurs when pH drops below 8.5 pH canbe lowered by addition of acids and increased
by addition of alkalies

Hydrogen Sulfide (1,8} Corresion Chlorination

Silica (Si0y) Scale in boilers and cooling water systems Lime softening

Table 67 summarizes the problems associated with the common impurities in water and related solutions. (114)

Example
The effect on the fuel bill due to scaling in a factory grinding 10,000 tons of cane per day is shown in
Table 68, where bagasse used is 3,300 tons per day, 2.2 barrels fuel oil = 1 mt bagasse, 13,200 ft; natural
gas = 1 mt bagasse, and bwt = bagasse weight.

Table 69 and Table 69 summarize the effects that dirty heat transfer surfaces can have on efficiency.

Table 68 Effects of scale thickness on efficiency

Scale % Fuel Tons bagasse Fuel oil Natural gas
thickness wasted' wasted cost cost

(at 50% maisture) ($38 x 2.2 x bwt) {$6 x 13.2 x bwt)’

1/32" 7% 231 $19,312 $18,295
1/25" 9% 297 $24,829 $23,522
1/20" 11% 363 $30,347 $28,750
118" 13% 429 $35,864 $33,977
111" 15% 495 $41,382 $39,204
1/9" 16% 528 344,141 $41,818

218




Guide to environmentally sound industrial boilers

Table 69 Effect of dirty heat transfer surfaces on efficiency

Reference Efficiency loss
Soot deposits 1/16 inch (0.16 cm) 4.5%
Dirty heat transfer surfaces 40°F (22 °C) increase T° at stack 1%
Scale 1/16 inch (0.16mm) 13%

Installation of condensing economizers

The key to a successful waste heat recovery project is optimizing the use of the recovered energy. By installing a
condensing economizer, companies can improve overall heat recovery and steam system efficiency by up to
10%. Many boiler applications can benefit from this additional heat recovery, such as district heating systems,
wallboard production facilities, greenhouses, food processing plants, pulp and paper mills, textile plants, and
hospitals. Condensing economizers require site-specific engineering and design, and a thorough understanding
of the effect they will have on the existing steam system and water chemistry.

A conventional feedwater economizer reduces steam boiler fuel requirements by transferring heat from the flue
gas to the boiler feedwater. For natural gas-fired boilers, the lowest temperature to which flue gas can be
cooled is about 120 °C (250 °F) to prevent condensation and possible stack or stack liner corrosion.

(25) improves waste heat recovery by cooling the flue gas below its dew point, which

The condensing economizer
is about 57 °C (135 °F) for products of combustion of natural gas. The economizer reclaims both sensible heat
from the flue gas and latent heat by condensing flue gas water vapour (see Table 70). All hydrocarbon fuels
release significant quantities of water vapour as a combustion by-product. The equation below shows the
reactants and combustion products for the stoichiometric combustion in air of methane (CH,), the primary
constituent of natural gas. When one molecule of methane is burned, it produces two molecules of water
vapour. When moles are converted to pound/mole, we find that every pound of methane fuel combusted

produces 2.25 Ib of water vapour, which is about 12% of the total exhaust by weight.

CH4 + 20, + 7.5N, 1CO, + 2H,0 + 7.5N,

Table 70 Effect of condensing economizer on efficiency

combustion Stack gas Stack gas
System efficiency temperature temperature
6 excess oxygen

(4% ) | °F °C
Boiler 78 to 83% 350 to 550 177 to 288
with feedwater 84 to 86% 250 to 300 120 to 150
economizer
with feedwater and
condensing 92to0 95 % 75 to 150 25to 65
economizer
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Since the higher heating value of methane is 23,861 Btu/Ib (55 MJ/kg), 41.9 Ib of methane is required to provide
1 MMBtu of energy, resulting in 94.3 Ib of high temperature water vapour. The latent heat of vaporization of
water under atmospheric pressure is 970.3 Btu/lb. When 1 MMBtu of methane is combusted, 91,495 Btu of
water vapour heat of evaporation (94.3 Ib x 970.3 Btu/lb) is released up the boiler stack. This latent heat
represents approximately 9% of the initial fuel energy content. The bulk of this latent heat can be recovered by
cooling the exhaust gas below its dew point using a direct contact or indirect condensing economizer. It is
possible to heat water to about 93 °C (200 °F) with an indirect economizer, or 60 °C (140 °F) with a direct contact
economizer.

The available heat in a boiler’s exhaust gases is dependent upon the hydrogen content of the fuel, the fuel firing
rate, the percentage of excess oxygen in the flue gases, and the stack gas temperature.

Example
Consider a natural gas-fired boiler that produces 100,000 Ib/hr of 100-psig saturated steam. At 83% efficiency,
the boiler firing rate is about 116 MMBtu/hr. At its full firing rate, the boiler consumes over 4,860 lb of natural
gas each hour while exhausting 10,938 Ib of high temperature water vapour each hour. The water vapour in the
flue gas contains over 10.6 MMBtu/hr of latent heat. As shown in Table 71, the total heat actually available for
recovery is strongly dependent upon the stack gas temperature at the condensing economizer outlet.

Example

Assume that an indirect contact condensing economizer is retrofitted onto this 100,000 Ib/hr steam
boiler to heat 50% of the make-up water from 55 °F to 200 °F, and flue gases are cooled to 100 °F. At
these conditions, 12.75 MMBtu/hr of total energy is available in the exhaust, of which 7.55 MMBtu/hr
will be recovered to heat make-up water in the condensing economizer. More energy could be
recovered if additional heat sinks are available. Given 8,000 hours per year of boiler operation, and a
fuel cost of 8.00 USD/MMBtu, the annual energy recovered is valued at:

Annual Savings = 7.55 MMBtu/hr x 8,000 hr/y x 8.00 USD/MMBtu/0.83 = 582,170 USD

Table 71 Available heat for recovery

Flue Gas
Temperature Leawpg Condensing 75°F 100°F 125°F 150°F
Economizer
Sensible Heat 6.46 5.75 5.03 4.31
Latent Heat 9.51 7.00 2.01 0.0
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Total Available 15.97 12.75 7.04 4.31

Note: This assumes an 83% fuel-to-steam efficiency, 4% excess oxygen, a stack temperature of 300 °F after
feedwater economizer, a blowdown rate of 4%, and a boiler feedwater temperature of 260 °F. Make-up water
temperature is 55 °F.

Example

A food processing plant installed an indirect contact condensing economizer on a 20,000-Ib/hr boiler.
The condensing economizer reduced the flue gas temperature from 300 °F to 120 °F, while capturing 2.0
MMBtu/hr of sensible and latent heat. Energy recovered by the condensing economizer heated make-up
water reduced deaerator steam requirements from 5,000 lb/hr to 1,500 Ib/hr.

BEP for boiler critical components

In general, the critical components are those whose failure will directly affect the reliability of the boiler. They
can be prioritized by their impact on safety, reliability, and performance. Implementation of BEP on those
components (or a good maintenance program) can help improve boiler performance. Critical pressure parts

include the following ***:

e Drums: The steam drum is the single most expensive component in the boiler. Consequently, any
maintenance program must address the steam drum, as well as any other drums, in the convection
passes of the boiler. In general, problems in the drums are associated with corrosion. In some
instances, where drums have rolled tubes, rolling may produce excessive stresses that can lead to
damage in the ligament areas. Problems in the drums normally lead to indications that are seen on the
surfaces-either inside diameter (ID) or outside diameter (OD).

e Headers: Boilers designed for temperatures above 482 °C (900 °F) can have superheater outlet headers
that are subject to creep — the plastic deformation (strain) of the header from long-term exposure to
temperature and stress. However, industrial boilers are more typically designed for temperatures lower
than that. Lower temperature headers are subject to corrosion or possible erosion. Additionally, cycles
of thermal expansion and mechanical loading may lead to fatigue damage

e Tubing: The majority of forced outages in all types of boilers are caused by tube failures. Failure
mechanisms vary greatly from the long term to the short term. Superheater tubes operating at
sufficient temperature can fail long term (over many years) due to normal life expenditure. However,
most industrial boiler tubes do not have a finite life due to their temperature of operation under normal
conditions. Tubes are more likely to fail because of abnormal deterioration such as water/steam-side
deposition retarding heat transfer, flow obstructions, tube corrosion (ID and/or OD), fatigue, and tube
erosion.

e Piping: For lower temperature systems, main steam piping is subject to the same damage as noted for
the boiler headers. In addition, the piping supports may experience deterioration and become damaged
from excessive or cyclical system loads. Feedwater piping may be prone to corrosion or flow assisted
corrosion (FAC), depending upon the operating parameters of the feedwater system, the flow rates, and
the piping geometry. This is also referred to as erosion-corrosion. If susceptible, the pipe may
experience material loss from internal surfaces near bends, pumps, injection points, and flow
transitions. Ingress of air into the system can lead to corrosion and pitting. Out-of-service corrosion can
occur if the boiler is idle for long periods.

e Deaerators: Overlooked for many years in condition assessment and maintenance inspection programs,
deaerators have been known to fail catastrophically in both industrial and utility plants. The damage
mechanism is corrosion of shell welds, which occurs on the ID surfaces.
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ANNEX 1 UNITS OF MEASUREMENT
From Wikipedia, the free encyclopedia (1)

A unit of measurement is a definite magnitude of a physical quantity, defined and adopted by convention and/or
by law, that is used as a standard for measurement of the same physical quantity.[1] Any other value of the
physical quantity can be expressed as a simple multiple of the unit of measurement.

For example, length is a physical quantity. The metre is a unit of length that represents a definite predetermined
length. When we say 10 metres (or 10 m), we actually mean 10 times the definite predetermined length called
"metre".

The definition, agreement, and practical use of units of measurement have played a crucial role in human
endeavor from early ages up to this day. Different systems of units used to be very common. Now there is a
global standard, the International System of Units (SI), the modern form of the metric system.

In trade, weights and measures is often a subject of governmental regulation, to ensure fairness and
transparency. The Bureau international des poids et mesures (BIPM) is tasked with ensuring worldwide
uniformity of measurements and their traceability to the International System of Units (Sl). Metrology is the
science for developing nationally and internationally accepted units of weights and measures.

In physics and metrology, units are standards for measurement of physical quantities that need clear definitions
to be useful. Reproducibility of experimental results is central to the scientific method. A standard system of
units facilitates this. Scientific systems of units are a refinement of the concept of weights and measures
developed long ago for commercial purposes.

Science, medicine, and engineering often use larger and smaller units of measurement than those used in
everyday life and indicate them more precisely. The judicious selection of the units of measurement can aid
researchers in problem solving (see, for example, dimensional analysis).

Systems of units

Traditional systems

Historically many of the systems of measurement which had been in use were to some extent based on the
dimensions of the human body according to the proportions described by Marcus Vitruvius Pollio. As a result,
units of measure could vary not only from location to location, but from person to person.

Metric systems

A number of metric systems of units have evolved since the adoption of the original metric system in France in
1791. The current international standard metric system is the International System of Units. An important
feature of modern systems is standardization. Each unit has a universally recognized size.

Both the Imperial units and US customary units derive from earlier English units. Imperial units were mostly used
in the British Commonwealth and the former British Empire. US customary units are still the main system of
measurement used in the United States despite Congress having legally authorized metric measure on 28 July
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1866.[3] Some steps towards US metrication have been made, particularly the redefinition of basic US units to
derive exactly from Sl units, so that in the US the inch is now defined as 0.0254 m (exactly), and the avoirdupois
pound is now defined as 453.59237 g (exactly)[4]

Natural systems

While the above systems of units are based on arbitrary unit values, formalized as standards, some unit values
occur naturally in science. Systems of units based on these are called natural units. Similar to natural units,
atomic units (au) are a convenient system of units of measurement used in atomic physics.

Also a great number of unusual and non-standard units may be encountered. These may include the Solar mass,
the Megaton (1,000,000 tons of TNT).

Conversion of units
Process

The process of conversion depends on the specific situation and the intended purpose. This may be governed
by regulation, contract, Technical specifications or other published standards. Engineering judgment may
include such factors as:

The precision and accuracy of measurement and the associated uncertainty of measurement
The statistical confidence interval or tolerance interval of the initial measurement

The number of significant figures of the measurement

The intended use of the measurement including the engineering tolerances

Some conversions from one system of units to another need to be exact, without increasing or decreasing the
precision of the first measurement. This is sometimes called soft conversion. It does not involve changing the
physical configuration of the item being measured.

By contrast, a hard conversion or an adaptive conversion may not be exactly equivalent. It changes the
measurement to convenient and workable numbers and units in the new system. It sometimes involves a
slightly different configuration, or size substitution, of the item. Nominal values are sometimes allowed and
used.

Multiplication factors

Conversion between units in the metric system can be discerned by their prefixes (for example, 1 kilogram =
1000 grams, 1 milligram = 0.001 grams) and are thus not listed in this article. Exceptions are made if the unit is
commonly known by another name (for example, 1 micron = 10-6 metre).

Table ordering
Within each table, the units are listed alphabetically, and the Sl units (base or derived) are highlighted.

[edit]Tables of conversion factors

240




Guide to environmentally sound industrial boilers

This article gives lists of conversion factors for each of a number of physical quantities, which are listed in the
index. For each physical quantity, a number of different units (some only of historical interest) are shown and
expressed in terms of the corresponding Sl unit.

Lenght

Legend

Symbol Definition

exactly equal to

Y

approximately equal to

digits |indicates that digits repeat infinitely (e.g. 8.294369 corresponds to 8.294369369369369...)

(H) | of chiefly historical interest

Volume
Volume
Name of unit Symbol Definition Relation to Sl units
acre-foot ac ft =1acx1ft=43560 ft’ = 1233.481 837 547 52 m®
acre-inch =1acx1in =102.790 153 128 96 m®
barrel (imperial) bl (imp) = 36 gal (imp) =0.163 659 24 m®
barrel (petroleum) bl; bbl | =42 gal (US) =0.158 987 294 928 m®
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barrel (US dry) bl (US)

barrel (US fluid) fl bl (US) = 31% gal (US)

cubic foot cu ft S1ftx1ftx1ft

cubic inch cuin =1inx1inx1in

3

cubic metre (Sl unit) 'm E1imx1mx1m

cubic mile cu mi S 1mix1mix1mi
cubic yard cu yd =27 cuft
cup (breakfast) =10 fl oz (imp)

gallon (imperial) gal (imp)|=4.546 09 L

gallon (US dry) gal (US) |= % bu (US Ivl)

gallon (US fluid; Wine) | gal (US) =231 cuin

=105 qt (US) = 105/32 bu (US Ivl) = 0.115 628 198 985 075 m®

=0.119 240 471 196 m®

=0.028 316 846 592 m®

= 16.387 064x10° m®

=1m°

=4 168 181 825.440 579 584 m*®

= 0.764 554 857 984 m®

=284.130 625%x10° m?

= 4.546 09x10~° m®

= 4.404 883 770 86x10"° m®

=3.785 411 784x10°> m®

litre L =1dm* =0.001 m®

load =50 cu ft = 1.415 842 3296 m®

timber foot =1cuft =0.028 316 846 592 m®

ton (displacement) =35cuft =0.991 089 630 72 m®

ton (freight) =40 cu ft =1.132 67386368 m°

ton (water) = 28 bu (imp) =1.018 324 16 m°

Mass

Notes:

= In this table, the unit gee is used to denote standard gravity in order to avoid confusion with the "g"
symbol for grams.

L] In physics, the pound of mass is sometimes written lbm to distinguish it from the pound-force (Ibf). It

should not be read as the mongrel unit "pound metre".

Mass
Name of unit Symbol Definition
electronvolt eV =1 eV (energy unit) / c?
grain ar =1/7000 |b av
Kiloaram K = mass of the prototype near Paris (= mass of 1L of
<ogram g water)
pound Ib = slug-ft/s?

pound (avoirdupois) |lb av

= 0.453 592 37 kg = 7000 grains
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Relation to Sl units

=1.7826x10 * kg
=64.798 91 mg

=1 kg (Sl base
unit)®

= 0.45359237 kg
= 0.453 592 37 kg
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pound (metric) =500g¢g =500g9

pound (troy) Ibt =5 760 grains =0.373 241 7216 kg
quarter (imperial) =1/4longcwt=2st=28Ib av =12.700 586 36 kg
quarter (informal) = Ya short tn =226.796 185 kg
guarter, long —

. = Yalong tn =254.011 7272 k
(informal) +1ong g
quintal (metric) q =100 kg =100 kg
ton, long 'tzrr‘]g mor - 5401 = 1.016.046 9088 kg
ton, short sh tn =2000 Ib =907.184 74 kg
tonne (mts unit) t =1 000 kg =1 000 kg
Density

Density
Name of unit Symbol | Definition Relation to Sl units
gram per millilitre g/mL =g/mL = 1,000 kg/m®
kilogram per cubic metre (SI unit) kg/m3 = kg/m3 =1 kg/m3
kilogram per litre kg/L = kg/L = 1,000 kg/m®
pound (avoirdupois) per cubic foot Ib/ft® = |b/ft® = 16.01846337 kg/m3
pound (avoirdupois) per cubic inch Ib/in®  =Ib/in® =2.767990471x10* kg/m®
pound (avoirdupois) per gallon (imperial) | Ib/gal  |= Ib/gal = 99.77637266 kg/m3
pound (avoirdupois) per gallon (US fluid)  Ib/gal  |= Ib/gal ~ 119.8264273 kg/m®
Frequency
Frequency
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Name of unit

hertz (S| unit)

revolutions per
minute

Speed or velocity

Name of unit

foot per hour

foot per minute
foot per second
inch per hour

inch per minute

inch per second

kilometre per hour

knot

knot (Admiralty)

metre per
second (Sl unit)

mile per hour
mile per minute
mile per second

speed of light in
vacuum

speed of soundin
air

Symbol Definition Relation to Sl units
Hz = Number of cycles per second =1Hz=1/s

= One unit rpm equals one rotation completed around a fixed
rpm pm €q P = 0.104719755 rad/s

axis in one minute of time.

Speed

Symbol Definition Relation to Sl units

fph =1 ft/h =~ 8.466 667x10° m/s

fpm = 1 ft/min =5.08x10"° m/s

fps =1fts =3.048x107" m/s

iph =1 in/hr = 7.05 556x10°° m/s

ipm = 1 in/min ~ 4.23 333x10™" m/s

ips =1in/s =2.54x107° m/s
=1/3.6 m/s=2.777

km/h =1 km/h -

m m 778x107" m/s

kn,kt |=1 NM/h=1.852 km/h =~ 0.514 444 m/s

kn =1 NM (Adm)/h = 1.853 184 km/hctation needed] =0.514 773 m/s

m/s =1mls =1mls

mph =1 mi/h =0.447 04 m/s

mpm =1 mi/min =26.8224 m/s

mps =1 mils =1 609.344 m/s

c =299 792 458 m/s =299 792 458 m/s

Varies especially with temperature. About 1225 km/h
S (761 mph) in air at sea level to about 1062 km/h (660 mph)
at jet altitudes.

= 340 to 295 m/s at
aircraft altitudes
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Flow (volume)

Name of unit

cubic foot per minute

cubic foot per second

cubic inch per minute

cubic inch per second

cubic metre per second (Sl unit)
gallon (US fluid) per day

gallon (US fluid) per hour

gallon (US fluid) per minute

litre per minute

Acceleration

Name of unit

foot per hour per second

foot per minute per second

Flow

Symbol Definition Relation to Sl units

Crmitaiennested] | = 4 f%/min | = 4.719474432x107 m’/s

ft'/s =1ft/s | =0.028316846592 m’/s
in®/min =1in®min = 2.7311773x10" m%/s
in’/s =1in*s | =1.6387064x107° m%/s
m3/s =1m’s =1m’s

Gppleatonneeded) = 4 ga)/4 = 4.381263638%10°° m%/s
GpHatonneeded | = 4 qa/y | =1.051503273x10°° m*/s
GpMetatonneeded = 4 ga1/min | = 6.30901964x10™° m*/s

Lpmfctatonneeded] | = 4 /min = 1.6x107° m®/s

Acceleration

Symbol Definition Relation to Sl units

fph/s | =1 ft/(h-s) =~ 8.466 667x10"° m/s’

fom/s |=1ft/(min-s)  =5.08x10"° m/s®

foot per second squared fps2 =1 ft/s? =3.048x10"" m/s?
gal; galileo Gal =1 cm/s’ =107% m/s?

inch per minute per second ipm/s  |=1in/(min-s) |=4.233 333x107* m/s®
inch per second squared ips’ =1 in/s’ =2.54x107% m/s®
metre per second squared (S| unit) m/s® =1 m/s’ =1 m/s’

standard gravity g = 9.806 65 m/s® = 9.806 65 m/s”

Force
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Force
Relation to Sl
Name of unit Symbol Definition e |o_n ©
units
kilogram-force; kof; kp; | _
) =gx1lkg =9.806 65 N
kilopond; grave-force Gf
. A force capable of giving a mass of one kg an acceleration |=1 N =
newton (SI unit) N 125] 2
of one metre per second, per second. 1 kg-m/s
Pressure or mechanical stress
Pressure
Name of unit Symbol Definition Relation to Sl units
atmosphere (standard) atm =101 325 Pa &
atmosphere (technical) at = 1 kgf/cm® = 9.806 65x10* Pa 22
bar bar =10° Pa
centimetre of mercury cmHg | =13595.1 kg/m®x 1 cm x g ~ 1.333 22x10° Pa &
centimetre of water (4 °C) cmH,O |=999.972 kg/m® x 1 cm x g ~ 98.063 8 Pa
. _ =~ 40.636
foot of mercury (conventional) ftHg =13595.1 kg/m3 x1ftxg 66x10° Pa 22
foot of water (39.2 °F) ftH,O | =999.972 kg/m®x 1 ft x g ~ 2.988 98x10° Pa 2
inch of mercury (conventional) inH =13 595.1 kg/m® x 1 in x = 3.386
el y 9 F 9 J 389x10° Pa 28
inch of water (39.2 °F) inH,O | =999.972 kg/m® x 1in x g ~ 249.082 Pa &
ilogram-force per square kgf/mm? = 1 kgfimm? - 9.806 65x10° Pa 28
millimetre
millimetre of mercury mmHg |=13595.1 kg/m3 x1mm xg=1torr ~ 133.3224 Pa &
= 999.972 kg/m® x 1 mm x g = 0.999
millimetre of water (3.98 °C) mmH,0 2 g g =9.806 38 Pa
972 kgfim
pascal (S| unit) Pa = N/m? = kg/(m-s?) =1pa&
pound per square foot psf = 1 |bf/ft? ~ 47.880 26 Pa &
~ 6.894
pound per square inch psi = 1 Ibf/in®

