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ps010101 COMBUSTION PLANTS AS POINT SOURCES

SNAP CODES: (See below)
SOURCE ACTIVITY TITLE: COMBUSTION PLANTSAS POINT SOURCES

The following activities are taken into account, when treating combustion plants individually
as point sources.

Combustion plants with a thermal capacity < 300 MW, gas turbines and stationary engines,
which may aso be considered collectively as area sources, are covered by chapter B112
“Combustion Plants as Area Sources’” as well.

Combustion plants as point sour ces

Boilers/Furnaces
SNAP94
Codes
Thermal Public power | District Industrial Commercial | Residentia Agriculture | Gas Stationary
capacity | and heating combustion | and combustion | forestry and | turbines engines
[MW] cogeneration and specific | institutional fishing
plants sector combustion

010101 X
010201 X
010301 X
010401 | o300
010501 X
020101 X
030101 X

x

010102 X
0102 02 X
010302 X
0104 02 050 X
010502 and X
020102 < 300 X
020201 X
020301 X
03 01 02 X

010103 X
010203 X
010303 X
010403 X
010503 <50 X
020103 X
02 02 02 X
0203 02 X
030103 X

010104
0102 04
010304
0104 04 not

010504 | relevant
020104
02 02 03
020303
0301 04

X X X X X X X X X

010105
0102 05
010305
01 04 05 not

010505 | relevant
02 01 05
02 02 04
02 03 04
0301 05

X X X X X X X X X

x = indicates relevant combination
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COMBUSTION PLANTS AS POINT SOURCES ps010101

1 ACTIVITIESINCLUDED

This chapter covers emissions from boilers, gas turbines and stationary engines as point
sources. According to CORINAIR90, combustion plants with

- athermal capacity 2 300 MW
or
- emissions of SO, or NO, or NMVOC > 1,000 Mg/at

should be considered as point sources /41/. Within CORINAIR other combustion plants may
also be considered as point sources on a voluntary basis. Different criteria are applied for the
classification of combustion plants according to the Large Combustion Plant Directive
(88/609/EEC)? /9, 42/.

Boilers, gas turbines and stationary engines need to be treated separately (see table at start of
this chapter). With regard to boilers, a combustion plant may consist of one single boiler or
may comprise a series of boilers of different sizes (joint plant). Therefore, whenever there is
more than one boiler on a site, a decision on the aggregation of these facilities to plants has to
be taken. Through this decision, an alocation to the respective SNAP categories is achieved.
For aggregation criteria see Section 3.2 and Annex 1.

The subdivision of SNAP activities according to CORINAIR90 concerning combustion plants
takes into account two criteria

a) the economic sector concerning the use of energy
- public power and co-generation,
- district heating,
- commercia and institutional combustion,
- industrial combustion in boilers,
(Note: Process furnaces are alocated separately.)

b) the technical characteristics

- with respect to bailers, the installed thermal capacity,
-3 300 MW,
-3 50to <300 MW,
- £ 50 MW,

- other combustion technologies,
- gasturbines,
- stationary engines.

1 For CO, afurther optional criterion for point sources is the emission of > 300 Gg/a.

2 The Large Combustion Plant Directive covers combustion plants with a thermal capacity 3 50 MW in the
EU. Gas turbines and stationary engines are excluded. Existing plants with a thermal capacity > 300 MW
have to be reported as point sources on an individual basis.
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Emissions considered in this section are released by a controlled combustion process (boiler
emissions, emissions from the combustion chamber of gas turbines or stationary engines),
taking into account primary reduction measures, such as furnace optimisation inside the boiler
or the combustion chamber, and secondary reduction measures downstream of the boiler or
the combustion chamber. Solid, liquid or gaseous fuels are used, where solid fuels comprise
coal, coke, biomass and waste (as far as waste is used to generate heat or power). In addition,
a non-combustion process can be a source of ammonia emissions, hamely ammonia dip in
connection with several NOy abatement techniques.