757x10° Pa 2
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Energy

Name of unit

barrel of oil equivalent

British thermal unit (ISO)

British thermal unit
(International Table)

British thermal unit (mean)

British thermal unit
(thermochemical)

British thermal unit (39 °F)
British thermal unit (59 °F)
British thermal unit (60 °F)
British thermal unit (63 °F)

calorie (International Table)
calorie (mean)

calorie (thermochemical)
calorie (3.98 °C)

calorie (15 °C)

calorie (20 °C)

Celsius heat unit (International
Table)

cubic centimetre
of atmosphere; standard cubic
centimetre

cubic foot of atmosphere;
standard cubic foot

cubic foot of natural gas

cubic yard of atmosphere;
standard cubic yard

foot-pound force

gallon-atmosphere (imperial)

Energy

Symbol Definition
bboe = 5.8x10° BTUsg ¢
BTUso | =1.0545x10°J
BTU
BTUmean
BT Uy,
BTUzg ¢

BTUsor |=1.054 804x10°J

BTUgo ¢
BTUss ¢
calr =4.1868 J
Calmean
caly, =4.184 J
calsggc
calis ¢ =4.1855J
caly - c
CHU; =1 BTU;r x 1 KI°R
cc atm;
=1 atm x 1 cm®
scc
ft atm;
CUTEM: = 1 atm x 1
scf
=1 000 BTUr
d atm;
YA = 1 atm x 1 yd®
scy
ft Ibf =gx1lbx1ft
imp gal _ .
=1 atm x 1 gal (im
i gal (imp)
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Y100 Of the energy required to warm one gram
of air-free water from 0 °C to 100 °C @ 1 atm

Relation to Sl units

=6.12x10° J

=1.0545x10° J

=1.055 055 852
62x10° J

=~ 1.055 87x10° J
=~ 1.054 350x10° J

~1.059 67x10° J
=1.054 804x10° J
~1.054 68x10° J
~ 1.0546x10° J
=4.1868J

=4.190 02 J

=4.184J

=4.2045 J
=4.1855J
=~4.1819J

=1.899 100 534
716x10°%J

=0.101325J

=2.869 204 480
9344x10° J

=1.055 055 852
62x10° J

=77.468 520 985
2288x10°% J

=1.355817 948 331
4004 J

=460.632 569 25 J
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US gal
gallon-atmosphere (US) atmg =1 atm x 1 gal (US) =383.556 849 0138 J
=2.684 519 537 696
h -h hp-h =1h 1lh
orsepower-hour p p x 172 799x10°%3
=0.112 984 829 027
i - i =gx1llbx1i
inch-pound force in Ibf g in 6167 J
The work done when a force of one newton =1J=1m-N=
joule (Sl unit) J moves the point of its application a distance of |1 kg-mzls2 =1C.V=
one metre in the direction of the force.2! 1W-s
kilocalorie; large calorie kcal; Cal |=1 000 calt =4.1868x10° J
kilowatt-hour; Board of Trade |kW-h;
KEOWaR-nour =1kWx1h =3.6x10°J
Unit B.O.T.U.
ton of coal equivalent TCE =7 Gcealy, =29.3076x10° J
ton of oil equivalent TOE =10 Gcealy, =41.868x10° J
ton of TNT tTNT =1 Gcealy, =4.184x10° J
Power or heat flow rate
Power
Name of unit Symbol Definition Relation to Sl units
atmosphere-cubic centimetre _
SMASPIeTs atmccm =1 atm x 1 cm*/min =1.688 75x10° W
per minute
t h -cubi timet
aimosphere-cublc centimetre atmccs =1atmx1cm’/s =0.101325W
per second
atmosphere-
. P atm cfh =1 atm x 1 cu ft/h =0.797 001 244 704 W
cubic foot per hour
atmosphere-cubic foot per _ )
. atm-cfm | =1 atm x 1 cu ft/min =47.820 074 682 24 W
minute
atmosphere-cubic foot per =2.869 204 480
P Ho! P atmcfs |=1 atm x 1 cu ft/s 3
second 9344x10° W
BTU (International Table) per
BTU( ! JPe BTULh |=1BTULN ~0.293 071 W
hour
BTU (International Table) per
ru( )P B TU/min = 1 BTU,/min ~ 17.584 264 W
minute
BTU (International Table) per =1.055 055 852
BTUg/s |=1BTUq/s
second T T 62x10° W
calorie (International Table
calorie ( ) calt/s =1 calq/s =4.1868 W

per second
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erg per second

foot-pound-force per hour

foot-pound-force per minute

foot-pound-force per second

horsepower (boiler)

horsepower (European
electrical)

horsepower (imperial
electrical)

horsepower (imperial
mechanical)

horsepower (metric)

watt (SI unit)

Temperature

Name of unit Symbol

degree Celsius °C

degree Fahrenheit | °F

degree Newton °N

degree Rankine °R;

degree Réaumur |°Ré

‘R=Kx9/5

erg/s =1 ergls
ft Ibf/h = 1 ft Ibf/h
ft Ibf/min | = 1 ft Ibf/min
ft Ibf/s =1 ft Ibf/s
bhp = 34.5 Ib/h x 970.3 BTU¢/Ib
hp =75 kp-m/s
hp =746 W
hp = 550 ft Ibf/s
hp =75 m kgf/s
The power which in one second of time
W . . . [25]
gives rise to one joule of energy.
Temperature
Definition
°C=K-273.15

°F=°Cx9/5+32
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=10"WwW
=~ 3.766 161x10* W

=2.259 696 580 552
334x1072W

=1.355817 948 331
4004 W

=~ 9.810 657x10° W

=736 W

=746 W

=745.699 871 582 270
22 W

=735.498 75 W

=1W=1J/s=1N-m/s
=1 kg-m?%s®

Conversion to kelvin

[K] = [°C] + 273.15

[K] = ([°F] + 459.67) x
5/9

[K] = [°N] x 100/33 +
273.15

[K] = [°R] x 5/9

[K] = [PRé] x 5/4 +
273.15
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kelvin (S| base K = 1/273.16 of the thermodynamic temperature of the triple | _ 1K
unit) point of water.®! -
References

1. Wikipedia. http://en.wikipedia.org/wiki/Conversion_of_units. [Online] [Riportato: 02 04 2012.]
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ANNEX 2- STEAM PROPERTIES (SI Units)
Properties of Saturated Steam - Pressure in Bar ™

The Saturated Steam Table with properties as boiling point, specific volume, density, specific enthalpy, specific
heat and latent heat of vaporization

The following tables give the relationship between temperature, absolute pressure, density, specific entalpy.
Latent heat of vaporization and specific heat. The definition of the quantities are given below:

Absolute pressure

Boiling point

Density

Specific enthalpy

Latent heat of vaporization

Specific heat

The unit of measure are given according to the international system and in kcal/kg

olute Boil_ing ig?ﬁgig Density Specific entha!py of liquid Specifigtzgmalpyof Latent_hea_t of Spe
sure point (steam) (steam) water (sensible heat) (total heat) vaporization h
ar)  (°C) (mkg)  (kg/m®)  (kd/kg) (kcal/kg)  (kJ/kg) (kcal/kg) (kJ/kg) (kcal/kg) (kJ/
02 17.51 67.006 0.015 73.45 17.54 2533.64 605.15 2460.19 587.61 1.8
03 24.10 45.667 0.022 101.00 24.12 2545.64 608.02 244465 583.89 1.8
04 28.98 34.802 0.029 121.41 29.00 2554.51 610.13 2433.10 581.14 1.8
05 32.90 28.194 0.035 137.77 32.91 2561.59 611.83 242382 578.92 1.8
06 36.18 23.741 0.042 151.50 36.19 2567.51 613.24 2416.01 577.05 1.8
07 39.02 20.531 0.049 163.38 39.02 2572.62 61446 2409.24 57544 1.8
08 41.53 18.105 0.055 173.87 41.53 2577.11 615.53 2403.25 574.01 1.8
09 43.79 16.204 0.062 183.28 43.78 2581.14 616.49 239785 572.72 1.8
1 45.83 14.675 0.068 191.84 45.82 2584.78 617.36 239294 57154 1.8
2 60.09 7.650 0.131 251.46 60.06 2609.86 623.35 235840 563.30 1.9
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olute Boil_ing
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ANNEX 3 STEAM PROPERTIES (US Units)

Table A.1. Saturated vapor properties—pressure

Temperature | Pressure \S/gfslnf;: IQ:;:;;I Enthalpy Entropy Quality
(°F) (psia) (f3/lbyy) (Btulby) (Btu/lbm) (Btu/lby,°R) (%)
102 1.0 333.54579  [1,044.22 1,105.94 1.98473 100.0
162 5.0 73.52409  |1,063.07 1,131.09 1.84342 100.0
193 10.0 38.41991  1,072.20 1,143.29 1.78571 100.0
212 14.7 26.79334  |1,077.53 1,150.41 1.75442 100.0
228 20.0 20.08862 1,081.90 1,156.25 1.72980 100.0
240 25.0 16.30338  |1,085.13 1,160.55 1.71218 100.0
250 30.0 13.74552 1,087.79 1,164.10 1.69791 100.0
259 35.0 11.89768  [1,090.06 1,167.11 1.68594 100.0
267 40.0 10.49823  [1,092.02 1,169.73 1.67564 100.0
274 45.0 9.40041 1,093.76 1,172.04 1.66661 100.0
281 50.0 8.51542 1,095.31 1,174.10 1.65857 100.0
293 60.0 7.17489 1,097.98 1,177.64 1.64475 100.0
303 70.0 6.20609 1,100.22 1,180.61 1.63316 100.0
312 80.0 5.47216 1,102.12 1,183.13 1.62318 100.0
320 90.0 4.89626 1,103.78 1,185.32 1.61443 100.0
328 100.0 4.43190 1,105.23 1,187.24 1.60665 100.0
341 120.0 3.72834 1,107.66 1,190.45 1.60242 100.0
353 140.0 3.21974 1,109.61 1,193.02 1.58520 100.0
364 160.0 2.83434 1,111.21 1,195.13 1.57044 100.0
373 180.0 2.53188 1,112.55 1,196.88 1.55753 100.0
382 200.0 2.28796 1,113.66 1,198.34 1.54607 100.0
390 220.0 2.08695 1,114.60 1,199.56 1.53578 100.0
397 240.0 1.91833 1,115.40 1,200.59 1.52645 100.0
404 260.0 1.77480 1,116.07 1,201.46 1.51791 100.0
411 280.0 1.65108 1,116.64 1,202.19 1.51005 100.0
417 300.0 1.54330 1,117.12 1,202.80 1.50277 100.0
423 320.0 1.44854 1,117.53 1,203.31 1.49599 100.0
429 340.0 1.36455 1,117.87 1,203.72 1.48965 100.0
434 360.0 1.28957 1,118.14 1,204.05 1.48369 100.0
440 380.0 1.22221 1,118.37 1,204.31 1.47808 100.0
445 400.0 1.16136 1,118.55 1,204.51 1.47278 100.0
449 420.0 1.10610 1,118.69 1,204.65 1.46775 100.0
454 440.0 1.05569 1,118.78 1,204.74 1.46298 100.0
459 460.0 1.00951 1,118.85 1,204.78 1.45843 100.0
463 480.0 0.96705 1,118.88 1,204.78 1.45408 100.0
467 500.0 0.92787 1,118.89 1,204.74 1.44993 100.0
471 520.0 0.89159 1,118.87 1,204.66 1.44595 100.0
475 540.0 0.85791 1,118.83 1,204.55 1.44213 100.0
479 560.0 0.82655 1,118.76 1,204.42 1.43846 100.0
483 580.0 0.79727 1,118.68 1,204.25 1.43493 100.0
486 600.0 0.76988 1,118.58 1,204.06 1.43153 100.0
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Table A.1. (continued)

Temperature Pressure Specific Internal Enthalpy Entropy Quality
CF) (psia) | Jolume | energy o | BtulbgR) | (%)
(fllby) | (Btu/lbpy) m m
490 620.0 0.74419  [1,118.46 1,203.84 1.42824 100.0
493 640.0 0.72006  [1,118.32 1,203.60 1.42507 100.0
497 660.0 0.69733 [1,118.18 1,203.34 1.42200 100.0
500 680.0 0.67590 [1,118.02 1,203.07 1.41903 100.0
503 700.0 0.65564  (1,117.84 1,202.77 1.41615 100.0
506 720.0 0.63648  [1,117.66 1,202.46 1.41335 100.0
509 740.0 0.61831 [1,117.46 1,202.13 1.41064 100.0
512 760.0 0.60106 [1,117.26 1,201.79 1.40801 100.0
515 780.0 0.58467  [1,117.04 1,201.43 1.40545 100.0
518 800.0 0.56907  [1,116.82 1,201.06 1.40296 100.0
521 820.0 0.55421  [1,116.59 1,200.68 1.40053 100.0
524 840.0 0.54003 [1,116.35 1,200.29 1.39817 100.0
527 860.0 0.52648 [1,116.10 1,199.89 1.39587 100.0
529 880.0 0.51353  [1,115.85 1,199.47 1.39362 100.0
532 900.0 0.50113  [1,115.59 1,199.05 1.39143 100.0
535 920.0 0.48926  [1,115.32 1,198.62 1.38929 100.0
537 940.0 0.47787  [1,115.05 1,198.18 1.38719 100.0
540 960.0 0.46694  [1,114.78 1,197.73 1.38515 100.0
542 980.0 0.45645  [1,114.50 1,197.27 1.38315 100.0
545 1,000.0 0.44635 [1,114.21 1,196.81 1.38119 100.0
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Table A.2. Saturated vapor properties—temperature

Temperature | Pressure Spfcmc Internal Enthalpy Entropy Quality
°F) (psia) | L oome | ENer9y by | (BtulbnR) | (%)
( (ft3/lbyy) | (Btu/lbpy) m m
100 0.9 350.34470 [1,043.66 1,105.20 1.98949 100.0
120 1.7 203.26536 [1,050.01 1,113.67 1.93738 100.0
140 2.9 123.00672 [1,056.26 1,122.01 1.89043 100.0
160 4.7 77.29142  [1,062.39  [1,130.19  [1.84794 100.0
180 7.5 50.22845  [1,068.35  [1,138.16  [1.80933 100.0
200 11.5 33.64085  [1,074.14  [1,145.89  [1.77411 100.0
212 14.7 26.80026  [1,077.52  [1,150.40  [1.75444 100.0
220 17.2 23.14935  [1,079.74  [1,153.36  [1.74188 100.0
240 25.0 16.32189  [1,085.11  [1,160.53  [1.71227 100.0
260 35.4 11.76240  [1,090.24  [1,167.35  [1.68500 100.0
280 49.2 8.64488 1,095.08 1,173.79 1.65980 100.0
300 67.0 6.46697 1,099.58  [1,179.77  [1.63644 100.0
320 89.6 4.91524 1,103.72  [1,185.25  [1.61473 100.0
340 118.0 3.78954 1,107.43  [1,190.15  [1.60433 100.0
360 153.0 2.95925 1,110.68  [1,194.44  [1.57540 100.0
380 195.6 2.33743 1,113.42  [1,198.04  [1.54847 100.0
400 247.1 1.86514 1,115.64  [1,200.92  [1.52334 100.0
420 308.5 1.50170 1,117.29 1,203.03 1.49982 100.0
440 381.2 1.21864 1,118.37  [1,204.33  [1.47776 100.0
460 466.4 0.99568 1,118.85  [1,204.79  [1.45701 100.0
480 565.7 0.81821 1,118.72  [1,204.37  [1.43745 100.0
500 680.4 0.67558 1,118.00 1,203.06 1.41897 100.0
520 812.3 0.55991 1,116.67 1,200.83 1.40146 100.0
540 963.0 0.46531 1,114.75  [1,197.66  [1.38485 100.0
560 1,134.3  |0.38734 1,112.24  [1,19354  [1.36905 100.0
580 1,328.3 0.32262 1,109.14 1,188.44 1.35399 100.0
600 1,547.0 0.26856 1,105.48 1,182.36 1.33960 100.0
620 1,792.7  [0.22316 1,101.25  [1,175.28  [1.32584 100.0
640 2,067.8  |0.18485 1,096.45  [1,167.18  [1.27863 100.0
660 2,374.9  [0.15241 1,091.07  [1,158.05  [1.24458 100.0
680 2,716.9  |0.12487 1,085.09  [1,147.87  [1.21237 100.0
700 3,096.8  |0.10147 1,078.47  [1,136.62  [1.18183 100.0
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Table A.3. Saturated liquid properties—pressure

Temperature Pressure \S/gleg:]f:g I:;Z:SSI Enthalpy Entropy Quality
(°F) (psia) (f3/lby) | (Btu/lby) (Btu/lbm) (Btu/lb;°R) (%)
102 1.0 0.01613  [69.71 69.71 0.13261 0.0
162 5.0 0.01640  [130.10 130.12 0.23468 0.0
193 10.0 0.01659 [161.14 161.17 0.28341 0.0
212 14.7 0.01671  [180.05 180.09 0.31198 0.0
228 20.0 0.01683  [196.11 196.18 0.33565 0.0
240 25.0 0.01692  [208.35 208.43 0.35330 0.0
250 30.0 0.01700 [218.74 218.83 0.36805 0.0
259 35.0 0.01708  [227.81 227.92 0.38077 0.0
267 40.0 0.01715  [235.90 236.03 0.39196 0.0
274 45.0 0.01721  [243.23 243.37 0.40199 0.0
281 50.0 0.01727  [249.93 250.09 0.41107 0.0
293 60.0 0.01738  [261.89 262.08 0.42708 0.0
303 70.0 0.01748  [272.37 272.60 0.44091 0.0
312 80.0 0.01757  [281.74 282.00 0.45312 0.0
320 90.0 0.01766  [290.25 290.54 0.46407 0.0
328 100.0 0.01774  [298.06 298.38 0.47401 0.0
341 120.0 0.01789  [312.03 312.43 0.49158 0.0
353 140.0 0.01803  [324.33 324.80 0.50680 0.0
364 160.0 0.01815  [335.37 335.91 0.52027 0.0
373 180.0 0.01827  [345.42 346.03 0.53239 0.0
382 200.0 0.01838  [354.67 355.35 0.54343 0.0
390 220.0 0.01849  [363.27 364.02 0.55358 0.0
397 240.0 0.01860 [371.30 372.13 0.56299 0.0
404 260.0 0.01870  [378.87 379.77 0.57177 0.0
411 280.0 0.01879  [386.02 386.99 0.58001 0.0
417 300.0 0.01889  [392.81 393.86 0.58778 0.0
423 320.0 0.01898  [399.29 400.41 0.59514 0.0
429 340.0 0.01907  1405.48 406.68 0.60213 0.0
434 360.0 0.01916  1411.42 412.69 0.60880 0.0
440 380.0 0.01924  1417.13 418.48 0.61517 0.0
445 400.0 0.01933  1422.63 424.06 0.62128 0.0
449 420.0 0.01941 1427.94 429.45 0.62714 0.0
454 440.0 0.01949  1433.08 434.67 0.63279 0.0
459 460.0 0.01958  1438.07 439.73 0.63823 0.0
463 480.0 0.01966  1442.90 444.65 0.64349 0.0
467 500.0 0.01974  1447.60 449.42 0.64858 0.0
471 520.0 0.01982  1452.17 454.08 0.65351 0.0
475 540.0 0.01989  1456.62 458.61 0.65830 0.0
479 560.0 0.01997  1460.97 463.04 0.66294 0.0
483 580.0 0.02005  1465.21 467.36 0.66746 0.0
486 600.0 0.02013  1469.36 471.59 0.67186 0.0

259



Guide to environmentally sound industrial boilers

Table A.3. (continued)

Temperature Pressure \S/gfs:::g I::Z:S;I Enthalpy Entropy Quality
(°F) (psia) (b | (Btullby) (Btu/lbpy) [Btu/lb°R) (%)
490 620.0 0.02020 [473.41 475.73 0.67615 0.0
493 640.0 0.02028  [477.38 479.78 0.68033 0.0
497 660.0 0.02035  1481.27 483.76 0.68441 0.0
500 680.0 0.02043  1485.09 487.66 0.68840 0.0
503 700.0 0.02050 488.83 491.49 0.69230 0.0
506 720.0 0.02058 149251 495.25 0.69612 0.0
509 740.0 0.02065  1496.12 498.94 0.69986 0.0
512 760.0 0.02073  1499.66 502.58 0.70352 0.0
515 780.0 0.02080 [503.16 506.16 0.70711 0.0
518 800.0 0.02087  506.59 509.68 0.71064 0.0
521 820.0 0.02095  509.97 513.15 0.71410 0.0
524 840.0 0.02102  513.31 516.57 0.71750 0.0
527 860.0 0.02109  [516.59 519.95 0.72084 0.0
529 880.0 0.02117  [519.83 523.28 0.72412 0.0
532 900.0 0.02124  523.03 526.56 0.72736 0.0
535 920.0 0.02131  [526.18 529.81 0.73054 0.0
537 940.0 0.02139  [529.29 533.01 0.73367 0.0
540 960.0 0.02146  [532.37 536.18 0.73676 0.0
542 980.0 0.02153  [535.41 539.31 0.73980 0.0
545 1,000.0 0.02161  [538.41 542.41 0.74280 0.0

Table A.4. Saturated liquid properties—temperature

Temperature Pressure \Slgfs |nf1|§ I:;Z;gil Enthalpy Entropy Quality
(°F) (psia) (f3/lby) | (Btu/lby) (Btu/lbm) (Btu/lbyy°R) (%)
100 0.9 0.01613  [67.97 67.97 0.12951 0.0
120 1.7 0.01620 87.91 87.92 0.16448 0.0
140 2.9 0.01629  [107.87 107.88 0.19830 0.0
160 4.7 0.01639  [127.86 127.88 0.23107 0.0
180 7.5 0.01650  [147.89 147.91 0.26289 0.0
200 11.5 0.01663  [167.96 168.00 0.29381 0.0
212 14.7 0.01671  [180.03 180.07 0.31196 0.0
220 17.2 0.01677  [188.09 188.14 0.32390 0.0
240 25.0 0.01692  [208.27 208.35 0.35320 0.0
260 35.4 0.01708  [228.54 228.65 0.38178 0.0
280 49.2 0.01726  [248.90 249.06 0.40969 0.0
300 67.0 0.01745  [269.37 269.59 0.43698 0.0
320 89.6 0.01766  [289.98 290.27 0.46371 0.0
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340 118.0 0.01788 310.73 311.12 0.48995 0.0
360 153.0 0.01811 331.65 332.17 0.51576 0.0
380 195.6 0.01836  [352.78 353.44 0.54117 0.0
400 247.1 0.01863 [374.12 374.97 0.56626 0.0
420 308.5 0.01893  395.70 396.78 0.59107 0.0
440 381.2 0.01925 417.56 418.92 0.61565 0.0
460 466.4 0.01960 1439.74 441.43 0.64006 0.0
480 565.7 0.02000 1462.28 464.37 0.66434 0.0
500 680.4 0.02043  1485.24 487.81 0.68856 0.0
520 812.3 0.02092  508.70 511.84 0.71280 0.0
540 963.0 0.02147  [532.77 536.59 0.73716 0.0
560 1,134.3 0.02209  557.58 562.22 0.76179 0.0
580 1,328.3 0.02280  [583.32 588.93 0.78689 0.0
600 1,547.0 0.02361 [610.22 616.98 0.81273 0.0
620 1,792.7 0.02452  638.58 646.72 0.83968 0.0
640 2,067.8 0.02557  668.79 678.57 0.86822 0.0
660 2,374.9 0.02677  [701.30 713.06 0.89899 0.0
680 2,716.9 0.02813 [736.71 750.85 0.93282 0.0
700 3,096.8 0.02969  [775.74 792.75 0.97074 0.0
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Table A.5. Superheated steam properties

Temperature | Pressure \S/gleslnf:g I:;Zigsl Enthalpy Entropy Quality
(°F) (psia) (f3/lby) | (Btu/lby) (Btu/lbpy) (Btu/lb;°R) (%)
228 20.0 20.08862 [1,081.90 1,156.25 1.72980 100.0
250 20.0 20.79400 [1,090.31 1,167.27 1.74760 ek
275 20.0 21.58306 |1,099.65 1,179.53 1.76459 prkkk
300 20.0 22.36341 |1,108.85 1,191.62 1.78077 prkkk
325 20.0 23.13727 |1,117.97 1,203.60 1.79628 ek
350 20.0 23.90620 [1,127.03 1,215.51 1.81122 ek
375 20.0 24.67129 |1,136.06 1,227.37 1.82565 il
281 50.0 8.51542  [1,095.31 1,174.10 1.65857 100.0
300 50.0 8.77247  [1,103.11 1,184.28 1.67209 ek
325 50.0 0.10358  [1,113.12 1,197.35 1.68903 ek
350 50.0 0.42849  |1,122.88 1,210.12 1.70504 il
375 50.0 0.74874  |1,132.46 1,222.66 1.72030 prkkk
400 50.0 10.06539 [1,141.92 1,235.05 1.73493 ek
425 50.0 10.37923 [1,151.31 1,247.34 1.74902 ke
328 100.0 4.43190  |1,105.23 1,187.24 1.60665 100.0
350 100.0 459216  [1,115.12 1,200.09 1.61882 ek
375 100.0 4.76689  |1,125.85 1,214.06 1.63581 ek
400 100.0 4.93702  [1,136.21 1,227.57 1.65176 il
425 100.0 5.10365  [1,146.31 1,240.75 1.66688 prekkk
450 100.0 5.26758  [1,156.22 1,253.70 1.68131 ek
475 100.0 5.42936  [1,166.01 1,266.48 1.69517 prkskek
358 150.0 3.01465  |1,110.45 1,194.13 1.57756 100.0
375 150.0 3.09940 [1,118.41 1,204.45 1.58194 il
400 150.0 3.22251  |1,129.90 1,219.35 1.59953 il
425 150.0 3.34135  [1,140.87 1,233.62 1.61589 ek
450 150.0 3.45696  [1,151.47 1,247.43 1.63129 ek
475 150.0 3.57007  |[1,161.81 1,260.91 1.64591 il
500 150.0 3.68122  |1,171.96 1,274.14 1.65988 il
382 200.0 2.28796  |1,113.66 1,198.34 1.54607 100.0
400 200.0 2.36110  [1,122.94 1,210.33 1.55943 ek
425 200.0 2.45715  |1,134.96 1,225.90 1.57729 il
450 200.0 2.54937  [1,146.37 1,240.73 1.59382 prekkk
475 200.0 2.63870  [1,157.35 1,255.01 1.60931 ek
500 200.0 2.72578  [1,168.01 1,268.90 1.62397 ek
525 200.0 2.81109  |1,178.44 1,282.48 1.63795 il
401 250.0 1.84380  |1,115.75 1,201.05 1.52209 100.0
425 250.0 1.92394  [1,128.54 1,217.54 1.54514 ek
450 250.0 2.00285  |1,140.90 1,233.56 1.56299 prkkk
475 250.0 2.07839  [1,152.62 1,248.77 1.57949 prekkk
500 250.0 2.15139  [1,163.86 1,263.39 1.59493 ek
525 250.0 2.22241  |1,174.76 1,277.58 1.60952 ek
550 250.0 2.29185  |1,185.40 1,291.43 1.62342 prekkk
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Table A. 5. (continued)

Temperature Pressure \S/gleglnf:g IQ:Z:;;' Enthalpy Entropy Quality
(°F) (psia) (f3/lby) | (Btu/lby) (Btu/lbm) (Btu/lb;°R) (%)
417 300.0 1.54330 [1,117.12 1,202.80 1.50277 100.0
425 300.0 1.56597 |1,121.54 1,208.48 1.51676 rxkk
450 300.0 1.63670  |[1,135.02 1,225.88 1.53616 rxxk
475 300.0 1.70353  |1,147.58 1,242.15 1.55381 rxxk
500 300.0 1.76747  |1,159.49 1,257.61 1.57013 rxkk
525 300.0 1.82919  [1,170.91 1,272.46 1.58541 rxkk
550 300.0 1.88918 |1,181.98 1,286.86 1.59985 rexkk
432 350.0 1.32603 |1,118.01 1,203.90 1.48662 100.0
450 350.0 1.37346  |1,128.69 1,217.65 1.51187 rxkk
475 350.0 1.43454  |1,142.23 1,235.14 1.53084 rxkk
500 350.0 1.49233  [1,154.87 1,251.53 1.54815 rxkk
525 350.0 1.54763  |1,166.88 1,267.12 1.56419 rxkk
550 350.0 1.60102 [1,178.42 1,282.11 1.57922 rxkk
575 350.0 1.65291  1,189.60 1,296.65 1.59345 ke
445 400.0 1.16136  |1,118.55 1,204.51 1.47278 100.0
450 400.0 1.17436  |1,121.86 1,208.79 1.48922 rxkk
475 400.0 1.23161  [1,136.52 1,227.68 1.50971 rxkk
500 400.0 1.28511  [1,150.01 1,245.13 1.52814 rxkk
525 400.0 1.33582  |1,162.66 1,261.54 1.54502 rxkk
550 400.0 1.38442  [1,174.71 1,277.19 1.56071 rxkk
575 400.0 1.43137  |1,186.30 1,292.25 1.57545 rxkk
456 450.0 1.03211  [1,118.82 1,204.77 1.46067 100.0
475 450.0 1.07262  [1,130.42 1,219.74 1.48984 rexxk
500 450.0 1.12311  |1,144.86 1,238.38 1.50953 rxkk
525 450.0 1.17047  |1,158.24 1,255.71 1.52735 rxkk
550 450.0 1.21549  |1,170.85 1,272.07 1.54376 rxkk
575 450.0 1.25872  |1,182.90 1,287.71 1.55907 rexxk
600 450.0 1.30054 [1,194.51 1,302.81 1.57349 rxkk
467 500.0 0.92787 [1,118.89 1,204.74 1.44993 100.0
475 500.0 0.94428  [1,123.90 1,211.27 1.47081 rxkk
500 500.0 0.99269  [1,139.41 1,231.26 1.49193 rxkk
525 500.0 1.03760 |1,153.60 1,249.60 1.51080 rxkk
550 500.0 1.07991  |1,166.83 1,266.75 1.52800 rxkk
575 500.0 1.12027  [1,179.37 1,283.02 1.54392 rxkk
600 500.0 1.15910 |1,191.38 1,298.62 1.55882 rexkk
477 550.0 0.84195 [1,118.80 1,204.49 1.44028 100.0
500 550.0 0.88517  [1,133.64 1,223.73 1.47505 rxkk
525 550.0 0.92830 [1,148.73 1,243.21 1.49509 rxxk
550 550.0 0.96856  [1,162.64 1,261.22 1.51315 rxkk
575 550.0 1.00667 [1,175.71 1,278.17 1.52973 rxkk
600 550.0 1.04313  |1,188.14 1,294.31 1.54515 rxkk
625 550.0 1.07830 |1,200.10 1,309.85 1.55965 rxkk
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Table A.5. (continued)

Temperature Pressure \S/gfslnf;: I:;g:g;a/l Enthalpy Entropy Quality
(°F) (psia) (b | (Btu/lbyy) (Btu/lbpy) (Btu/lb°R) (%)
486 600.0 0.76988 |1,118.58 1,204.06 1.43153 100.0
500 600.0 0.79477 |1,127.51 1,215.75 1.45865 ek sk
550 600.0 0.87535  [1,158.27 1,255.46 1.49901 infaloll
600 600.0 0.94626  |1,184.81 1,289.87 1.53229 inkakall
650 600.0 1.01152  [1,209.03 1,321.34 1.56131 ek sk
700 600.0 1.07317  |1,231.90 1,351.06 1.58752 ek sk
750 600.0 1.13239  [1,253.97 1,379.70 1.61170 ek
495 650.0 0.70853 |1,118.25 1,203.48 1.42352 100.0
500 650.0 0.71746  |1,120.99 1,207.29 1.44255 inaloll
550 650.0 0.79607  |1,153.70 1,249.45 1.48542 infaloll
600 650.0 0.86407  |1,181.36 1,285.30 1.52008 ek
650 650.0 0.92599  1,206.30 1,317.68 1.54995 ek
700 650.0 0.98411  |1,229.65 1,348.03 1.57670 inaloll
750 650.0 1.03967  [1,252.07 1,377.12 1.60127 ek
503 700.0 0.65564  |1,117.84 1,202.77 1.41615 100.0
525 700.0 0.69098  |1,132.50 1,222.01 1.45100 ek sk
575 700.0 0.76160 |1,163.89 1,262.54 1.49118 infaloll
625 700.0 0.82360  |1,190.95 1,297.63 1.52431 infaloll
675 700.0 0.88052  |1,215.60 1,329.66 1.55319 ek sk
725 700.0 0.93419  |1,238.86 1,359.87 1.57924 ek sk
775 700.0 0.98564  |1,261.26 1,388.93 1.60327 inkaala
511 750.0 0.60958 |1,117.36 1,201.96 1.40932 100.0
525 750.0 0.63187  |1,126.49 1,214.19 1.43684 ek sk
575 750.0 0.70113  |1,159.64 1,256.94 1.47923 ek sk
625 750.0 0.76103  [1,187.72 1,293.34 1.51360 infaloll
675 750.0 0.81551  |1,213.03 1,326.21 1.54324 inkakall
725 750.0 0.86656  |1,236.73 1,357.00 1.56979 ek sk
775 750.0 0.91532  [1,259.45 1,386.48 1.59417 ek
518 800.0 0.56907 [1,116.82 1,201.06 1.40296 100.0
525 800.0 0.57955 |1,120.14 1,205.93 1.42277 ool
575 800.0 0.64792  |1,155.21 1,251.13 1.46759 infaloll
625 800.0 0.70612  |1,184.40 1,288.93 1.50329 ek
675 800.0 0.75853  |1,210.40 1,322.69 1.53373 ek sk
725 800.0 0.80733  [1,234.57 1,354.08 1.56080 ool
775 800.0 0.85375  [1,257.62 1,384.01 1.58555 ek
525 850.0 0.53318 [1,116.22 1,200.09 1.39701 100.0
550 850.0 0.56859  [1,133.17 1,222.61 1.43417 infaloll
600 850.0 0.63009 |1,166.39 1,265.50 1.47566 infaloll
650 850.0 0.68342  |1,194.68 1,302.18 1.50950 ek sk
700 850.0 0.73196  |1,220.24 1,335.37 1.53877 ek sk
750 850.0 0.77746  |1,244.19 1,366.47 1.56503 infaloll
800 850.0 0.82088  |1,267.15 1,396.27 1.58917 ek
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Table A.6. Subcooled liquid properties

Temperature Pressure ?/ETS:I:;: I:;Z:;;I Enthalpy Entropy Quality
(°F) (psia) (3l | (Btulbyy) (Btu/lbpy) (Btu/lby,°R) (%)
212 14.7 0.01671  [180.05 180.09 0.31198 0.0
200 14.7 0.01663  [167.95 168.00 0.29381 ke
150 14.7 0.01634  [117.83 117.88 0.21481 etk
100 14.7 0.01613  67.93 67.97 0.12951 ekt
50 14.7 0.01598  [18.02 18.06 0.03601 inialnle
281 50.0 0.01727  [249.93 250.09 0.41107 0.0
200 50.0 0.01663 [167.84 168.00 0.29381 pkkek
150 50.0 0.01634  [117.72 117.88 0.21481 inialnle
328 100.0 0.01774  [298.06 298.38 0.47401 0.0
200 100.0 0.01663  [167.69 168.00 0.29381 ek
150 100.0 0.01634  [117.57 117.88 0.21481 inialnle
358 150.0 0.01809  |329.99 330.49 0.51372 0.0
200 150.0 0.01663  [167.53 168.00 0.29381 etk
150 150.0 0.01634  [117.42 117.88 0.21481 etk
382 200.0 0.01838  [354.67 355.35 0.54343 0.0
200 200.0 0.01663  [167.38 168.00 0.29381 etk
150 200.0 0.01634  [117.27 117.88 0.21481 iniolale
401 250.0 0.01865 [375.14 376.00 0.56745 0.0
200 250.0 0.01663  [167.23 168.00 0.29381 ke
150 250.0 0.01634  [117.12 117.88 0.21481 iniolalel
417 300.0 0.01889 [392.81 393.86 0.58778 0.0
200 300.0 0.01663  [167.07 168.00 0.29381 ek
150 300.0 0.01634  [116.97 117.88 0.21481 inialnle
432 350.0 0.01911  1408.48 409.72 0.60550 0.0
200 350.0 0.01663  [166.92 168.00 0.29381 pekkk
150 350.0 0.01634  [116.82 117.88 0.21481 ke
445 400.0 0.01933  1422.63 424.06 0.62128 0.0
200 400.0 0.01663  [166.77 168.00 0.29381 etk
150 400.0 0.01634  [116.67 117.88 0.21481 inialnle
456 450.0 0.01954  1435.59 437.22 0.63554 0.0
200 450.0 0.01663  [166.61 168.00 0.29381 etk
150 450.0 0.01634  [116.52 117.88 0.21481 etk
467 500.0 0.01974  1447.60 449.42 0.64858 0.0
200 500.0 0.01663  [166.46 168.00 0.29381 ekt
150 500.0 0.01634  [116.36 117.88 0.21481 infalnle
477 550.0 0.01993  1458.81 460.84 0.66064 0.0
200 550.0 0.01663  [166.30 168.00 0.29381 ke
150 550.0 0.01634  [116.21 117.88 0.21481 iniolale
486 600.0 0.02013  1469.36 471.59 0.67186 0.0
200 600.0 0.01663  [166.15 168.00 0.29381 pkkek
150 600.0 0.01634  [116.06 117.88 0.21481 infaladel

Tables A.1-A.6 were developed based on data in “Steam Program Function Subroutines Written in
Fortran,” Mechanical Engineering News, 19(3), 11-12 (August 1982).
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OCPrONOGORWONEDNRE

ANNEX 4 ENTHALPY

Enthalpy

Enthalpy( from Wikipedia) ¢ is the amount of heat content used or released in a system
at constant pressure. Enthalpy is usually expressed as the change in enthalpy. The
change in enthalpy is related to a change in internal energy (U) and a change in the
volume (V), which is multiplied by the constant pressure of the system.

. Introduction
. Enthalpy Change Accompanying a Change in State of Matter
2.1. Equation #1
2.2. Equation #2
. Effect of Temperature on Enthalpy
. The Enthalpy of Phase Transition
. Inside Links
. Outside Links
. References
. Problems
8.1. Solution
9. Contributors

N -

O~NOUTh~W

Introduction

Enthalpy (H) is the sum of the internal energy (U) and the product of pressure and
volume (PV) given by the equation:

H=U+ PV

When a process occurs at constant pressure, the heat evolved (either released or
absorbed) is equal to the change in enthalpy. Enthalpy is a state function which depends
entirely on the state functions T, P and U. Enthalpy is usually expressed as the change in
enthalpy (AH) for a process between initial and final states:

AH = AU + APV

If temperature and pressure remain constant through the process and the work is limited
to pressure-volume work, then the enthalpy change is given by the eqation:

AH = AU + PAV

Also at constant pressure the heat flow(q) for the process is equal to the change in
enthalpy defined by the equation:

AH = q
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By looking at whether g is exothermic or endothermic we can determine a relationship
between AH and qg. If the reaction absorbs heat it is endothermic meaning the reaction
consumes heat from the surroundings so q > 0 (positive). Therefore, at constant
temperature and pressure, by the equation above, if q is positive then AH is also positive.
And the same goes for if the reaction releases heat, then it is exothermic, meaning the
system gives off heat to its surroundings, so q < O (negative). And if g is negative then
AH will also be negative.

Enthalpy Change Accompanying a Change in State of Matter

When a liquid vaporizes the liquid must absorb heat from its surroundings to replace the
energy taken by the vaporizing molecules in order for the temperature to remain
constant. This heat required to vaporize the liquid is called enthalpy, or often, heat of
vaporization. For the vaporization of one mole of water the enthalpy is given as:

AH = 44.0 kJ at 298K

When a solid melts, the required energy is similarly called enthalpy, or heat of fusion. For
one mole of ice the enthalpy is given as:

AH = 6.01 kJ at 273.15K

Equation #1
AH = AU+ p x AV

Enthalpy can also be expressed as a molar enthalpy, AH,, by dividing the enthalpy or
change in enthalpy by the number of moles.

Enthalpy is a state function. This implies that when a system changes from one state to
another, the change in enthalpy is independent of the path between two states of a
system.

If there is no non-expansion work on the system and the pressure is still constant, then
the change in enthalpy will equal the heat consumed or released by the system (Qq).
Equation #2

AH =q

This relationship can help to determine whether a reaction is endothermic or exothermic.
At constant pressure, an endothermic reaction is when heat is absorbed. This means that
the system consumes heat from the surroundings, so g is greater than zero. Therefore
according to the second equation, the AAH will also be greater than zero. On the other
hand, an exothermic reaction at constant pressure is when heat is released. This implies
that the system gives off heat to the surroundings, so q is less than zero.
Furthermore, AH will be less than zero.

Effect of Temperature on Enthalpy
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When the temperature increases, the amount of molecular interactions also increases.
When the number of interactions increase, then the internal energy of the system rises.
According to the first equation given, if the internal energy (U) increases then
the AH increases as temperature rises. We can use the equation for heat capacity
and Equation #2 to derive this relationship.

q

C=—
AT
At constant pressure, substitute Equation #2:
c AH
AT

The Enthalpy of Phase Transition

Enthalpy can be represented as the standard enthalpy, AH“. This is the enthalpy of a
substance at standard state. The standard state is defined as the pure substance held
constant at 1 bar of pressure.

Phase transitions, such as ice to liquid water, require or absorb a particular amount of
standard enthalpy:

e Standard Enthalpy of Vaporization - AvapH? s the energy that must be supplied as
heat at constant pressure per mole of molecules vaporized (liquid to gas).

¢ Standard Enthalpy of Fusion - AfusH” is the energy that must be supplied as heat at
constant pressure per mole of molecules melted (solid to liquid).

o Standard Enthalpy of Sublimation - A.usH” is the energy that must be supplied as
heat at constant pressure per mole of molecules converted to vapor from a solid.

-—\l.ﬂuhH(} = *'i'*_f'u.ﬂH“ + ﬁ:‘u;: H*”

The enthalpy of condensation is the reverse of the enthalpy of vaporization and the
enthalpy of freezing is the reverse of the enthalpy of fusion. The enthalpy change of a
reverse phase transition is the negative of the enthalpy change of the forward phase
transition. Also the enthalpy change of a complete process is the sum of the enthalpy
changes for each of the phase transitions incorporated in the process.

References

1. Atkins, Peter and de Paula, Julio; Physical Chemistry for the Life Sciences, United
States, 2006.Katherine Hurley

2. Petrucci, et al. General Chemistry Principles & Modern Applications. 9th ed. Upper
Saddle River, NJ: Pearson Prentice Hall, 2007
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3. "Enthalpy." Encyclopaedia Britannica. 2008. Encyclopaedia Britannica Online. 2 June
2008 #http://www.britannica.com/eb/article-9032717/enthalpy.

Problems

1. Calculate the enthalpy (AH) for the process in which 45.0g of water is converted
from liquid at 10?C to vapor at 257?C.
Solution

Part 1: Heating water from 10.0 to 25.0 ?C

AkJ = 45.0g H»0 x (4.184J/gH,0?C) x (25.0 - 10.0)?C x 1kJ/1000J = 2.82 kJ
Part 2: Vaporizing water at 25.0?C

AkJ = 45.0 g H,O x 1 mol H,0/18.02 g H,0 x 44.0 kJ/1 mol H,O = 110 kJ
Part 3: Total Enthalpy Change

AH = 2.82 kJ + 110kJ

Contributors

e Katherine Hurley (UCD):Jennifer Shamieh (UCD)
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ANNEX 5 HEAT OF COMBUSTION

Heat of combustion

From Wikipedia, the free Encyclopedia (1)

Theheat of combustion (AH,”) is the energy released asheatwhen a compound undergoes
complete combustion with oxygen under standard conditions. The chemical reaction is typically a

hydrocarbon reacting with oxygen to form carbon dioxide, water and heat. It may be expressed with the

guantities:

. energy/mole of fuel (kJ/mol)
. energy/mass of fuel

. energy/volume of fuel

The heat of combustion is conventionally measured with a bomb calorimeter. It may also be calculated as the

difference between the heat of formation (A;H°) of the products and reactants.

Heating value

The heating value or energy value of a substance, usually a fuel or food (see food energy), is the amount

of heat released during the combustion of a specified amount of it. The energy value is a characteristic for each
substance. It is measured in units of energy per unit of the substance, usually mass, such as:
kJ/kg, kd/mol, kcal/kg, Btu/lb. Heating value is commonly determined by use of a bomb calorimeter.

The heat of combustion for fuels is expressed as the HHV, LHV, or GHV.

Higher heating value

The quantity known as higher heating value (HHV) (or gross energy or upper heating value or gross calorific
value (GCV) or higher calorific value (HCV)) is determined by bringing all the products of combustion back to
the original pre-combustion temperature, and in particular condensing any vapor produced. Such measurements
often use a temp. of 25°C. This is the same as the thermodynamic heat of combustion since the enthalpy change
for the reaction assumes a common temperature of the compounds before and after combustion, in which case
the water produced by combustion is liquid.

The higher heating value takes into account the latent heat of vaporization of water in the combustion products,

and is useful in calculating heating values for fuels where condensation of the reaction products is practical (e.g.,
in a gas-fired boiler used for space heat). In other words, HHV assumes all the water component is in liquid state
at the end of combustion (in product of combustion).

Lower heating value
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The quantity known as lower heating value (LHV) (net calorific value (NCV) or lower calorific value (LCV)) is

determined by subtracting the heat of vaporization of the water vapor from the higher heating value. This treats
any H,O formed as a vapor. The energy required to vaporize the water therefore is not realized as heat.

LHYV calculations assume that the water component of a combustion process is in vapor state at the end of
combustion, as opposed to the higher heating value (HHV) (a.k.a. gross calorific value orgross CV) which

assumes that all of the water in a combustion process is in a liquid state after a combustion process.

The LHV assumes that the latent heat of vaporization of water in the fuel and the reaction products is not

recovered. It is useful in comparing fuels where condensation of the combustion products is impractical, or heat
at a temperature below 150°C cannot be put to use.

The above is but one definition of lower heating value adopted by the American Petroleum Institute (API) and

uses a reference temperature of 60°F (15.56°C).

Another definition, used by Gas Processors Suppliers Association (GPSA) and originally used by API (data
collected for API research project 44), is the enthalpy of all combustion products minus the enthalpy of the fuel
at the reference temperature (API research project 44 used 25°C. GPSA currently uses 60°F), minus the enthalpy
of the stoichiometric oxygen (O,) at the reference temperature, minus the heat of vaporization of the vapor

content of the combustion products.

The distinction between the two is that this second definition assumes that the combustion products are all
returned to the reference temperature and the heat content from the condensing vapor is considered not to be
useful. This is more easily calculated from the higher heating value than when using the preceding definition and
will in fact give a slightly different answer.

Gross heating value

. Gross heating value (see AR) accounts for water in the exhaust leaving as vapor, and includes liquid
water in the fuel prior to combustion. This value is important for fuels like wood or coal, which will usually
contain some amount of water prior to burning.

Measuring heating values

The higher heating value is experimentally determined in a bomb calorimeter. The combustion of

a stoichiometric mixture of fuel and oxidizer (e.g., two moles of hydrogen and one mole of oxygen) in a steel
container at 25° is initiated by an ignition device and the reactions allowed to complete. When hydrogen and
oxygen react during combustion, water vapor is produced. The vessel and its contents are then cooled to the
original 25°C and the higher heating value is determined as the heat released between identical initial and final
temperatures.
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When the lower heating value (LHV) is determined, cooling is stopped at 150°C and the reaction heat is only

partially recovered. The limit of 150°C is an arbitrary choice.

Note: Higher heating value (HHV) is calculated with the product of water being in liquid form while lower
heating value (LHV) is calculated with the product of water being in vapor form.

Relation between heating values

The difference between the two heating values depends on the chemical composition of the fuel. In the case of
pure carbon or carbon monoxide, the two heating values are almost identical, the difference being the sensible
heat content of carbon dioxide between 150°C and 25°C (sensible heat exchange causes a change of temperature.
In contrast, latent heat is added or subtracted forphase changes at constant temperature. Examples: heat of
vaporization or heat of fusion). For hydrogen the difference is much more significant as it includes the sensible
heat of water vapor between 150°C and 100°C, the latent heat of condensation at 100°C, and the sensible heat of

the condensed water between 100°C and 25°C. All in all, the higher heating value of hydrogen is 18.2% above
its lower heating value (142 MJ/kg vs. 120 MJ/kg). For hydrocarbons the difference depends on the hydrogen
content of the fuel. For gasoline and diesel the higher heating value exceeds the lower heating value by about

10% and 7% respectively, and for natural gas about 11%.
A common method of relating HHV to LHV is:

HHV = LHV + h, X (Nk20 out/ Nl in)
where h, is the heat of vaporization of water, ny,o 0.t IS the moles of water vaporized and Ny in is the
number of moles of fuel combusted.'

Most applications that burn fuel produce water vapor, which is unused and thus wastes its heat content.
In such applications, the lower heating value is the applicable measure. This is particularly relevant
for natural gas, whose high hydrogen content produces much water. The gross energy value is relevant
for gas burned in condensing boilers and power plants with flue-gas condensation that condense the

water vapor produced by combustion, recovering heat which would otherwise be wasted.
Usage of terms

For historical reasons, the efficiency of power plants and combined heat and power plants in Europe is
calculated based on the LHV, while in e.g. the U.S. it is generally based on the HHV. This has the
peculiar result that contemporary combined heat and power plants, where flue-gas condensation is

implemented, may report efficiencies exceeding 100% in Europe.

Many engine manufacturers rate their engine fuel consumption by the lower heating values. American
consumers should be aware that the corresponding fuel-consumption figure based on the higher heating
value will be somewhat higher.
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The difference between HHV and LHV definitions causes endless confusion when quoters do not bother
to state the convention being used.’ since there is typically a 10% difference between the two methods
for a power plant burning natural gas.

Accounting for moisture

Both HHV and LHV can be expressed in terms of AR (all moisture counted), MF and MAF (only water from
combustion of hydrogen). AR, MF, and MAF are commonly used for indicating the heating values of
coal:

= AR (As Received) indicates that the fuel heating value has been measured with all moisture and ash
forming minerals present.

= MF (Moisture Free) or Dry indicates that the fuel heating value has been measured after the fuel
has been dried of all inherent moisture but still retaining its ash forming minerals.

=  MAF (Moisture and Ash Free) or DAF (Dry and Ash Free) indicates that the fuel heating value has
been measured in the absence of inherent moisture and ash forming minerals.

Heat of combustion tables

Higher (HHV) and Lower (LHV) Heating Higher heating value
of some common fuels®! of some less common fuelst!

Fuel HHV MJ/kg HHV BTU/Ib HHV | Fuel HHV MJ/kg |BTU/Ib | kJ/mol
Hydrogen 141.80 61,000 Methanol 22.7 9,800 726.0
Methane 55.50 23,900 Ethanol 29.7 12,800, 1,300.0
Ethane 51.90 22,400 Propanol 33.6 14,500, 2,020.0
Propane 50.35 21,700 Acetylene 49.9 21,5001 1,300.0
Butane 49.50 20,900 Benzene 41.8 18,000, 3,270.0
Pentane Ammonia 225 9,690 382.0
Gasoline 47.30 20,400 Hydrazine 194 8,370 622.0
Paraffin 46.00 19,900 Hexamine 30.0 12,900, 4,200.0
Kerosene 46.20 19,862 Carbon 32.8 14,100 393.5
Diesel 44.80 19,300
Coal (Anthracite) 27.00 14,000
Coal (Lignite) 15.00 8,000
Wood (MAF) 21.7 9,400
Peat (damp) 6.00 2,500
Peat (dry) 15.00 6,500

Heat of Combustion for some common fuels (higher value)
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Fuel kd/g kcal/g BTU/Ib
Hydrogen 141.9 33.9 61,000
Gasoline 47.0 11.3 20,000
Diesel 45.0 10.7 19,300
Ethanol 29.7 7.1 12,000
Propane 49.9 11.9 21,000
Butane 49.2 11.8 21,200
Wood 15.0 3.6 6,000
Coal (Lignite) 15.0 4.4 8,000
Coal (Anthracite) 27.0 7.8 14,000
Natural Gas 54.0 13.0 25,090

References
1. Wikipedia. [Online] [Cited: 31 03 2012.]

ANNEX 3 STEAM PROPERTIES (US Units)
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Tables A.1-A.6 were developed based on data in “Steam Program Function Subroutines Written in
Fortran,” Mechanical Engineering News, 19(3), 11-12 (August 1982).

Table A.1. Saturated vapor properties—pressure

Temperature | Pressure \S/gfs:::: I:;Z:;;I Enthalpy Entropy Quality
(°F) (psia) (#t3/1by) (Btu/lbyy) (Btu/lbpy) (Btu/lb;°R) (%)
102 1.0 333.54579  |1,044.22 1,105.94 1.98473 100.0
162 5.0 73.52409 1,063.07 1,131.09 1.84342 100.0
193 10.0 38.41991 1,072.20 1,143.29 1.78571 100.0
212 14.7 26.79334  |1,077.53 1,150.41 1.75442 100.0
228 20.0 20.08862 1,081.90 1,156.25 1.72980 100.0
240 25.0 16.30338 1,085.13 1,160.55 1.71218 100.0
250 30.0 13.74552 1,087.79 1,164.10 1.69791 100.0
259 35.0 11.89768 1,090.06 1,167.11 1.68594 100.0
267 40.0 10.49823 1,092.02 1,169.73 1.67564 100.0
274 45.0 9.40041 1,093.76 1,172.04 1.66661 100.0
281 50.0 8.51542 1,095.31 1,174.10 1.65857 100.0
293 60.0 7.17489 1,097.98 1,177.64 1.64475 100.0
303 70.0 6.20609 1,100.22 1,180.61 1.63316 100.0
312 80.0 5.47216 1,102.12 1,183.13 1.62318 100.0
320 90.0 4.89626 1,103.78 1,185.32 1.61443 100.0
328 100.0 4.43190 1,105.23 1,187.24 1.60665 100.0
341 120.0 3.72834 1,107.66 1,190.45 1.60242 100.0
353 140.0 3.21974 1,109.61 1,193.02 1.58520 100.0
364 160.0 2.83434 1,111.21 1,195.13 1.57044 100.0
373 180.0 2.53188 1,112.55 1,196.88 1.55753 100.0
382 200.0 2.28796 1,113.66 1,198.34 1.54607 100.0
390 220.0 2.08695 1,114.60 1,199.56 1.53578 100.0
397 240.0 1.91833 1,115.40 1,200.59 1.52645 100.0
404 260.0 1.77480 1,116.07 1,201.46 1.51791 100.0
411 280.0 1.65108 1,116.64 1,202.19 1.51005 100.0
417 300.0 1.54330 1,117.12 1,202.80 1.50277 100.0
423 320.0 1.44854 1,117.53 1,203.31 1.49599 100.0
429 340.0 1.36455 1,117.87 1,203.72 1.48965 100.0
434 360.0 1.28957 1,118.14 1,204.05 1.48369 100.0
440 380.0 1.22221 1,118.37 1,204.31 1.47808 100.0
445 400.0 1.16136 1,118.55 1,204.51 1.47278 100.0
449 420.0 1.10610 1,118.69 1,204.65 1.46775 100.0
454 440.0 1.05569 1,118.78 1,204.74 1.46298 100.0
459 460.0 1.00951 1,118.85 1,204.78 1.45843 100.0
463 480.0 0.96705 1,118.88 1,204.78 1.45408 100.0
467 500.0 0.92787 1,118.89 1,204.74 1.44993 100.0
471 520.0 0.89159 1,118.87 1,204.66 1.44595 100.0
475 540.0 0.85791 1,118.83 1,204.55 1.44213 100.0
479 560.0 0.82655 1,118.76 1,204.42 1.43846 100.0
483 580.0 0.79727 1,118.68 1,204.25 1.43493 100.0
486 600.0 0.76988 1,118.58 1,204.06 1.43153 100.0
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Table A.1. (continued)

Temperature Pressure Specific Internal Enthalpy Entropy Quality
CF) (psia) | Jolume | energy o | BtulbgR) | (%)
(fllby) | (Btu/lbpy) m m
490 620.0 0.74419  [1,118.46 1,203.84 1.42824 100.0
493 640.0 0.72006  [1,118.32 1,203.60 1.42507 100.0
497 660.0 0.69733 [1,118.18 1,203.34 1.42200 100.0
500 680.0 0.67590 [1,118.02 1,203.07 1.41903 100.0
503 700.0 0.65564  (1,117.84 1,202.77 1.41615 100.0
506 720.0 0.63648  [1,117.66 1,202.46 1.41335 100.0
509 740.0 0.61831 [1,117.46 1,202.13 1.41064 100.0
512 760.0 0.60106 [1,117.26 1,201.79 1.40801 100.0
515 780.0 0.58467  [1,117.04 1,201.43 1.40545 100.0
518 800.0 0.56907  [1,116.82 1,201.06 1.40296 100.0
521 820.0 0.55421  [1,116.59 1,200.68 1.40053 100.0
524 840.0 0.54003 [1,116.35 1,200.29 1.39817 100.0
527 860.0 0.52648 [1,116.10 1,199.89 1.39587 100.0
529 880.0 0.51353  [1,115.85 1,199.47 1.39362 100.0
532 900.0 0.50113  [1,115.59 1,199.05 1.39143 100.0
535 920.0 0.48926  [1,115.32 1,198.62 1.38929 100.0
537 940.0 0.47787  [1,115.05 1,198.18 1.38719 100.0
540 960.0 0.46694  [1,114.78 1,197.73 1.38515 100.0
542 980.0 0.45645  [1,114.50 1,197.27 1.38315 100.0
545 1,000.0 0.44635 [1,114.21 1,196.81 1.38119 100.0
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Table A.2. Saturated vapor properties—temperature

Temperature | Pressure Spfcmc Internal Enthalpy Entropy Quality
°F) (psia) | L oome | ENer9y by | (BtulbnR) | (%)
( (ft3/lbyy) | (Btu/lbpy) m m
100 0.9 350.34470 [1,043.66 1,105.20 1.98949 100.0
120 1.7 203.26536 [1,050.01 1,113.67 1.93738 100.0
140 2.9 123.00672 [1,056.26 1,122.01 1.89043 100.0
160 4.7 77.29142  [1,062.39  [1,130.19  [1.84794 100.0
180 7.5 50.22845  [1,068.35  [1,138.16  [1.80933 100.0
200 11.5 33.64085  [1,074.14  [1,145.89  [1.77411 100.0
212 14.7 26.80026  [1,077.52  [1,150.40  [1.75444 100.0
220 17.2 23.14935  [1,079.74  [1,153.36  [1.74188 100.0
240 25.0 16.32189  [1,085.11  [1,160.53  [1.71227 100.0
260 35.4 11.76240  [1,090.24  [1,167.35  [1.68500 100.0
280 49.2 8.64488 1,095.08 1,173.79 1.65980 100.0
300 67.0 6.46697 1,099.58  [1,179.77  [1.63644 100.0
320 89.6 4.91524 1,103.72  [1,185.25  [1.61473 100.0
340 118.0 3.78954 1,107.43  [1,190.15  [1.60433 100.0
360 153.0 2.95925 1,110.68  [1,194.44  [1.57540 100.0
380 195.6 2.33743 1,113.42  [1,198.04  [1.54847 100.0
400 247.1 1.86514 1,115.64  [1,200.92  [1.52334 100.0
420 308.5 1.50170 1,117.29 1,203.03 1.49982 100.0
440 381.2 1.21864 1,118.37  [1,204.33  [1.47776 100.0
460 466.4 0.99568 1,118.85  [1,204.79  [1.45701 100.0
480 565.7 0.81821 1,118.72  [1,204.37  [1.43745 100.0
500 680.4 0.67558 1,118.00 1,203.06 1.41897 100.0
520 812.3 0.55991 1,116.67 1,200.83 1.40146 100.0
540 963.0 0.46531 1,114.75  [1,197.66  [1.38485 100.0
560 1,134.3  |0.38734 1,112.24  [1,19354  [1.36905 100.0
580 1,328.3 0.32262 1,109.14 1,188.44 1.35399 100.0
600 1,547.0 0.26856 1,105.48 1,182.36 1.33960 100.0
620 1,792.7  [0.22316 1,101.25  [1,175.28  [1.32584 100.0
640 2,067.8  |0.18485 1,096.45  [1,167.18  [1.27863 100.0
660 2,374.9  [0.15241 1,091.07  [1,158.05  [1.24458 100.0
680 2,716.9  |0.12487 1,085.09  [1,147.87  [1.21237 100.0
700 3,096.8  |0.10147 1,078.47  [1,136.62  [1.18183 100.0
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Table A.3. Saturated liquid properties—pressure

Temperature Pressure \S/gleg:]f:g I:;Z:SSI Enthalpy Entropy Quality
(°F) (psia) (f3/lby) | (Btu/lby) (Btu/lbm) (Btu/lb;°R) (%)
102 1.0 0.01613  [69.71 69.71 0.13261 0.0
162 5.0 0.01640  [130.10 130.12 0.23468 0.0
193 10.0 0.01659 [161.14 161.17 0.28341 0.0
212 14.7 0.01671  [180.05 180.09 0.31198 0.0
228 20.0 0.01683  [196.11 196.18 0.33565 0.0
240 25.0 0.01692  [208.35 208.43 0.35330 0.0
250 30.0 0.01700 [218.74 218.83 0.36805 0.0
259 35.0 0.01708  [227.81 227.92 0.38077 0.0
267 40.0 0.01715  [235.90 236.03 0.39196 0.0
274 45.0 0.01721  [243.23 243.37 0.40199 0.0
281 50.0 0.01727  [249.93 250.09 0.41107 0.0
293 60.0 0.01738  [261.89 262.08 0.42708 0.0
303 70.0 0.01748  [272.37 272.60 0.44091 0.0
312 80.0 0.01757  [281.74 282.00 0.45312 0.0
320 90.0 0.01766  [290.25 290.54 0.46407 0.0
328 100.0 0.01774  [298.06 298.38 0.47401 0.0
341 120.0 0.01789  [312.03 312.43 0.49158 0.0
353 140.0 0.01803  [324.33 324.80 0.50680 0.0
364 160.0 0.01815  [335.37 335.91 0.52027 0.0
373 180.0 0.01827  [345.42 346.03 0.53239 0.0
382 200.0 0.01838  [354.67 355.35 0.54343 0.0
390 220.0 0.01849  [363.27 364.02 0.55358 0.0
397 240.0 0.01860 [371.30 372.13 0.56299 0.0
404 260.0 0.01870  [378.87 379.77 0.57177 0.0
411 280.0 0.01879  [386.02 386.99 0.58001 0.0
417 300.0 0.01889  [392.81 393.86 0.58778 0.0
423 320.0 0.01898  [399.29 400.41 0.59514 0.0
429 340.0 0.01907  1405.48 406.68 0.60213 0.0
434 360.0 0.01916  1411.42 412.69 0.60880 0.0
440 380.0 0.01924  1417.13 418.48 0.61517 0.0
445 400.0 0.01933  1422.63 424.06 0.62128 0.0
449 420.0 0.01941 1427.94 429.45 0.62714 0.0
454 440.0 0.01949  1433.08 434.67 0.63279 0.0
459 460.0 0.01958  1438.07 439.73 0.63823 0.0
463 480.0 0.01966  1442.90 444.65 0.64349 0.0
467 500.0 0.01974  1447.60 449.42 0.64858 0.0
471 520.0 0.01982  1452.17 454.08 0.65351 0.0
475 540.0 0.01989  1456.62 458.61 0.65830 0.0
479 560.0 0.01997  1460.97 463.04 0.66294 0.0
483 580.0 0.02005  1465.21 467.36 0.66746 0.0
486 600.0 0.02013  1469.36 471.59 0.67186 0.0
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Table A.3. (continued)

Temperature Pressure \S/gfs:::: I:;E:;;“ Enthalpy Entropy Quality
(°F) (psia) (b | (Btu/lby) (Btu/lbpy) [Btu/lbm°R) (%)
490 620.0 0.02020 1473.41 475.73 0.67615 0.0
493 640.0 0.02028 1477.38 479.78 0.68033 0.0
497 660.0 0.02035 1481.27 483.76 0.68441 0.0
500 680.0 0.02043  1485.09 487.66 0.68840 0.0
503 700.0 0.02050 1488.83 491.49 0.69230 0.0
506 720.0 0.02058 492,51 495.25 0.69612 0.0
509 740.0 0.02065 1496.12 498.94 0.69986 0.0
512 760.0 0.02073  1499.66 502.58 0.70352 0.0
515 780.0 0.02080 [503.16 506.16 0.70711 0.0
518 800.0 0.02087  506.59 509.68 0.71064 0.0
521 820.0 0.02095  [509.97 513.15 0.71410 0.0
524 840.0 0.02102 [513.31 516.57 0.71750 0.0
527 860.0 0.02109  [516.59 519.95 0.72084 0.0
529 380.0 0.02117  [519.83 523.28 0.72412 0.0
532 900.0 0.02124  523.03 526.56 0.72736 0.0
535 920.0 0.02131  [526.18 529.81 0.73054 0.0
537 940.0 0.02139  529.29 533.01 0.73367 0.0
540 960.0 0.02146  [532.37 536.18 0.73676 0.0
542 980.0 0.02153  [535.41 539.31 0.73980 0.0
545 1,000.0 0.02161  [538.41 542.41 0.74280 0.0
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Table A.4. Saturated liquid properties—temperature

Temperature Pressure Spr'flc Internal Enthalpy Entropy Quality
°F) (psia) | e | EMErOY by | (BtullbpR) | (%)
(ft3/lbyy) | (Btu/lbyy) m m
100 0.9 0.01613  [67.97 67.97 0.12951 0.0
120 1.7 0.01620  [87.91 87.92 0.16448 0.0
140 2.9 0.01629  [107.87 107.88 0.19830 0.0
160 4.7 0.01639  [127.86 127.88 0.23107 0.0
180 7.5 0.01650  [147.89 147.91 0.26289 0.0
200 11.5 0.01663  [167.96 168.00 0.29381 0.0
212 14.7 0.01671  [180.03 180.07 0.31196 0.0
220 17.2 0.01677  [188.09 188.14 0.32390 0.0
240 25.0 0.01692  [208.27 208.35 0.35320 0.0
260 35.4 0.01708 [228.54 228.65 0.38178 0.0
280 49.2 0.01726  [248.90 249.06 0.40969 0.0
300 67.0 0.01745 [269.37 269.59 0.43698 0.0
320 89.6 0.01766  [289.98 290.27 0.46371 0.0
340 118.0 0.01788  [310.73 311.12 0.48995 0.0
360 153.0 0.01811  [331.65 332.17 0.51576 0.0
380 195.6 0.01836  [352.78 353.44 0.54117 0.0
400 247.1 0.01863 [374.12 374.97 0.56626 0.0
420 308.5 0.01893  [395.70 396.78 0.59107 0.0
440 381.2 0.01925 |417.56 418.92 0.61565 0.0
460 466.4 0.01960  [439.74 441.43 0.64006 0.0
480 565.7 0.02000  462.28 464.37 0.66434 0.0
500 680.4 0.02043  485.24 487.81 0.68856 0.0
520 812.3 0.02092  [508.70 511.84 0.71280 0.0
540 963.0 0.02147  [532.77 536.59 0.73716 0.0
560 1,1343  [0.02209 [557.58 562.22 0.76179 0.0
580 1,328.3  [0.02280  [583.32 588.93 0.78689 0.0
600 1,547.0  0.02361 [610.22 616.98 0.81273 0.0
620 1,792.7  0.02452  |638.58 646.72 0.83968 0.0
640 2,067.8  [0.02557  |668.79 678.57 0.86822 0.0
660 2,3749  0.02677 [701.30 713.06 0.89899 0.0
680 2,716.9  0.02813 [736.71 750.85 0.93282 0.0
700 3,096.8  [0.02969 [775.74 792.75 0.97074 0.0
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Table A.5. Superheated steam properties

Temperature | Pressure \S/gleslnf:g I:;Zigsl Enthalpy Entropy Quality
(°F) (psia) (f3/lby) | (Btu/lby) (Btu/lbpy) (Btu/lb;°R) (%)
228 20.0 20.08862 [1,081.90 1,156.25 1.72980 100.0
250 20.0 20.79400 [1,090.31 1,167.27 1.74760 ek
275 20.0 21.58306 |1,099.65 1,179.53 1.76459 prkkk
300 20.0 22.36341 |1,108.85 1,191.62 1.78077 prkkk
325 20.0 23.13727 |1,117.97 1,203.60 1.79628 ek
350 20.0 23.90620 [1,127.03 1,215.51 1.81122 ek
375 20.0 24.67129 |1,136.06 1,227.37 1.82565 il
281 50.0 8.51542  [1,095.31 1,174.10 1.65857 100.0
300 50.0 8.77247  [1,103.11 1,184.28 1.67209 ek
325 50.0 0.10358  [1,113.12 1,197.35 1.68903 ek
350 50.0 0.42849  |1,122.88 1,210.12 1.70504 il
375 50.0 0.74874  |1,132.46 1,222.66 1.72030 prkkk
400 50.0 10.06539 [1,141.92 1,235.05 1.73493 ek
425 50.0 10.37923 [1,151.31 1,247.34 1.74902 ke
328 100.0 4.43190  |1,105.23 1,187.24 1.60665 100.0
350 100.0 459216  [1,115.12 1,200.09 1.61882 ek
375 100.0 4.76689  |1,125.85 1,214.06 1.63581 ek
400 100.0 4.93702  [1,136.21 1,227.57 1.65176 il
425 100.0 5.10365  [1,146.31 1,240.75 1.66688 prekkk
450 100.0 5.26758  [1,156.22 1,253.70 1.68131 ek
475 100.0 5.42936  [1,166.01 1,266.48 1.69517 prkskek
358 150.0 3.01465  |1,110.45 1,194.13 1.57756 100.0
375 150.0 3.09940 [1,118.41 1,204.45 1.58194 il
400 150.0 3.22251  |1,129.90 1,219.35 1.59953 il
425 150.0 3.34135  [1,140.87 1,233.62 1.61589 ek
450 150.0 3.45696  [1,151.47 1,247.43 1.63129 ek
475 150.0 3.57007  |[1,161.81 1,260.91 1.64591 il
500 150.0 3.68122  |1,171.96 1,274.14 1.65988 il
382 200.0 2.28796  |1,113.66 1,198.34 1.54607 100.0
400 200.0 2.36110  [1,122.94 1,210.33 1.55943 ek
425 200.0 2.45715  |1,134.96 1,225.90 1.57729 il
450 200.0 2.54937  [1,146.37 1,240.73 1.59382 prekkk
475 200.0 2.63870  [1,157.35 1,255.01 1.60931 ek
500 200.0 2.72578  [1,168.01 1,268.90 1.62397 ek
525 200.0 2.81109  |1,178.44 1,282.48 1.63795 il
401 250.0 1.84380  |1,115.75 1,201.05 1.52209 100.0
425 250.0 1.92394  [1,128.54 1,217.54 1.54514 ek
450 250.0 2.00285  |1,140.90 1,233.56 1.56299 prkkk
475 250.0 2.07839  [1,152.62 1,248.77 1.57949 prekkk
500 250.0 2.15139  [1,163.86 1,263.39 1.59493 ek
525 250.0 2.22241  |1,174.76 1,277.58 1.60952 ek
550 250.0 2.29185  |1,185.40 1,291.43 1.62342 prekkk
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Table A. 5. (continued)

Temperature Pressure \S/gleglnf:g IQ:Z:;;' Enthalpy Entropy Quality
(°F) (psia) (f3/lby) | (Btu/lby) (Btu/lbm) (Btu/lb;°R) (%)
417 300.0 1.54330 [1,117.12 1,202.80 1.50277 100.0
425 300.0 1.56597 |1,121.54 1,208.48 1.51676 rxkk
450 300.0 1.63670  [1,135.02 1,225.88 1.53616 rxxk
475 300.0 1.70353  |1,147.58 1,242.15 1.55381 rxxk
500 300.0 1.76747  |1,159.49 1,257.61 1.57013 rxkk
525 300.0 1.82919  [1,170.91 1,272.46 1.58541 rxkk
550 300.0 1.88918 |1,181.98 1,286.86 1.59985 rexkk
432 350.0 1.32603 |1,118.01 1,203.90 1.48662 100.0
450 350.0 1.37346  |1,128.69 1,217.65 1.51187 rxkk
475 350.0 1.43454  |1,142.23 1,235.14 1.53084 rxkk
500 350.0 1.49233  [1,154.87 1,251.53 1.54815 rxkk
525 350.0 1.54763  |1,166.88 1,267.12 1.56419 rxkk
550 350.0 1.60102 [1,178.42 1,282.11 1.57922 rxkk
575 350.0 1.65291  1,189.60 1,296.65 1.59345 ke
445 400.0 1.16136  |1,118.55 1,204.51 1.47278 100.0
450 400.0 1.17436  |1,121.86 1,208.79 1.48922 rxkk
475 400.0 1.23161  [1,136.52 1,227.68 1.50971 rxkk
500 400.0 1.28511  [1,150.01 1,245.13 1.52814 rxkk
525 400.0 1.33582  |1,162.66 1,261.54 1.54502 rxkk
550 400.0 1.38442  [1,174.71 1,277.19 1.56071 rxkk
575 400.0 1.43137  |1,186.30 1,292.25 1.57545 rxkk
456 450.0 1.03211  [1,118.82 1,204.77 1.46067 100.0
475 450.0 1.07262  [1,130.42 1,219.74 1.48984 rexxk
500 450.0 1.12311  |1,144.86 1,238.38 1.50953 rxkk
525 450.0 1.17047  |1,158.24 1,255.71 1.52735 rxkk
550 450.0 1.21549  |1,170.85 1,272.07 1.54376 rxkk
575 450.0 1.25872  |1,182.90 1,287.71 1.55907 rexxk
600 450.0 1.30054 [1,194.51 1,302.81 1.57349 rxkk
467 500.0 0.92787 [1,118.89 1,204.74 1.44993 100.0
475 500.0 0.94428  [1,123.90 1,211.27 1.47081 rxkk
500 500.0 0.99269  [1,139.41 1,231.26 1.49193 rxkk
525 500.0 1.03760 |1,153.60 1,249.60 1.51080 rxkk
550 500.0 1.07991  |1,166.83 1,266.75 1.52800 rxkk
575 500.0 1.12027  [1,179.37 1,283.02 1.54392 rxkk
600 500.0 1.15910 |1,191.38 1,298.62 1.55882 rexkk
477 550.0 0.84195 [1,118.80 1,204.49 1.44028 100.0
500 550.0 0.88517  [1,133.64 1,223.73 1.47505 rxkk
525 550.0 0.92830 [1,148.73 1,243.21 1.49509 rxxk
550 550.0 0.96856  [1,162.64 1,261.22 1.51315 rxkk
575 550.0 1.00667 [1,175.71 1,278.17 1.52973 rxkk
600 550.0 1.04313  |1,188.14 1,294.31 1.54515 rxkk
625 550.0 1.07830 |1,200.10 1,309.85 1.55965 rxkk

283



Guide to environmentally sound industrial boilers

Table A.5. (continued)

Temperature Pressure \S/gfslnf;: I:;g:g;a/l Enthalpy Entropy Quality
(°F) (psia) (b | (Btu/lbyy) (Btu/lbpy) (Btu/lb°R) (%)
486 600.0 0.76988 |1,118.58 1,204.06 1.43153 100.0
500 600.0 0.79477 |1,127.51 1,215.75 1.45865 ek sk
550 600.0 0.87535  [1,158.27 1,255.46 1.49901 infaloll
600 600.0 0.94626  |1,184.81 1,289.87 1.53229 inkakall
650 600.0 1.01152  [1,209.03 1,321.34 1.56131 ek sk
700 600.0 1.07317  |1,231.90 1,351.06 1.58752 ek sk
750 600.0 1.13239  [1,253.97 1,379.70 1.61170 ek
495 650.0 0.70853 |1,118.25 1,203.48 1.42352 100.0
500 650.0 0.71746  |1,120.99 1,207.29 1.44255 inaloll
550 650.0 0.79607  |1,153.70 1,249.45 1.48542 infaloll
600 650.0 0.86407  |1,181.36 1,285.30 1.52008 ek
650 650.0 0.92599  1,206.30 1,317.68 1.54995 ek
700 650.0 0.98411  |1,229.65 1,348.03 1.57670 inaloll
750 650.0 1.03967  [1,252.07 1,377.12 1.60127 ek
503 700.0 0.65564  |1,117.84 1,202.77 1.41615 100.0
525 700.0 0.69098  |1,132.50 1,222.01 1.45100 ek sk
575 700.0 0.76160 |1,163.89 1,262.54 1.49118 infaloll
625 700.0 0.82360  |1,190.95 1,297.63 1.52431 infaloll
675 700.0 0.88052  |1,215.60 1,329.66 1.55319 ek sk
725 700.0 0.93419  |1,238.86 1,359.87 1.57924 ek sk
775 700.0 0.98564  |1,261.26 1,388.93 1.60327 inkaala
511 750.0 0.60958 |1,117.36 1,201.96 1.40932 100.0
525 750.0 0.63187  |1,126.49 1,214.19 1.43684 ek sk
575 750.0 0.70113  |1,159.64 1,256.94 1.47923 ek sk
625 750.0 0.76103  [1,187.72 1,293.34 1.51360 infaloll
675 750.0 0.81551  |1,213.03 1,326.21 1.54324 inkakall
725 750.0 0.86656  |1,236.73 1,357.00 1.56979 ek sk
775 750.0 0.91532  [1,259.45 1,386.48 1.59417 ek
518 800.0 0.56907 [1,116.82 1,201.06 1.40296 100.0
525 800.0 0.57955 |1,120.14 1,205.93 1.42277 ool
575 800.0 0.64792  |1,155.21 1,251.13 1.46759 infaloll
625 800.0 0.70612  |1,184.40 1,288.93 1.50329 ek
675 800.0 0.75853  |1,210.40 1,322.69 1.53373 ek sk
725 800.0 0.80733  [1,234.57 1,354.08 1.56080 ool
775 800.0 0.85375  [1,257.62 1,384.01 1.58555 ek
525 850.0 0.53318 [1,116.22 1,200.09 1.39701 100.0
550 850.0 0.56859  [1,133.17 1,222.61 1.43417 infaloll
600 850.0 0.63009 |1,166.39 1,265.50 1.47566 infaloll
650 850.0 0.68342  |1,194.68 1,302.18 1.50950 ek sk
700 850.0 0.73196  |1,220.24 1,335.37 1.53877 ek sk
750 850.0 0.77746  |1,244.19 1,366.47 1.56503 infaloll
800 850.0 0.82088  |1,267.15 1,396.27 1.58917 ek
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Table A.6. Subcooled liquid properties

Temperature Pressure \S/gfslr;'g IQ:Z:;;' Enthalpy Entropy Quality
(°F) (psia) (#3by) | (Btullby) (Btu/lbpm) (Btu/lb;°R) (%)
212 14.7 0.01671  [180.05 180.09 0.31198 0.0
200 14.7 0.01663  [167.95 168.00 0.29381 rxkk
150 14.7 0.01634  [117.83 117.88 0.21481 rxkk
100 14.7 0.01613  [67.93 67.97 0.12951 rxkk
50 14.7 0.01598  [18.02 18.06 0.03601 rexkk
281 50.0 0.01727  [249.93 250.09 0.41107 0.0
200 50.0 0.01663 [167.84 168.00 0.29381 rxkek
150 50.0 0.01634  [117.72 117.88 0.21481 rexkk
328 100.0 0.01774  [298.06 298.38 0.47401 0.0
200 100.0 0.01663  [167.69 168.00 0.29381 rxkk
150 100.0 0.01634  [117.57 117.88 0.21481 rxkk
358 150.0 0.01809  [329.99 330.49 0.51372 0.0
200 150.0 0.01663  [167.53 168.00 0.29381 rxkk
150 150.0 0.01634  [117.42 117.88 0.21481 rxkek
382 200.0 0.01838 [354.67 355.35 0.54343 0.0
200 200.0 0.01663  [167.38 168.00 0.29381 rxkk
150 200.0 0.01634  [117.27 117.88 0.21481 rxkk
401 250.0 0.01865 [375.14 376.00 0.56745 0.0
200 250.0 0.01663  [167.23 168.00 0.29381 rexxk
150 250.0 0.01634  [117.12 117.88 0.21481 ke
417 300.0 0.01889  [392.81 393.86 0.58778 0.0
200 300.0 0.01663  [167.07 168.00 0.29381 rxkk
150 300.0 0.01634  [116.97 117.88 0.21481 rexkk
432 350.0 0.01911  1408.48 409.72 0.60550 0.0
200 350.0 0.01663  [166.92 168.00 0.29381 rxkk
150 350.0 0.01634  [116.82 117.88 0.21481 rxkk
445 400.0 0.01933  1422.63 424.06 0.62128 0.0
200 400.0 0.01663  [166.77 168.00 0.29381 rxkk
150 400.0 0.01634  [116.67 117.88 0.21481 rxkk
456 450.0 0.01954  1435.59 437.22 0.63554 0.0
200 450.0 0.01663  [166.61 168.00 0.29381 rxkk
150 450.0 0.01634  [116.52 117.88 0.21481 rxkk
467 500.0 0.01974  1447.60 449.42 0.64858 0.0
200 500.0 0.01663  [166.46 168.00 0.29381 rxkk
150 500.0 0.01634  [116.36 117.88 0.21481 rxkk
477 550.0 0.01993  1458.81 460.84 0.66064 0.0
200 550.0 0.01663  [166.30 168.00 0.29381 rxkk
150 550.0 0.01634  [116.21 117.88 0.21481 rxkk
486 600.0 0.02013  1469.36 471.59 0.67186 0.0
200 600.0 0.01663  [166.15 168.00 0.29381 rxkk
150 600.0 0.01634  [116.06 117.88 0.21481 rxkk
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ANNEX 6 HIGH CALORIFIC VALUES

Higher calorific values for some common fuels - coke, o0il, wood, hydrogen and others )

The calorific value of a fuel is the quantity of heat produced by its combustion - at constant pressure and under
"normal" conditions, the combustion process generates water vapor and certain techniques may be used to
recover the quantity of heat contained in this water vapor by condensing it.

The Higher Calorific Value (or Gross Calorific Value - GCV) suppose that the water of combustion is entirely
condensed and that the heat contained in the water vapor is recovered.

The Lower Calorific Value (or Net Calorific Value - NCV) suppose that the products of combustion contains the
water vapor and that the heat in the water vapor is not recovered.

Higher Calorific Value
(Gross Calorific Value - GCV)

Fuel
kJ/kg Btu/lb
Acetone 29,000
Alcohol, 96% 30,000

Anthracite 32,500 - 34,000 14,000 - 14,500
Bituminous coal 17,000 - 23,250 7,300 - 10,000
Butane 49,510 20,900

Carbon 34,080

Charcoal 29,600 12,800
Coal 15,000 - 27,000 8,000 - 14,000
Coke 28,000 - 31,000 12,000 - 13,500
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Fuel

Diesel

Ethanol

Ether

Gasoline

Glycerin

Hydrogen

Lignite

Methane

Oils, vegetable

Peat

Petrol

Petroleum

Propane

Semi anthracite

Sulfur

Higher Calorific Value
(Gross Calorific Value - GCV)

kJ/kg

44,800

29,700

43,000

47,300

19,000

141,790

16,300

55,530

39,000 - 48,000

13,800 - 20,500

48,000

43,000

50,350

26,700 - 32,500

9,200

287

Btu/lb

19,300

12,800

20,400

61,000

7,000

5,500 - 8,800

11,500 - 14,000
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Fuel

Tar

Turpentine

Wood (dry)

Acetylene

Butane C4H1p

Hydrogen

Natural gas

Methane CH,4

Propane C3Hg

Town gas

Gas oil

Heavy fuel oil

Kerosene

Higher Calorific Value
(Gross Calorific Value - GCV)

kJ/kg

36,000

44,000

14,400 - 17,400

kJ/m?®

56,000

133,000

13,000

43,000

39,820

101,000

18,000

kJ/

38,000

41,200

35,000

1 kd/kg = 1 J/g = 0.4299 Btu/ Iby, = 0.23884 kcallkg
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Btu/lb

6,200 - 7,500

Btu/ft®

3200

950 - 1150

2550

Btu/Imp gal

164,000

177,000

154,000
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e 1 Btu/lb, = 2.326 kJ/kg = 0.55 kcal/kg
e 1 kcallkg =4.1868 kJ/kg = 1.8 Btu/lby,
1 dm? (Liter) = 10° m® = 0.03532 ft* = 1.308x107° yd® = 0.220 Imp gal (UK) = 0.2642 Gallons (US)

REFERENCES
1. Enginnering Toolbex. http://www.engineeringtoolbox.com/fuels-higher-calorific-values-d_169.html.

[Online] [Cited: 03 31, 2012.]
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ANNEX 7 THE RANKINE CYCLE

The Rankine cycle

The Rankine cycle " is a cycle that converts heat into work. The heat is supplied externally to a closed
loop, which usually uses water. This cycle generates about 90% of all electric power used throughout
the world,[1] including virtually all solar thermal, biomass, coal and nuclear power plants. It is named
after William John Macquorn Rankine, a Scottish polymath and Glasgow University professor. The
Rankine cycle is the fundamental thermodynamic underpinning of the steam engine.

Description

; 3

Irl. I

Physical layout of the four main devices used in the Rankine cycle

The Rankine cycle most closely describes the process by which steam-operated heat engines most
commonly found in power generation plants generate power. The two most common heating processes
used in these power plants are nuclear fission and the combustion of fossil fuels such as coal, natural
gas, and oil.

The Rankine cycle is sometimes referred to as a practical Carnot cycle because, when an efficient
turbine is used, the TS diagram begins to resemble the Carnot cycle. The main difference is that heat
addition (in the boiler) and rejection (in the condenser) are isobaric in the Rankine cycle and isothermal
in the theoretical Carnot cycle. A pump is used to pressurize the working fluid received from the
condenser as a liquid instead of as a gas. All of the energy in pumping the working fluid through the
complete cycle is lost, as is most of the energy of vaporization of the working fluid in the boiler. This
energy is lost to the cycle because the condensation that can take place in the turbine is limited to about
10% in order to minimize blade erosion; the vaporization energy is rejected from the cycle through the
condenser. But pumping the working fluid through the cycle as a liquid requires a very small fraction
of the energy needed to transport it as compared to compressing the working fluid as a gas in a
compressor (as in the Carnot cycle).

The efficiency of a Rankine cycle is usually limited by the working fluid. Without the pressure
reaching super critical levels for the working fluid, the temperature range the cycle can operate over is
quite small: turbine entry temperatures are typically 565°C (the creep limit of stainless steel) and
condenser temperatures are around 30°C. This gives a theoretical Carnot efficiency of about 63%
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compared with an actual efficiency of 42% for a modern coal-fired power station. This low turbine
entry temperature (compared with a gas turbine) is why the Rankine cycle is often used as a bottoming
cycle in combined-cycle gas turbine power stations.

The working fluid in a Rankine cycle follows a closed loop and is reused constantly. The water vapor
with entrained droplets often seen billowing from power stations is generated by the cooling systems
(not from the closed-loop Rankine power cycle) and represents the waste heat energy (pumping and
condensing) that could not be converted to useful work in the turbine. Note that cooling towers operate
using the latent heat of vaporization of the cooling fluid. While many substances could be used in the
Rankine cycle, water is usually the fluid of choice due to its favorable properties, such as nontoxic and
nonreactive chemistry, abundance, and low cost, as well as its thermodynamic properties.

One of the principal advantages the Rankine cycle holds over others is that during the compression
stage relatively little work is required to drive the pump, the working fluid being in its liquid phase at
this point. By condensing the fluid, the work required by the pump consumes only 1% to 3% of the
turbine power and contributes to a much higher efficiency for a real cycle. The benefit of this is lost
somewhat due to the lower heat addition temperature. Gas turbines, for instance, have turbine entry
temperatures approaching 1500°C. Nonetheless, the efficiencies of actual large steam cycles and large
modern gas turbines are fairly well matched.

The four processes in the Rankine cycle

4001 Critical Point

a0bar
350 S (T25psi)

3004

250 4 =in

turbine

200+

Temperature ("C)

150

100+ - o
2 - - A
50- Tﬁ"{% - ;/ e \4 \/

u.r’/ -
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Ts diagram of a typical Rankine cycle operating between pressures of 0.06bar and 50bar

There are four processes in the Rankine cycle. These states are identified by numbers (in brown) in the
above Ts diagram.
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Process 1-2: The working fluid is pumped from low to high pressure. As the fluid is a liquid at this
stage the pump requires little input energy.

Process 2-3: The high pressure liquid enters a boiler where it is heated at constant pressure by an
external heat source to become a dry saturated vapor. The input energy required can be easily
calculated using mollier diagram or h-s chart or enthalpy-entropy chart also known as steam tables.

Process 3-4: The dry saturated vapor expands through a turbine, generating power. This decreases the
temperature and pressure of the vapor, and some condensation may occur. The output in this process
can be easily calculated using the Enthalpy-entropy chart or the steam tables.

Process 4-1: The wet vapor then enters a condenser where it is condensed at a constant temperature to
become a saturated liquid.

In an ideal Rankine cycle the pump and turbine would be isentropic, i.e., the pump and turbine would
generate no entropy and hence maximize the net work output. Processes 1-2 and 3-4 would be
represented by vertical lines on the T-S diagram and more closely resemble that of the Carnot cycle.
The Rankine cycle shown here prevents the vapor ending up in the superheat region after the expansion
in the turbine, [1] which reduces the energy removed by the condensers.

Variables

Q Heat flow rate to or from the system (energy per unit time)

M Mass flow rate (mass per unit time)

ﬁ;’ Mechanical power consumed by or provided to the system (energy per unit time)

Thermodynamic efficiency of the process (net power output per heat input,
Mtherm dimensionless)

Isentropic efficiency of the compression (feed pump) and expansion (turbine) processes,
Npump:Tturb  gimensionless

hy,h,,hs,h, The "specific enthalpies” at indicated points on the T-S diagram

has The final "specific enthalpy" of the fluid if the turbine were isentropic
P1,P2 The pressures before and after the compression process
Equations

In general, the efficiency of a simple Rankine cycle can be defined as:

_ H’rfm"bt'ﬂe - ﬂ’rpump — ﬂ’rmrbéne

ni herm —
Q Q
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Each of the next four equations™! is easily derived from the energy and mass balance for a control
volume. ntherm defines the thermodynamic efficiency of the cycle as the ratio of net power output
to heat input. As the work required by the pump is often around 1% of the turbine work output, it
can be simplified.

Q’én — h,?, . hg

m
Qot _

4
ﬂ’rpump _ hz . hl
m

F.[’rr urbkine

When dealing with the efficiencies of the turbines and pumps, an adjustment to the
work terms must be made.

ﬂ’;pump/m =hy-hy = V1AP/Mpump = V1(P2-P1)/Mpump
W iine/112 = h3-hy = (N3-Na)*neurvine

Real Rankine cycle (non-ideal)
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Rankine cycle with superheat

In a real Rankine cycle, the compression by the pump and the expansion in the turbine are not
isentropic. In other words, these processes are non-reversible and entropy is increased during the two
processes. This somewhat increases the power required by the pump and decreases the power generated
by the turbine.
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In particular the efficiency of the steam turbine will be limited by water droplet formation. As the water
condenses, water droplets hit the turbine blades at high speed causing pitting and erosion, gradually
decreasing the life of turbine blades and efficiency of the turbine. The easiest way to overcome this
problem is by superheating the steam. On the Ts diagram above, state 3 is above a two phase region of
steam and water so after expansion the steam will be very wet. By superheating, state 3 will move to
the right of the diagram and hence produce a drier steam after expansion.

Variations of the basic Rankine cycle

T-s diagram for steam

T1e)

Irl. I

Rankine cycle with reheat

The overall thermodynamic efficiency (of almost any cycle) can be increased by raising the average

_ f;’ T ds

T 0
heat input temperature m of that cycle. Increasing the temperature of the steam into
the superheat region is a simple way of doing this. There are also variations of the basic Rankine cycle
which are designed to raise the thermal efficiency of the cycle in this way; two of these are described
below.

Rankine cycle with reheat

In this variation, two turbines work in series. The first accepts vapor from the boiler at high pressure.
After the vapor has passed through the first turbine, it re-enters the boiler and is reheated before passing
through a second, lower pressure turbine. Among other advantages, this prevents the vapor from
condensing during its expansion which can seriously damage the turbine blades, and improves the
efficiency of the cycle, as more of the heat flow into the cycle occurs at higher temperature.

Regenerative Rankine cycle

The regenerative Rankine cycle is so named because after emerging from the condenser (possibly as a
subcooled liquid) the working fluid is heated by steam tapped from the hot portion of the cycle. On the
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diagram shown, the fluid at 2 is mixed with the fluid at 4 (both at the same pressure) to end up with the
saturated liquid at 7. This is called "direct contact heating”. The Regenerative Rankine cycle (with
minor variants) is commonly used in real power stations.

Another variation is where bleed steam from between turbine stages is sent to feedwater heaters to
preheat the water on its way from the condenser to the boiler. These heaters do not mix the input steam
and condensate, function as an ordinary tubular heat exchanger, and are named "closed feedwater
heaters".

The regenerative features here effectively raise the nominal cycle heat input temperature, by reducing

the addition of heat from the boiler/fuel source at the relatively low feedwater temperatures that would
exist without regenerative feedwater heating. This improves the efficiency of the cycle, as more of the
heat flow into the cycle occurs at higher temperature.

References
1. Wikipedia. [Online] [Cited: 18 2 2012.]

295


http://en.wikipedia.org/wiki/Feedwater_heater

Guide to environmentally sound industrial boilers

ANNEX 8 CLASSIFICATION OF COALS

Classification of Coals

« Classification of coal based on volatile matter and cooking power of clean material !

e Coalis a readily combustible rock containing more than 50 percent by weight of carbonaceous
material formed from compaction and indurations of variously altered plant remains similar to those
in peat.

e After a considerable amount of time, heat, and burial pressure, it is metamorphosed from peat to
lignite. Lignite is considered to be "immature” coal at this stage of development because it is still
somewhat light in color and it remains soft.

e Lignite increases in maturity by becoming darker and harder and is then classified as sub-
bituminous coal. After a continuous process of burial and alteration, chemical and physical changes
occur until the coal is classified as bituminous - dark and hard coal.

e Bituminous coal ignites easily and burns long with a relatively long flame. If improperly fired
bituminous coal is characterized with excess smoke and soot.

e Anthracite coal is the last classification, the ultimate maturation. Anthracite coal is very hard and

shiny.
Volatile matter® .

Class (weight %) General description

101 <6.1

Anthracites

102 3.1-9.0

201 9.1-135 Dry steam coals

202 13.6 - 15.0

203 15.1-17.0 Cooking steams coals Low volatile steam

coals
204 17.1-195
206 19.1- 195 Heat altered low volatile steam
coals
301 19.6 - 32.0 Prime cooking coals
Medium volatile coals
305 19.6 - 32.0 Mainly heat altered coals
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Volatile matter?

Class (weight %) General description
306 19.6 - 32.0
401 32.1-36.0
Very strongly coking coals

402 > 36.0
501 32.1-36.0

Strongly coking coals
502 > 36.0
601 32.1-36.0

Medium coking coals
602 > 36.0

High volatile coals

701 32.1

Weakly coking coals
702 > 36.0
801 32.1-36.0

Very weakly coking coals
802 > 36.0
901 32.1-36.0
Non-coking coals

902 > 36.0

1) Volatile matter - dry mineral matter free basis. In coal, those products, exclusive of moisture, given
off as gas and vapor determined analytically.

Anthracite coal creates a steady and clean flame and is preferred for domestic heating. Furthermore it burn
longer with more heat than the other types.

Typical Sulfur Content in Coal

e Anthracite Coal : 0.6 - 0.77 weight %
e Bituminous Coal : 0.7 - 4.0 weight %
e Lignite Coal : 0.4 weight %
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Typical Moisture Content in Coal

e Anthracite Coal : 2.8 - 16.3 weight %
e Bituminous Coal : 2.2 - 15.9 weight %
e Lignite Coal : 39 weight %

Typical Fixed Carbon Content in Coal

e Anthracite Coal : 80.5 - 85.7 weight %
e Bituminous Coal : 44.9-78.2 weight %
e Lignite Coal : 31.4 weight %

Typical Bulk Density of Coal
« Anthracite Coal : 50 - 58 (Ib/ft%), 800 - 929 (kg/m°)
« Bituminous Coal : 42 - 57 (Ib/ft®), 673 - 913 (kg/m®)
e Lignite Coal : 40 - 54 (Ib/ft%), 641 - 865 (kg/m®)

Typical Ash Content in Coal

e Anthracite Coal : 9.7 - 20.2 weight %
e Bituminous Coal : 3.3-11.7 weight %
e Lignite Coal : 4.2 weight %

References
1. Engineering Toolbox. http://www.engineeringtoolbox.com/classification-coal-d_164.html. [Online]
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ANNEX 9 FUEL OIL VISCOSITIES

Fuel Oils Viscosities

Fuels oils - their viscosity versus temperature

Viscosity - Saybolt Universal Seconds SSU, versus temperature for typical fuel oils are indicated in the
diagram below:
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SSU (Saybolt Universal Seconds) = Centistokes (cSt) x 4.55
4 - 5000 SSU is the maximum practical limit for pumping
150 - 300 SSU is the atomization range fuel oil no. 5 and 6
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ANNEX 10 FUEL OIL STORAGE TANKS

Fuel Oil Storage Tanks

Dimensions of fuel oil storage tanks

Dimensions of cylindrical fuel oil storage tanks according National Board Standards are indicated in the
table below.

Capacity Diameter Length Shell Thickness Head Thickness Weight
(gallons) (inches) (Feet - Inches) (inches) (inches) (Ib)
550 48 6-0 3/16 3/16 800
1000 48 10-10 3/16 3/16 1300
1100 48 11-11 3/16 3/16 1400
48 15-8 3/16 3/16 1650
1500
65 9-0 3/16 3/16 1500
2000 65 11-10 3/16 3/16 2050
2500 65 14-10 3/16 3/16 2275
3000 65 17-8 3/16 3/16 2940
4000 65 23-8 3/16 3/16 3600
72 23-8 1/4 1/4 5800
5000
84 17-8 1/4 1/4 5400
84 26-6 1/4 1/4 7150
7500
96 19-8 1/4 1/4 6400
96 26-6 1/4 5/16 8540
10000
120 17-0 1/4 5/16 8100
96 31-6 1/4 5/16 10500
12000
120 20-8 1/4 5/16 9500
108 31-6 5/16 5/16 13300
15000
120 25-6 5/16 5/16 12150
20000 120 34-6 5/16 5/16 15500
25000 120 42-6 3/8 3/8 22300
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30000 120 51-3 3/8 3/8 28000

Double-jacketed tanks under European Standards EN-12285-1 and EN-12285-2

Capacity Diameter Length Weight
(litre) (mm) (mm) (kg)
1500 1250 1580 580
2000 1250 2000 700
3000 1250 2720 880
4000 1250 3560 1100
5000 1500 3150 1200
6000 1500 3710 1370
8000 1900 3260 1760
10000 1900 3960 2060
12000 1900 4670 2380
15000 1900 5910 2940

1900 7860 3820
20000

2500 4680 3610

1900 9810 4720
25000

2500 5680 4230

1900 11510 5571
30000

2500 6680 4950

2500 8830 6390
40000

3000 6280 6200

2500 10820 7600
50000

3000 7820 7470

2500 12970 9100
60000

3000 9170 8680
80000 3000 12220 11160

100000 3000 15080 13590
120000 3000 17700 15930

References
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[Online]
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ANNEX 11 CLEAN DEVELOPMENT MECHANISM

Clean Development Mechanism

From Wikipedia, the free encyclopedia

The Clean Development Mechanism (CDM) is one of the "flexibility" mechanisms defined in the Kyoto rotocol (IPCC,

2007). It is defined in Article 12 of the Protocol, and is intended to meet two objectives: (1) to assist parties not

included in Annex | in achieving sustainable development and in contributing to the ultimate objective of the United

Nations ramework Convention on Climate Change (UNFCCC), which is to prevent dangerous climate change; and (2)

to assist parties included in Annex | in achieving compliance with their quantified emission limitation and reduction
commitments (greenhouse gas (GHG) emission caps). "Annex I" parties are those countries that are listed in Annex |

of the treaty, and are the industrialized countries. Non-Annex | parties are developing countries.

Obijective (2) is achieved by allowing the Annex | countries to meet part of their caps using "Certified Emission

Reductions" from CDM emission reduction projects in developing countries (Carbon Trust, 2009, p. 14).2 This is
subject to oversight to ensure that these emission reductions are real and "additional." The CDM is supervised by the
CDM Executive Board (CDM EB) and is under the guidance of the Conference of the Parties (COP/MOP) of the United
Nations Framework Convention on Climate Change (UNFCCC).

The CDM allows industrialized countries to invest in emission reductions wherever it is cheapest globally (Grubb,
2003, p. 159). Between 2001, which was the first year CDM projects could be registered and by 2012, the end of the

Kyoto commitment period, the CDM is expected to produce some 1.5 billion tons of carbon dioxide equivalent (CO.e)

in emission reductions. Most of these reductions are through renewable energy, energy efficiency, and fuel switching
(World Bank, 2010, p. 262). Carbon capture and storage (CCS) was included in the CDM carbon offsetting scheme in
December 2011. However, a number of weaknesses of the CDM have been identified (World Bank, 2010, p. 265-

267). Several of these issues are addressed by a new modality, the Program of Activities (PoA) that moves away from

accrediting single projects but bundles all projects of one type of activity and accredits them together.

History and purpose

The CDM is one of the "flexibility mechanisms" that is defined in the Kyoto Protocol. The flexibility mechanisms are
designed to allow Annex B countries to meet their emission reduction commitments with reduced impact on their
economies (IPCC, 2007). The flexibility mechanisms were introduced to the Kyoto Protocol by the US government.
Developing countries were highly skeptical and fiercely opposed to the flexibility mechanisms (Carbon Trust, 2009,

p. 6).2 However, in the international negotiations over the follow-up to the Kyoto Protocol, it has been agreed that the

mechanisms will continue.
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The purpose of the CDM is to promote clean development in developing countries, i.e., the "non-Annex I" countries
(countries that aren't listed in Annex | of the Framework Convention). The CDM is one of the Protocol's "project-based"”
mechanisms, in that the CDM is designed to promote projects that reduce emissions. The CDM is based on the idea of
emission reduction "production” (Toth et al., 2001, p. 660). These reductions are "produced" and then subtracted
against a hypothetical "baseline" of emissions. The emissions baseline are the emissions that are predicted to occur in
the absence of a particular CDM project. CDM projects are "credited" against this baseline, in the sense that

developing countries gain credit for producing these emission cuts.

The economic basis for including developing countries in efforts to reduce emissions is that emission cuts are thought
to be less expensive in developing countries than developed countries (Goldemberg et al., 1996, p. 30; Grubb, 2003,
p. 159).2 For example, in developing countries, environmental regulation is generally weaker than it is in developed
countries (Sathaye et al., 2001, p. 387-389).2 Thus, it is widely thought that there is greater potential for developing

countries to reduce their emissions than developed countries.

From the viewpoint of bringing about a global reduction in emissions, emissions from developing countries are
projected to increase substantially over this century (Goldemberg et al., 1996, p. 29) Infrastructure decisions made in
developing countries could therefore have a very large influence on future efforts to limit total global emissions
(Fisher et al., 2007). The CDM is designed to start off developing countries on a path towards less pollution, with

industrialized (Annex B) countries paying for these reductions.

There were two main concerns about the CDM (Carbon Trust, 2009, pp. 14-15). One was over the additionality of
emission reductions produced by the CDM (see the section on additionality). The other was whether it would allow
rich, northern countries, and in particular, companies, to impose projects that were contrary to the development

interests of host countries. To alleviate this concern, the CDM requires host countries to confirm that CDM projects
contribute to their own sustainable development. International rules also prohibit credits for some kind of activities,

notably from nuclear power and avoided deforestation.

To prevent industrialized countries from making unlimited use of CDM, the framework has a provision that use of CDM

be ‘supplemental’ to domestic actions to reduce emissions.
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ANNEX 12 BIOMASS DENSITIES AND HEATING VALUES

BIOMASS DENSITIES AND HEATING VALUES

WOOD DENSITIES

The density of seasoned & dry wood are indicated in the table below ™

Density
Solid
(10° kg/m®) (Ib/ft)
Alder 04-0.7 26 - 42
Afrormosia 0.71
Agba 0.51
Apple 0.65 - 0.85 41-52
Ash, white 0.65 - 0.85 40 - 53
Ash, black 0.54 33
Ash, European 0.71
Aspen 0.42 26
Balsa 0.16 7-9
Bamboo 0.3-04 19-25
Basswood 0.3-0.6 20 - 37
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Density
Solid
(10° kg/m®) (Ib/ft)
Beech 0.7-0.9 32 - 56
Birch, British 0.67 42
Birch, European 0.67
Box 095-12 59-72
Butternut 0.38 24
Cedar of Lebanon 0.58
Cedar, western red 0.38 23
Cherry, European 0.63 43- 56
Chestnut, sweet 0.56 30
Cottonwood 0.41 25
Cypress 0.51 32
Dogwood 0.75 47
Douglas Fir 0.53 33
Ebony 1.1-13 69 - 83
Elm, American 0.57 35
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Density
Solid
(10° kg/m®) (Ib/ft)
Elm, English 0.55-0.6 34 - 37
Elm, Dutch 0.56
Elm, Wych 0.69
Elm, Rock 0.82 50
Gaboon 0.43
Greenheart 1.04
Gum, Black 0.59 36
Gum, Blue 0.82 50
Gum, Red 0.54 35
Hackberry 0.62 38
Hemlock, western 0.50
Hickory 0.83 37 - 58
Holly 0.75 47
Iroko 0.66
Juniper 0.55 35
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Density
Solid
(10° kg/m®) (Ib/ft)
Keruing 0.74
Larch 0.5-0.55 31-35
Lignum Vitae 1.17-1.33 73 -83
Lime, European 0.56
Locust 0.65-0.7 42 - 44
Logwood 0.9 57
Madrone 0.74 45
Magnolia 0.57 35
Mahogany, African 0.5-0.85 31-53
Mahogany, Cuban 0.66 40
Mahogany, Honduras 0.65 41
Mahogany, Spanish 0.85 53
Maple 0.6-0.75 39 - 47
Meranti, dark red 0.71
Myrtle 0.66 40
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Density
Solid
(10° kg/m®) (Ib/ft)
Oak 0.6-0.9 37 -56
Oak, American Red 0.74 45
Oak, American White 0.77 47
Oak, English Brown 0.74 45
Obeche 0.39
Oregon Pine 0.53 33
Parana Pine 0.56 35
Pear 0.6-0.7 38 -45
Pecan 0.77 47
Persimmon 0.9 55
Philippine Red Luan 0.59 36
Pine, pitch 0.67 52 -53
Pine, Corsican 0.51
Pine, radiata 0.48
Pine, Scots 0.51
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Density
Solid
(10° kg/m®) (Ib/ft)
Pine, white 0.35-0.5 22-31
Pine, yellow 0.42 23 -37
Plane, European 0.64
Plum 0.65-0.8 41 - 49
Poplar 0.35-05 22 - 31
Ramin 0.67
Redwood, American 0.45 28
Redwood, European 0.51 32
Rosewood, Bolivian 0.82 50
Rosewood, East Indian 0.90 55
Sapele 0.64
Satinwood 0.95 59
Spruce 0.4-0.7 25-44
Spruce, Canadian 0.45 28
Spruce, Norway 0.43
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Density
Solid
(10° kg/m®) (Ib/ft)
Spruce, Sitka 0.45 28
Spruce, western white 0.45
Sycamore 04-0.6 24 - 37
Tanguile 0.64 39
Teak, Indian 0.65-0.9 41 - 55
Teak, African 0.98 61
Teak, Burma 0.74 45
Utile 0.66
Walnut 0.65-0.7 40 - 43
Walnut, Amer Black 0.63 38
Walnut, Claro 0.49 30
Walnut, European 0.57 35
Water gum 1 62
Whitewood, European 0.47
Willow 0.4-0.6 24 - 37
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Density
Solid
(10° kg/m®) (Ib/ft)
Yew 0.67
Zebrawood 0.79 48

e 1kg/m®=0.001 g/cm® = 0.0005780 oz/in* = 0.16036 oz/gal (Imperial) = 0.1335 oz/gal (U.S.) =
0.0624 Ib/ft® = 0.000036127 Ib/in® = 1.6856 Ib/yd® = 0.010022 Ib/gal (Imperial) = 0.008345 Ib/gal
(U.S) = 0.0007525 ton/yd®
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Wood and Combustion Heat Values

Firewood and combustion heat values - Pine, Elm, Hickory and many more
species

Type of wood - whether it is hardwood or softwood - burned in the combustion process is important for the
heat value and the energy efficiency.

Hardwoods have less resin and burn slower and longer. Softwoods burn quickly. In addition the seasoned
length influences on the fuel efficiency. Seasoning the wood refers to the allowed drying time before
combustion.

Wood need to be dried at least 4 to 6 months before use.

Wood Heating values (2)

HHV HHV
Samples Variety moisture | moisture
free free
ASTM D- | ASTM D-
2015 2015
BTU/Ib MJ/kg
Hybrid Poplar DN-34 8384 19,53
Black Locust Robinia 8418 19,61
pseudoacacia
Eucalyptus Saligha 8384 19,53
American Sycamore PIat_anus . 8414 19,60
occidentalis
Gramineae
Sugarcane Bagasse Saccharum var. 8349 19,45
65-7052
Gramineae
Sugarcane Bagasse Saccharum var. 8186 19,07
65-7052
Gramineae
Sugarcane Bagasse Saccharum var. 8174 19,05
65-7052
Corn Stover Zea mays 7967 18,56
Corn Stover Zea mays 7894 18,39
Sericea Lespedeza Serala 8341 19,43
Switchgrass Alamo 7998 18,64
Genotype,
Big Bluestem Greene County, 0,00
AL
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Tall Fescue John Stone 0,00

Sweet Sorghum Cultivar M81E 0,00
Sorghum-

Forage Sorghum sudangrass 0,00
hybrid FRR201

Sugarcane Bagasse Saccharum spp. 8149 18,99

Eastern Cottonwood

(Populus Deltoides) Stoneville #66 8431 19,64
Monterey Pine (Pinus

Radiata) 8422 19,62
Wheat Straw (Triticum Thunderbird 7481 17,43
aestivum)

The Combustion Process of Burning Wood

1. Wood heats up to approximately 212 °F (100 °C) evaporating the moisture in it. There is no heating
from the wood at this point

2. Wood solids starts to break down converting the fuel gases (near 575 °F, 300 °C)

3. From 575 °F to 1100 °F (300 - 600 °C ) the main energy in the wood is released when fuel vapors
containing 40% to 60% of the energy burn

4. After burning fuel vapors and evaporated the moisture, only charcoal remains burning at
temperatures higher than 1100° F

(] TC = 5/9(T|: - 32)

Common bio fuels and their energy content

Approximately energy content in some common bio fuels are indicated in the table below.
1 MJ/kg = 430 Btu/lbm

Bio Fuel Energy conten
Charcoal 30
Coal 28
Commercial wastes 16
Domestic refuse 9
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Bio Fuel E”ezm’fg)te”t
Dung, dried 16
Grass, fresh 4
Methane from biogas 55
Paper, newspaper 17
Oil 42
Straw, harvested, baled 15
Sugar cane residues 17
Wood, green with 60% moisture 6
Wood, air-dried to 20% moisture 15
Wood, oven-dried to 0% moisture 18

References
1. Engineering Toolbox. http://www.engineeringtoolbox.com/wood-density-d_40.html. [Online] [Riportato: 14

22012]

2. US department of energy EERE. http://www.afdc.energy.gov/biomass/progs/search3.cgi?25017. [Online]
[Riportato: 14 2 2012.]
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ANNEX 13 STANDARD REFERENCE FUELS

Standard Reference Fuels and their Equivalents (1)

Fuels equivalents are indicated in the table below

To
1 ton fuel oil
equivalent

10° Btu gross 41.4
10° kcal gross 10.433
Boe (BOE) 7.138
ton oe (TOE) 0.9628
tce 1.5144
ft* natural gas 41400
Nm? natural gas 1109.9
kKWh 12133

GJ 43.68

References

Multiply with

1 ton oil
equivalent
(ton oe)

43

10.836

7.414

1.5730

43000

1152.8

12602

45.37

From

1 tonne coal
equivalent
(tce)

27.337

6.888

4.713

0.6357

27333

732.9

8012

28.84

1 barrel oil
equivalent
(boe)

5.8

1462

0.1349

0.21217

5800

155.5

1700

6.12

1. Engineering Toolbox. http://www.engineeringtoolbox.com/fuels-reference-equivalents-d_1089.html.

[Online] [Riportato: 31 03 2012.]
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ANNEX - PCDD/PCDF Formation (1)

Formation from Thermal processes

Carbon, oxygen, hydrogen and chlorine, whether in elemental, organic or inorganic form, are needed.
At some point in the synthesis process, whether present in a precursor or generated by a chemical
reaction, the carbon must assume an aromatic structure.

There are two main pathways by which these compounds can be synthesized: from precursors such as
chlorinated phenols or de novo from carbonaceous structures in fly ash, activated carbon, soot or
smaller molecule products of incomplete combustion. Under conditions of poor combustion,
PCDD/PCDF can be formed in the burning process itself.

The mechanism associated with this synthesis can be homogeneous (molecules react all in the gas
phase or all in the solid phase) or heterogeneous (involving reactions between gas phase molecules
and surfaces).

PCDD/PCDF can also be destroyed when incinerated at sufficient temperature with adequate
residence time and mixing of combustion gases and waste or fuel feed. Good combustion practices
include management of the “3 Ts” — time of residence, temperature and turbulence,

and sufficient

excess oxygen

to allow complete oxidation. Use of a fast temperature quench and other known processes are necessary to
prevent reformation.

Variables known to impact the thermal formation of PCDD/PCDF include:

 Technology: PCDD/PCDF formation can occur either in poor combustion or in poorly

managed post-combustion chambers and air pollution control devices. Combustion techniques
vary from the very simple and very poor, such as open burning, to the very complex and

greatly improved, such as incineration using best available techniques;

» Temperature: PCDD/PCDF formation in the post-combustion zone or air pollution control

devices has been reported to range between 200° C and 650° C; the range of greatest formation

is generally agreed to be 200—450° C, with a maximum of about 300° C;

* Metals: Copper, iron, zinc, aluminium, chromium and manganese are known to catalyse
PCDD/PCDF formation, chlorination and dechlorination;

¢ Sulphur and nitrogen: Sulphur and some nitrogen-containing chemicals inhibit the formation of
PCDD/PCDF, but may give rise to other unintended products;

¢ Chlorine must be present in organic, inorganic or elemental form. Its presence in fly ash or in

the elemental form in the gas phase may be especially important;

* PCB are also precursors for the formation of PCDF.

Research has shown that other variables and combinations of conditions are also important.

Industrial-chemical processes

As with thermal processes, carbon, hydrogen, oxygen and chlorine are needed. PCDD/PCDF formation in
chemical processes is thought to be favoured by one or more of the following conditions:

« Elevated temperatures (> 150° C);

e Alkaline conditions;

* Metal catalysts;

e Ultraviolet (UV) radiation or other radical starters.

In the manufacture of chlorine-containing chemicals, the propensity for PCDD/PCDF formation has

been reported as follows:

Chlorophenols > chlorobenzenes > chlorinated aliphatics > chlorinated inorganics
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References
1. unep. Revised draft Guidelines on best available techniques and provisional guidance on best environmental

practices relevant to article 5 and Annex C of the Stockholn Convention on POPs. Geneva 2006.
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ANNEX 14 RETURN OF INVESTMENT (ROI)

Rate of return ¥

From Wikipedia, the free encyclopedia http://en.wikipedia.org/wiki/Rate of return

In finance, rate of return (ROR), also known as return on investment (ROI), rate of profit or sometimes just return,

is the ratio of money gained or lost (whether realized or unrealized) on aninvestment relative to the amount of money

invested. The amount of money gained or lost may be referred to as interest, profit/loss, gain/loss, or net income/loss.

The money invested may be referred to as the asset, capital, principal, or the cost basis of the investment. ROl is

usually expressed as a percentage.

Calculation

i . s )
The initial value of an investment, [} i, does not always have a clearly defined monetary value, but for purposes of
measuring ROI, the expected value must be clearly stated along with the rationale for this initial value. Similarly, the
final value of an investment, Vf, also does not always have a clearly defined monetary value, but for purposes of

measuring ROI, the final value must be clearly stated along with the rationale for this final value./cttonneeded

The rate of return can be calculated over a single period, or expressed as an average over multiple periods of time.
Single-period
Arithmetic return

The arithmetic return is:

V-V,
Tarith = — >
Vi

Tarith is sometimes referred to as the yield. See also: effective interest rate, effective annual rate (EAR)

or annual percentage yield (APY).

[editiLogarithmic or continuously compounded return

The logarithmic return or continuously compounded return, also known as force of interest, is defined

as:Logarithmic return

m (%)

t

Tiog =

or

t
R = Pe"
where: R = Return P = Principal amount r = rate t = time period It is the reciprocal of the e-folding time.

Multiperiod average returns
Arithmetic average rate of return

The arithmetic average rate of return over n periods is defined as:
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1 n
Tarithmetic — ” Z?"mm,é = H(Taﬂth,l +---+ ?“m':h,n)
i=1

[editiGeometric average rate of return

Main article: True Time-Weighted Rate of Return

The geometric average rate of return, also known as the True Time-Weighted Rate of Return,

over n periods is defined as:
T /n

fgem’.rwtric = H(l + Tﬂrt'fh,t') -1
i=1

The geometric average rate of return calculated over n years is also known as the annualized

return.

Time-weighted rates of return (TWRR) are important because they eliminate the impact of cash
flows. This is helpful when assessing the job that a money manager did for his/her clients,
where typically the clients control these cash flows.2

[edit]internal rate of return

Main article: Internal rate of return

The internal rate of return (IRR), also known as the dollar-weighted rate of return or

the money-weighted rate of return (MWRR), is defined as the value(s) of T" that satisfies the

following equation:

n CE
NPV = — =10
;, (1+7)f
where:

= NPV = net present value of the investment

. CE = cashflow at time T

When the cost of capital T"is smaller than the IRR rate ?_‘, the investment is profitable,

i.e., JVPV = [] Otherwise, the investment is not profitable.

MWRR are helpful in that they take cash flows into consideration. This is especially helpful
when evaluating cases where the money manager controls cash flows (for private equity
investments, for example, as well as sub-portfolio rates of return) as well as to provide the

investor with their return. Contrast with TWRR.

Comparisons between various rates of return
Arithmetic and logarithmic return
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The value of an investment is doubled over a year if the annual ROR Tarith = +100%, that is, if Tfﬂ.‘? =In($200 /

$100) = In(2) = 69.3%. The value falls to zero when Tarith = -100%, that is, if Tfﬂs'e’: -0,

Arithmetic and logarithmic returns are not equal, but are approximately equal for small returns. The difference between
them is large only when percent changes are high. For example, an arithmetic return of +50% is equivalent to a

logarithmic return of 40.55%, while an arithmetic return of -50% is equivalent to a logarithmic return of -69.31%.

Logarithmic returns are often used by academics in their research. The main advantage is that the continuously
compounded return is symmetric, while the arithmetic return is not: positive and negative percent arithmetic returns are
not equal. This means that an investment of $100 that yields an arithmetic return of 50% followed by an arithmetic
return of -50% will result in $75, while an investment of $100 that yields a logarithmic return of 50% followed by a

logarithmic return of -50% it will remain $100.

Comparison of arithmetic and logarithmic returns for initial investment of $100

Initial investment, Vi $100 | $100 | $100 $100 | $100
Final investment, Vf $0 $50 $100 | $150 $200
Profit/loss, Vf -V —$100 —$50 $0 $50 $100

Arithmetic return, Tarith —100% —-50% 0% 50% 100%

Logarithmic return, ! tog —o0 | —69.31% | 0% | 40.55% | 69.31%

Arithmetic average and geometric average rates of return

Both arithmetic and geometric average rates of returns are averages of periodic percentage returns. Neither will
accurately translate to the actual dollar amounts gained or lost if percent gains are averaged with percent losses.2 A
10% loss on a $100 investment is a $10 loss, and a 10% gain on a $100 investment is a $10 gain. When percentage
returns on investments are calculated, they are calculated for a period of time — not based on original investment
dollars, but based on the dollars in the investment at the beginning and end of the period. So if an investment of $100
loses 10% in the first period, the investment amount is then $90. If the investment then gains 10% in the next period,

the investment amount is $99.

A 10% gain followed by a 10% loss is a 1% loss. The order in which the loss and gain occurs does not affect the

result. A 50% gain and a 50% loss is a 25% loss. An 80% gain plus an 80% loss is a 64% loss. To recover from a 50%
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loss, a 100% gain is required. The mathematics of this are beyond the scope of this article, but since investment

returns are often published as "average returns", it is important to note that average returns do not always translate
into dollar returns.

Example #1 Level Rates of Return
Year 1 Year?2 | Year 3 Year4
Rate of Return 5% 5% 5% 5%

Geometric Average at End of Year| 5% 5% 5% 5%

Capital at End of Year $105.00 $110.25 $115.76 | $121.55
Dollar Profit/(Loss) $5.00 | $10.25 | $15.76 | $21.55
Compound Yield 5% 5.4%

Example #2 Volatile Rates of Return, including losses

Year 1 Year 2 | Year 3 Year 4
Rate of Return 50% -20% 30% | -40%

Geometric Average at End of Year| 50% | 9.5% & 16% | -1.6%

Capital at End of Year $150.00 $120.00 $156.00| $93.60

Dollar Profit/(Loss) ($6.40)

Compound Yield -1.6%
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Example #3 Highly Volatile Rates of Return, including losses

Year 1 Year 2| Year 3| Year 4

Rate of Return -95% | 0% 0% 115%

Geometric Average at End of Year| -95% |-77.6% -63.2%  -42.7%

Capital at End of Year $5.00 | $5.00 | $5.00 | $10.75
Dollar Profit/(Loss) ($89.25)
Compound Yield -22.3%

Annual returns and annualized returns

Care must be taken not to confuse annual and annualized returns. An annual rate of return is a single-period return,

while an annualized rate of return is a multi-period, arithmetic average return.

An annual rate of return is the return on an investment over a one-year period, such as January 1 through December

31, or June 3, 2006 through June 2, 2007. Each ROI in the cash flow example above is an annual rate of return.

An annualized rate of return is the return on an investment over a period other than one year (such as a month, or two
years) multiplied or divided to give a comparable one-year return. For instance, a one-month ROI of 1% could be
stated as an annualized rate of return of 12%. Or a two-year ROI of 10% could be stated as an annualized rate of
return of 4.88% (((1+0.1)"(12/24))-1).

In the cash flow example below, the dollar returns for the four years add up to $265. The annualized rate of return for
the four years is: $265 + ($1,000 x 4 years) = 6.625%.

Uses

ROl is a measure of cash!ciaionneededl qanarated by or lost due to the investment. It measures the cash flow or

income stream from the investment to the investor, relative to the amount invested. Cash flow to the investor can be in

the form of profit, interest, dividends, or capital gain/loss. Capital gain/loss occurs when the market value or resale

value of the investment increases or decreases. Cash flow here does not include the return of invested capital.

Cash Flow Example on $1,000 Investment
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Year 1 Year 2 Year 3 Year 4

Dollar Return| $100 | $55 $60 $50

ROI 10% | 5.5% | 6% 5%

ROI values typically used for personal financial decisions include Annual Rate of Return and Annualized
Rate of Return. For nominal risk investments such as savings accounts or Certificates of Deposit, the personal
investor considers the effects of reinvesting/compounding on increasing savings balances over time. For investments
in which capital is at risk, such as stock shares, mutual fund shares and home purchases, the personal investor

considers the effects of price volatility and capital gain/loss on returns.

Profitability ratios typically used by financial analysts to compare a company’s profitability over time or
compare profitability between companies include Gross Profit Margin, Operating Profit Margin, ROI ratio, Dividend

yield, Net profit margin, Return on equity, and Return on assets.2

During capital budgeting, companies compare the rates of return of different projects to select which projects

to pursue in order to generate maximum return or wealth for the company's stockholders. Companies do so by

considering the average rate of return, payback period, net present value, profitability index, and internal rate of

return for various projects.®!

A return may be adjusted for taxes to give the after-tax rate of return. This is done in geographical areas or
historical times in which taxes consumed or consume a significant portion of profits or income. The after-tax rate of
return is calculated by multiplying the rate of return by the tax rate, then subtracting that percentage from the rate of
return.

A return of 5% taxed at 15% gives an after-tax return of 4.25%

0.05 x 0.15 = 0.0075
0.05 - 0.0075 = 0.0425 = 4.25%

A return of 10% taxed at 25% gives an after-tax return of 7.5%
0.10 x 0.25 = 0.025
0.10-0.025 =0.075=7.5%

Investors usually seek a higher rate of return on taxable investment returns than on non-taxable investment returns.
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A return may be adjusted for inflation to better indicate its true value in purchasing power. Any investment with

a nominal rate of return less than the annual inflation rate represents a loss of value, even though the nominal rate of
return might well be greater than 0%. When ROI is adjusted for inflation, the resulting return is considered an increase

or decrease in purchasing power. If an ROI value is adjusted for inflation, it is stated explicitly, such as “The return,

adjusted for inflation, was 2%.”

Many online poker tools include ROI in a player's tracked statistics, assisting users in evaluating an

opponent's profitability.
Cash or potential cash returns
Time value of money

Investments generate cash flow to the investor to compensate the investor for the time value of money.

Except for rare periods of significant deflation where the opposite may be true, a dollar in cash is worth less today than
it was yesterday, and worth more today than it will be worth tomorrow. The main factors that are used by investors to

determine the rate of return at which they are willing to invest money include:

estimates of future inflation rates

estimates regarding the risk of the investment (e.g. how likely it is that investors will receive regular
interest/dividend payments and the return of their full capital)

whether or not the investors want the money available (“liquid™) for other uses.

The time value of money is reflected in the interest rates that banks offer for deposits, and also in the interest rates

that banks charge for loans such as home mortgages. The “risk-free” rate is the rate on U.S. Treasury Bills, because

this is the highest rate available without risking capital.

The rate of return which an investor expects from an investment is called the Discount Rate. Each investment has a
different discount rate, based on the cash flow expected in future from the investment. The higher the risk, the higher
the discount rate (rate of return) the investor will demand from the investment.

Compounding or reinvesting

Compound interest or other reinvestment of cash returns (such as interest and dividends) does not affect the discount

rate of an investment, but it does affect the Annual Percentage Yield, because compounding/reinvestment increases

the capital invested.

For example, if an investor put $1,000 in a 1-year Certificate of Deposit (CD) that paid an annual interest rate of 4%,
compounded quarterly, the CD would earn 1% interest per quarter on the account balance. The account balance

includes interest previously credited to the account.

Compound Interest Example
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1st 2nd 3rd 4th
Quarter Quarter Quarter Quarter

Capital at the beginning of the

period $1,000 $1,010 $1,020.10 | $1,030.30

Dollar return for the period $10 $10.10 $10.20 $10.30

Account Balance at end of the

period $1,010.00 | $1,020.10 | $1,030.30 | $1,040.60

Quarterly ROI 1% 1% 1% 1%

The concept of income stream' may express this more clearly. At the beginning of the year, the investor took $1,000
out of his pocket (or checking account) to invest in a CD at the bank. The money was still his, but it was no longer
available for buying groceries. The investment provided a cash flow of $10.00, $10.10, $10.20 and $10.30. At the end
of the year, the investor got $1,040.60 back from the bank. $1,000 was return of capital.

Once interest is earned by an investor it becomes capital. Compound interest involves reinvestment of capital; the
interest earned during each quarter is reinvested. At the end of the first quarter the investor had capital of $1,010.00,
which then earned $10.10 during the second quarter. The extra dime was interest on his additional $10 investment.

The Annual Percentage Yield or Future value for compound interest is higher than for simple interest because the

interest is reinvested as capital and earns interest. The yield on the above investment was 4.06%.

Bank accounts offer contractually guaranteed returns, so investors cannot lose their capital. Investors/Depositors lend
money to the bank, and the bank is obligated to give investors back their capital plus all earned interest. Because
investors are not risking losing their capital on a bad investment, they earn a quite low rate of return. But their capital
steadily increases.

Returns when capital is at risk
Capital gains and losses

Many investments carry significant risk that the investor will lose some or all of the invested capital. For example,
investments in company stock shares put capital at risk. The value of a stock share depends on what someone is
willing to pay for it at a certain point in time. Unlike capital invested in a savings account, the capital value (price) of a
stock share constantly changes. If the price is relatively stable, the stock is said to have “low volatility.” If the price
often changes a great deal, the stock has “high volatility.” All stock shares have some volatility, and the change in price

directly affects ROI for stock investments.
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Stock returns are usually calculated for holding periods such as a month, a quarter or a year.

Example: Stock with low volatility and a regular quarterly dividend, reinvested

End of: 1st Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter
Dividend $1 $1.01 $1.02 $1.03
Stock Price $98 $101 $102 $99
Shares Purchased 0.010204 0.01 0.01 0.010404
Total Shares Held 1.010204 1.020204 1.030204 1.040608
Investment Value $99 $103.04 $105.08 $103.02
Quarterly ROI -1% 4.08% 1.98% -1.96%

Reinvestment when capital is at risk: rate of return and yield
Yield is the compound rate of return that includes the effect of reinvesting interest or dividends.

To the right is an example of a stock investment of one share purchased at the beginning of the year for $100.

The quarterly dividend is reinvested at the quarter-end stock price.
The number of shares purchased each quarter = ($ Dividend)/($ Stock Price).

The final investment value of $103.02 is a 3.02% Yield on the initial investment of $100. This is the compound

yield, and this return can be considered to be the return on the investment of $100.

To calculate the rate of return, the investor includes the reinvested dividends in the total investment. The investor
received a total of $4.06 in dividends over the year, all of which were reinvested, so the investment amount increased

by $4.06.

Total Investment = Cost Basis = $100 + $4.06 = $104.06.
Capital gain/loss = $103.02 - $104.06 = -$1.04 (a capital loss)
($4.06 dividends - $1.04 capital loss ) / $104.06 total investment = 2.9% ROI

The disadvantage of this ROI calculation is that it does not take into account the fact that not all the money was
invested during the entire year (the dividend reinvestments occurred throughout the year). The advantages are: (1) it
uses the cost basis of the investment, (2) it clearly shows which gains are due to dividends and which gains/losses are
due to capital gains/losses, and (3) the actual dollar return of $3.02 is compared to the actual dollar investment of
$104.06.

For U.S. income tax purposes, if the shares were sold at the end of the year, dividends would be $4.06, cost basis of

the investment would be $104.06, sale price would be $103.02, and the capital loss would be $1.04.

Since all returns were reinvested, the ROI might also be calculated as a continuously compounded
return or logarithmic return. The effective continuously compounded rate of return is the natural log of the final

investment value divided by the initial investment value:
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-
T’t’ is the initial investment ($100)
Vf is the final value ($103.02)

V, 103.02
ROI,,=In[-L)=In(——"2
Log = T\ "\ 100

Mutual fund and investment company returns

= 2.98%

Mutual funds, exchange-traded funds (ETFs), and other equitized investments (such as unit investment trusts or UITS,

insurance separate accounts and related variable products such as variable universal life insurance policies

and variable annuity contracts, and bank-sponsored commingled funds, collective benefit funds or common trust
funds) are essentially portfolios of various investment securities such as stocks, bonds and money market instruments
which are equitized by selling shares or units to investors. Investors and other parties are interested to know how the

investment has performed over various periods of time.

Performance is usually quantified by a fund's total return. In the 1990s, many different fund companies were
advertising various total returns—some cumulative, some averaged, some with or without deduction of sales loads or
commissions, etc. To level the playing field and help investors compare performance returns of one fund to another,

the U.S. Securities and Exchange Commission(SEC) began requiring funds to compute and report total returns based

upon a standardized formula—so called "SEC Standardized total return" which is the average annual total return
assuming reinvestment of dividends and distributions and deduction of sales loads or charges. Funds may compute
and advertise returns on other bases (so-called "non-standardized" returns), so long as they also publish no less

prominently the "standardized" return data.

Subsequent to this, apparently investors who'd sold their fund shares after a large increase in the share price in the
late 1990s and early 2000s were ignorant of how significant the impact of income/capital gain taxes was on their fund
"gross" returns. That is, they had little idea how significant the difference could be between "gross" returns (returns
before federal taxes) and "net" returns (after-tax returns). In reaction to this apparent investor ignorance, and perhaps
for other reasons, the SEC made further rule-making to require mutual funds to publish in their annual prospectus,
among other things, total returns before and after the impact of U.S federal individual income taxes. And further, the
after-tax returns would include 1) returns on a hypothetical taxable account after deducting taxes on dividends and
capital gain distributions received during the illustrated periods and 2) the impacts of the items in #1) as well as
assuming the entire investment shares were sold at the end of the period (realizing capital gain/loss on liquidation of
the shares). These after-tax returns would apply of course only to taxable accounts and not to tax-deferred or

retirement accounts such as IRASs.

Lastly, in more recent years, "personalized" investment returns have been demanded by investors. In other words,
investors are saying more or less the fund returns may not be what their actual account returns are based upon the
actual investment account transaction history. This is because investments may have been made on various dates

and additional purchases and withdrawals may have occurred which vary in amount and date and thus are unique to
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the particular account. More and more fund and brokerage firms have begun providing personalized account returns

on investor's account statements in response to this need.

With that out of the way, here's how basic earnings and gains/losses work on a mutual fund. The fund records income
for dividends and interest earned which typically increases the value of the mutual fund shares, while expenses set
aside have an offsetting impact to share value. When the fund's investments increase in market value, so too does the
value of the fund shares (or units) owned by the investors. When investments increase (decrease) in market value, so
too the fund shares value increases (or decreases). When the fund sells investments at a profit, it turns or reclassifies
that paper profit or unrealized gain into an actual or realized gain. The sale has no effect on the value of fund shares
but it has reclassified a component of its value from one bucket to another on the fund books—which will have future
impact to investors. At least annually, a fund usually pays dividends from its net income (income less expenses) and
net capital gains realized out to shareholders as an IRS requirement. This way, the fund pays no taxes but rather all
the investors in taxable accounts do. Mutual fund share prices are typically valued each day the stock or bond markets
are open and typically the value of a share is the net asset value of the fund shares investors own.

Total returns
This section addresses only total returns without the impact of U.S. federal individual income and capital gains taxes.

Mutual funds report total returns assuming reinvestment of dividend and capital gain distributions. That is, the dollar
amounts distributed are used to purchase additional shares of the funds as of the reinvestment/ex-dividend date.

Reinvestment rates or factors are based on total distributions (dividends plus capital gains) during each period.

Year 1 Total Distribution

Year 1 Reinvestment Factor = 1
. Year 1 Share Price +
. Year 2 Total Distribution x Year 1 Reinvestment [
Year 2 Reinvestment Factor = :
. Year 2 Share Price
. Year 3 Total Distribution ¥ Year 2 Reinvestment |
Year 3 Reinvestment Factor = :
. Year 3 Share Price
. Year 4 Total Distribution x Year 3 Reinvestment [
Year 4 Reinvestment Factor = :
. Year 4 Share Price
. Year b Total Distribution x Year 4 Reinvestment |
Year b Reinvestment Factor = :
. Year 5 Share Price
Final Price x Last Reinvestment Factor
Total Return = — : -1
. Beginning Price

Average annual total return (geometric)
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US mutual funds are to compute average annual total return as prescribed by the U.S. Securities and Exchange

Commission (SEC) in instructions to form N-1A (the fund prospectus) as the average annual compounded rates of
return for 1-year, 5-year and 10-year periods (or inception of the fund if shorter) as the "average annual total return" for

each fund. The following formula is used:®
P(1+T)" = ERV

Where:

P = a hypothetical initial payment of $1,000.
T = average annual total return.

n = number of years.

ERV = ending redeemable value of a hypothetical $1,000 payment made at the beginning of the 1-, 5-, or 10-year

periods at the end of the 1-, 5-, or 10-year periods (or fractional portion).

Solving for T gives

ERVY /"
T = —1
P

Example

Example: Balanced mutual fund during boom times with regular annual
dividends, reinvested at time of distribution, initial investment $1,000 at end
of year 0, share price $14.21

Year 1 Year 2 Year 3 Year 4 Year 5

Dividend per share $0.26 $0.29 $0.30 $0.50 $0.53

Capital gain

distribution per share $0.06 $0.39 $0.47 $1.86 $1.12

Total Distribution Per

oo $0.32 $0.68 $0.77 $2.36 $1.65

Share Price At End Of

v $17.50 | $19.49 | $20.06 & $20.62 | $19.90
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Reinvestment factor 1.01829 | 1.03553 | 1.03975 | 1.11900 | 1.09278

Shares owned before | 74 475 | 79676 | 74125 | 76.859 | 84.752
distribution

Total distribution $22.52 | $48.73 | $57.10 | $181.73 | $141.60

Share price at
distribution $17.28 | $19.90 & $20.88 & $22.98 & $21.31

Shares purchased 1.303 2.449 2.734 7.893 6.562

Shares owned after | 71 676 | 74125 | 76.859 | 84752 | 91.314

distribution
. Total return = (($19.90 x 1.09278) / $14.21) - 1 = 53.04%
Ll Average annual total return (geometric) = ((($19.90 x 91.314) / $1,000) ~ (1/5)) - 1 = 12.69%

Using a Holding Period Return calculation, after five years, an investor who reinvested owned 91.314 shares valued at

$19.90 per share. ((($19.90 x 91.314) / $1,000) - 1) / 5 = 16.34% return. An investor who did not reinvest received total
cash payments of $5.78 per share. ((($19.90 + $5.78) / $14.21) - 1) / 5 = 16.14% return.

Mutual funds include capital gains as well as dividends in their return calculations. Since the market price of a mutual
fund share is based on net asset value, a capital gain distribution is offset by an equal decrease in mutual fund share
value/price. From the shareholder's perspective, a capital gain distribution is not a net gain in assets, but itis a
realized capital gain.

Summary: overall rate of return

Rate of Return and Return on Investment indicate cash flow from an investment to the investor over a specified

period of time, usually a year.

ROI is a measure of investment profitability, not a measure of investment size. While compound interest and dividend
reinvestment can increase the size of the investment (thus potentially yielding a higher dollar return to the

investor), Return on Investment is a percentage return based on capital invested.

In general, the higher the investment risk, the greater the potential investment return, and the greater the potential
investment loss.
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ANNEX 15 STACK LOSS TABLES
Table B.1. Natural gas stack loss (%)(1)

Flue gas Op Flue gas temperature—combustion air temperature (°F)
content (%)
230 250 [270 [290 (310 [330 (350 (370 [390 1410 (430 |450 470 490 [510
1.00 14.49114.92(15.36 (15.79(16.23(16.67 [17.11|17.55(17.99 |18.43|18.88 19.32 |19.77 [20.21 |20.66
2.00 14.72115.17(15.63 |16.09|16.55(17.01 |17.47|17.93|18.39 |18.86 |{19.32(19.79 20.26 [20.73 |21.20
3.00 14.98(15.46 15.94(16.42116.90(17.38 |17.87|18.36 {18.84 19.33|19.82 20.31 20.80 [21.30 [21.79
4.00 15.26|15.77(16.28 16.79|17.29(17.81 |18.32|18.83|19.35[19.86 [20.38 [20.90 21.41 [21.93 |22.46
5.00 15.59(16.12(16.66 (17.20|17.74 18.28 18.82(19.36{19.91 20.46 [21.00 [21.55 22.10 [22.65 [23.20
6.00 15.96116.52(17.10(17.67|18.24 [18.82(19.39|19.97 |20.55 21.13 [21.71 |22.29 22.88 [23.46 [24.05
7.00 16.38(16.98(17.59(18.20(18.82(19.43 20.04 [20.66 [21.28 21.90 [22.52 [23.14 23.77 [24.39 |25.02
3.00 16.86|17.51(18.16 (18.82(19.48 [20.14 [20.80 [21.46 [22.12 22.79 [23.46 [24.12 24.79 |25.47 [26.14
9.00 17.42]18.13(18.83(19.54 [20.25 [20.96 [21.68 [22.39 [23.11 [23.83 [24.55 [25.27 [25.99 [26.72 [27.44
10.00 18.09118.86(19.62 20.39 [21.16 [21.94 22.71 [23.49 |24.27 25.05 [25.83 |26.62 27.41 [28.19 |28.98
11.00 18.89119.73(20.57 21.4222.26 23.11 23.96 [24.81 |25.67 [26.52 [27.38 |28.24 29.10 [29.97 |30.83
12.00 19.87[20.80(21.73 22.66 [23.60 [24.54 25.48 [26.43 [27.37 28.32[29.27 |30.22 31.18 [32.13 33.09
Table B.2. No. 2 Fuel oil stack loss (%)
Flue gas Op Flue gas temperature—combustion air temperature (°F)
content (%)
230 250 [270 [290 (310 [330 (350 (370 [390 1410 (430 }450 470 490 [510

1.00 10.33]10.7411.16 (11.58(12.00 {12.43 |12.85(13.28 [13.70 14.13|14.56 [14.99 |15.42 |15.85 [16.28
2.00 10.55(10.99(11.43|11.87|12.31(12.75|13.20|13.64 [14.09 14.54 |14.99 |15.44 |15.89 |16.34 [16.79
3.00 10.79]11.25(11.72(12.18|12.65(13.11 13.58 |14.05 [14.52 |14.99 |15.46 [15.94 |16.41 |16.89 [17.36
4.00 11.07]11.56(12.04(12.53|13.02 13.52 |14.01|14.50{15.00{15.50/15.99(16.49 |17.00|17.50 {18.00
5.00 11.38]11.89(12.4112.93|13.45(13.97 [14.49|15.01|15.54 |16.07|16.59(17.12|17.65|18.18 [18.72
6.00 11.73]12.28(12.83(13.38|13.93|14.48 15.04 |15.59 16.15|16.71|17.27 [17.83 |18.4018.96 [19.53
7.00 12.13]12.72(13.30(13.89|14.48 [15.07 |15.66 |16.26 [16.85 [17.45]18.05 [18.65 [19.25 |19.85 [20.45
3.00 12.60(13.22(13.85(14.48|15.11|15.75|16.38|17.02|17.66 |18.30/18.94 {19.58 [20.23 [20.88 [21.52
9.00 13.14]13.81(14.4915.17|15.85(16.54 17.22|17.91|18.60 [19.29|19.98 [20.68 21.38 [22.07 [22.77
10.00 13.77]14.51(15.25(15.99116.73[17.47 (18.22]18.96 [19.71 20.46 [21.22 [21.97 22.73 [23.49 |24.25
11.00 14.54115.35(16.15(16.96 |17.78 [18.59 19.41 [20.23 |21.05 21.87 [22.70 [23.52 24.35 [25.18 [26.02
12.00 15.48116.37(17.26 18.16|19.06 [19.96 [20.87 [21.77 [22.68 23.59 [24.51 [25.42 26.34 [27.26 [28.18
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Table B.3. No. 6 Fuel oil stack loss (%)

Flue gas Op Flue gas temperature—combustion air temperature (°F)
content (%0)
230 250 270 290 [310 (330 [350 (370 (390 1410 430 450 [470 }490 [510

1.00 0.81 |10.23(10.66(11.0811.50(11.93(12.36|12.78(13.21 13.64 |14.07 [14.51 [14.94 |15.38 {15.81
2.00 10.04(10.48(10.92|11.36(11.81(12.26 |12.70{13.1513.60 [14.05 [14.51 [14.96 |15.41 {15.87 [16.33
3.00 10.28(10.75(11.2111.68(12.15(12.62|13.09 {13.56 [14.03 [14.51 {14.99 15.46 |15.94 {16.42 [16.90
4.00 10.56(11.05(11.5412.03(12.53(13.02|13.52{14.02 [14.52|15.02 {15.52 [16.02 |16.53 |17.03 [17.54
5.00 10.87(11.39(11.9112.43(12.96 [13.48 14.01|14.53[15.06 |15.59(16.12 [16.66 |17.19|17.72 [18.26
6.00 11.23(11.78(12.3312.88(13.44 {14.00|14.56 {15.12 [15.68 |16.24 {16.81 17.37 |17.94 {18.51 [19.08
7.00 11.63(12.22(12.81|13.40(13.99(14.59|15.18 |15.78 [16.38 |16.98 {17.59 (18.1918.79 {19.40 [20.01
8.00 12.10(12.73(13.3613.99(14.63 [15.27 |15.91|16.55(17.1917.84{18.49(19.1319.78 |20.43 [21.09
9.00 12.64(13.32(14.0014.69{15.38 16.06 |16.75(17.45 [18.14 |18.84 {19.54 [20.23 [20.94 [21.64 [22.34
10.00 13.28(14.02 [14.76 |15.51{16.26 (17.00|17.75{18.51 [19.26 [20.02 [20.78 [21.54 [22.30 [23.06 [23.83
11.00 14.05(14.87 (15.68|16.49(17.31(18.1318.95(19.78 [20.61 [21.43 [22.27 [23.10 [23.93 [24.77 [25.61
12.00 15.00(15.89(16.7917.70(18.60 (19.51[20.42 [21.33 [22.25 [23.17 [24.09 [25.01 [25.93 [26.86 [27.79

Table B.4. Typical bituminous coal stack loss (%6)

Flue gas Op Flue gas temperature—combustion air temperature (°F)
content (%0)
230 [250 [270 (290 310 (330 (350 (370 [390 @410 430 |450 @470 K490 [510
1.00 8.37 [8.80 9.23 [9.67 |10.11|10.55(10.9911.43(11.87(12.3112.76(13.21 (13.65 |14.10{14.55
2.00 8.59 [9.05 [9.50 [9.96 |10.42(10.88(11.34|11.80(12.27 12.73|13.20(13.67 (14.14 |14.61|15.08
3.00 8.85 [9.32 9.80 (10.28|10.76(11.25(11.73|12.22|12.71(13.20 |13.69 |14.18 [14.67 |15.17 |15.66
4.00 9.13 [9.63 [10.14(10.64|11.15(11.66 (12.17 |12.68(13.20 13.71 |14.23|14.75 [15.27 |15.79 {16.31
5.00 9.44 19.98 [10.51(11.05|11.59(12.12(12.67 |13.21|13.75(14.30 |14.84|15.39(15.94 |16.49(17.05
6.00 9.80 |10.37(10.94(11.51|12.08|12.65(13.2213.80(14.38 (14.96 |15.54 {16.12 (16.70|17.29(17.88
7.00 10.22(10.82(11.42|12.03(12.64 [13.2513.86 {14.48 [15.1015.71|16.33[16.95|17.58 {18.20 [18.83
8.00 10.69(11.34(11.9912.64(13.29(13.95|14.60|15.26 [15.92|16.58 {17.25(17.91|18.58 |19.25 (19.92
9.00 11.24(11.94(12.6413.34(14.05(14.75|15.46{16.17 [16.89 |17.60|18.32 [19.04 |19.75 [20.48 [21.20
10.00 11.90(12.66 (13.42|14.18(14.94 15.71|16.48|17.25 18.03 |18.80 {19.58 [20.36 [21.14 [21.92 [22.71
11.00 12.68(13.51(14.35|15.18(16.02 [16.86 |17.70{18.55 [19.39 [20.24 [21.10 [21.95 [22.81 [23.66 [24.52
12.00 13.64(14.56 (15.4816.41(17.33(18.26|19.19(20.13 [21.07 [22.01 [22.95 [23.89 [24.84 [25.79 [26.74
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ANNEX 16 ASSESSMENT OF COGENERATION SYSTEMS

ASSESSMENT OF COGENERATION SYSTEMS

Performance Terms & Definitions

Overall Plant Performance

334



Guide to environmentally sound industrial boilers

Ms x (hs-hw)

Power Output (kW)

Where,
Ms = Mass Flow Rate of Steam (kg/hr)
hs = Enthalpy of Steam (kCal/kg)
hw = Enthalpy of Feed Water (kCal/kg)

Overall Plant Fuel Rate (kg/kwWh)
Fuel Consumption* (kg /hr)
Power Output (kW)
Total Fuel for Turbine & Steam

Steam turbine performance

Steam Turbine Efficiency (%):
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Actual Enthalpy Drop across the Turbine (kCal /kg)
Isentropic Enthalpy drop across the Turbine (kCal /kg)

100

Gas turbine performance

Overall Gas Turbine Efficiency (%) (Turbine & Compressor):
Power Output (kW) x 860

x100
Fuel Input for Gas Turbine (kg/hr) x GCV of Fuel (kCal/kg)

Heat recovery steam generator (hrsg) performance

Heat Recovery Steam Generator Efficiency (%):
M x(h, h,)

[M xCp (t,, t,,0l [M,, XGCV of Fuel(kCal/kg)]

x100

Where,
M, = Steam Generated (kg/hr)

hs = Enthalpy of Steam (kCal/kg)

hw = Enthalpy of Feed Water (kCal/kg)
Mg = Mass flow of Flue Gas (kg/hr)

tin = Inlet Temperature of Flue Gas (°C)
towt = Outlet Temperature of Flue Gas (°C)

Max = Auxiliary Fuel Consumption (kg/hr)

Calculations For Steam Turbine Cogeneration System

The figure below illustrates the four steps to calculate the performance of a steam turbine
cogeneration system, which is the most common cogeneration system in industry. Note: while
the methodology will apply to all cogeneration systems, the formulas used below only apply
to the steam turbine cogeneration system.
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hl

Extraction ( :: )
cum

nd
h1l u
o) ondensing
0 Turli
Power Output
h2
H1
h3 H2
Extraction @
Condenser

Step 1: Calculate the actual heat extraction in turbine at each stage

Steam Enthalpy at Turbine Inlet : hl, kCal/kg
Steam Enthalpy at stage 1 extraction : h2, kCal/kg Steam
Enthalpy at stage 2 extraction : h3, kCal/kg Steam
Enthalpy Condenser : h4*, kCal/kg

* Due to wetness of steam in the condensing stage, the enthalpy of steam cannot be
considered as equivalent to saturated steam. Typical dryness value is 0.88 — 0.92. This dryness
value can be used as first approximation to estimate heat drop in the last stage. However it is
suggested to calculate the last stage efficiency from the overall turbine efficiency and other
stage efficiency.

Heat extraction from inlet to Stage 1 extraction (h5):

h5 = (h1 —h2) kCal/kg

Heat extraction from stage 1 to stage 2 extraction (h6):

hé = (h2 —h3) kCal/kg

Heat extraction from stage 2 extraction to condenser (h7):

h7 = (h3 —h4) kCal/kg
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Step 2: Estimate theoretical heat extraction

From the Mollier diagram (H-f Diagram) estimate the theoretical heat extraction for the
conditions mentioned in Step 1. This is done as follows:

=  Plot the turbine inlet condition point in the Mollier chart — corresponding to steam
pressure and temperature.

= Since expansion in turbine is an adiabatic process, the entropy is constant. Hence draw a
vertical line from inlet point (parallel to y-axis) up to the condensing conditions.

= Read the enthalpy at points where the extraction and condensing pressure lines meet the
vertical line drawn.

= Compute the theoretical heat drop for different stages of expansion.

Theoretical Enthalpy after 1% Extraction : H1
Theoretical Enthalpy after 2" Extraction : H2
Theoretical Enthalpy at Condenser Condition : H3

Theoretical Heat Extraction from Inlet to Stage 1 Extraction (h8): h8 = h1 —H1
Theoretical Heat Extraction from Stage 1 to Stage 2 Extraction (h9): h9 = H1 —H2
Theoretical Heat Extraction from Stage 2 Extraction Condensation (h10): h10 = H2 —H3

Step 3: Compute turbine efficiency

. h5 Heat Extraction Actual hl h2
Efficiencyofstagel — = - - =
h8 Heat ExtractionTheoretical hl H1
. i h2 h3
Efficiency of stage 2 E _ Heat Extrac.tlon Actual' _
h9 Heat ExtractionTheoretical H1 H2
.. . h7 Heat Extraction Actual h3 h4
Efficiency of condensing stage = - - =
h10 Heat ExtractionTheoretical H2 H3

Step 4: Calculate the plant heat rate

Heat rate (kcal/kWh) = w
Where,

M = Mass flow rate of steam (kg/hr)

hy = Enthalpy of inlet steam (kCal/kg)

h11 = Enthalpy of feed water (kCal/kg)

P = Average power generated (kW)
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4. ENERGY EFFICIENCY OPPORTUNITIES

Energy Efficiency Opportunities in Steam Turbine Cogeneration System

Energy efficiency improvements in relation to cogeneration are described in the following
modules:

1. Boilers: please refer to the module “Boilers and Thermic Fluid Heaters”

2. Steam Turbine:

a. Condenser vacuum:

Condenser vacuum or back-pressure is the most important factor since a small
deviation from optimum can produce a significant change in efficiency. There are a number
of reasons why the condenser vacuum may vary from the optimum value such as:

. The cooling water inlet temperature is different from the design value - this is the
most common reason for variations in condenser vacuum because the temperature

of the cooling water is significantly influenced by weather conditions such as temperature
and humidity. Hot, humid weather could result in the cooling water temperature increasing,
the condenser vacuum degrading and the turbine output reducing (with a consequential
reduction in thermal efficiency). On the other hand, cool, dry weather conditions could
have the reverse effects:

. The cooling water flow rate is not the correct value;
= The condenser tubes are fouled or some are blocked
= Air leaks into the condenser.

b. Steam temperature and pressure:

If the steam temperature and pressure conditions at the inlet to the steam turbine vary from
the design optimum conditions, the turbine may not be able to operate at

maximum efficiency.

Variations in steam conditions can be due to errors in plant design (including sizing),
incorrect plant operation or fouling within the boiler.

c. Part load operation and starting & stopping:

The efficiencies of the generating unit at part loads can be maintained close to the design
values by giving due attention to all the above items. However, market decisions to
operate the generating unit at certain loads for certain periods will have

the major influence on its average thermal efficiency. Similarly, market decision on when the
plant is to come on and off line also has a bearing on average thermal efficiency because
of energy losses while starting or stopping the system.

3. Steam distribution and utilization: Please refer the Module on “Steam Distribution and
Utilization”

4.2 Energy Efficiency Opportunities in a Gas Turbine Cogeneration System

Energy efficiency improvements can be made in the following sections of Steam Turbine
Cogeneration Systems:
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1. Air Compressor: Please refer to the Module “Compressors and Compressed Air System”
2. Gas Turbine:

=  (as temperature and pressure: If the gas temperature and pressure conditions at the inlet to the
gas turbine vary from the design optimum conditions, the turbine may not be able to operate at
maximum efficiency. Variations in gas conditions can be due to errors in plant design (including
sizing) or incorrect plant operation.

=  Part load operation and starting & stopping: The efficiencies of the generating unit at part

loads can be maintained close to the design values by paying due attention to all the above items.
However, market decisions to operate the generating unit at certain loads for certain periods will have
the major influence on its average thermal efficiency. Similarly, market decision on when the plant is
to come on and off line also has a bearing on average thermal efficiency because of energy losses
while starting or stopping the system.

=  The temperature of the hot gas leaving the combustors. Increased temperature generally results
in increased power output;

=  The temperature of the exhaust gas. Reduced temperature generally results in increased

power output;

=  The mass flow through the gas turbine. In general, higher mass flows result in higher

power output;

= The drop in pressure across the exhaust gas silencers, ducts and stack. A decrease in pressure
loss increases power output;

= Increasing the pressure of the air entering or leaving the compressor. An increase in pressure
increases power output.

References
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