2 CONTRIBUTION TO TOTAL EMISSIONS

This section covers emissions of SO,, NO,, CO, CO,, NMVOC, CHg, N-O, NH3 and heavy

metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Zn, V). The contributions of point source emissions
released by combustion plants to the total emissions in countries of the CORINAIR90
inventory are given asfollowsin Table 1:

Table 1: Contributions of emissions from combustion plants as point sources to total
emissions of the CORINAIR90 inventory reported as point sources

Contribution to total emissions [%)]

Source SNAP90 | SO, NOx | NMVOC | CHy | CO | CO; | NO | NH;
category code

3 300 MW 010101
010201 | 856 | 814 10.2 55 | 168 | 79.0 | 357 | 24
030101

50-300 MW | 010102
010202 | 64 5.4 11 0.6 3.1 6.5 19 0.2
020001
030102

<50 MW 010103
010203 | 0.2 0.3 0.1 005 | 01 0.2 0.1 0
02 00 02
030103

Gas 010104
turbines” 0102 04 0 0.39 0.07 006 | 0.05 | 0.35 | 0.02 -
02 00 03
030104

Stationary 010105
engines” 010205 | 0.04 | 0.10 0.04 0 0.01 | 0.02 0 -
020004
0301 05

- . no emissions are reported
0: emissions are reported, but the precise number is under the rounding limit
Y Gas turbines and stationary engines may be reported either as point or as area sources.
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In the literature concerning heavy metal emissions across Europe, point source emissions are
not reported separately. Giving an order of magnitude of heavy metal emissions released from
combustion plants emission data of coal-fired public power plants in Germany and Austria is
presented here as an example, due to the availability of data:

Table 2: Contributions of heavy metal emissions from coal-fired public power plants to
national total emissions of Germany® /36/

Contribution in [wt.-%)]
Pollutant 1982 1990

As 38 27
cd? 7 7
Cr 12 4
Cu 22 8
Hg® 11 14
Ni 5 4
Pb 8 1
Se 1 1
Zn 7 6

Y Western part of Germany

2 E.g. emissions of Cd in Austriain 1992 were 0,2 % /37/.
¥ E.g. emissions of Hgin Austriain 1992 were 6 % /37/.

By comparing the heavy metal emissions in 1982 (without flue gas desulphurisation (FGD)
installed) to the emissions in 1990 (where most plants are equipped with FGD), it can be seen
that the application of FGD technologies has lead to a significant decrease in heavy metal
emissions within the last years.

3 GENERAL

3.1 Description

The emissions considered in this chapter are generated either by boilers or by gas turbines and
stationary engines regardless of the alocation of plants to SNAP activities. Emissions from
process furnaces (combustion with contact) and from waste incineration are not included here
(therefore see SNAP code 090200).
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COMBUSTION PLANTS AS POINT SOURCES

3.2 Definitions

ar

Avallability
(of an abatement technology)

Boiler

Coking coa (NAPFUE 101)

Co-generation plant
Combined Cycle Gas Turbine

(CCGT)
def

Hard coal

as received, a reference state of coal which determines the
conditions, when coa arrives at the plant /73/.

ratio of full load operating hours with operating emission
control technology to total full load operating hours of the
power plant; the availability b normally amounts to 99 %; but
extreme low values of b can occur down to 95 %. By taking
into account the start-up behaviour of emission reduction
technologies, the availability b can decrease further down to
92 %. Default values are proposed in Tables 7 and 11.

any technical apparatus, in which fuels are oxidised in order
to generate heat for locally separate use.

subcategory of hard coa with a quality that alows the
production of a coke suitable for supporting a blast furnace
charge /114/.

steam production in boilers (one or more boilers) for both,
power generation (in a steam turbine) and heat supply.

gas turbine combined with a steam turbine. The boiler can
also be fuelled separately.

dry and ash free, a reference state of coa which is calculated
with reference to a theoretical base of no moisture or ash
associated with the sample (equivaent to maf - moisture and
ash free) /73/.

refers to coal of a gross caloric value greater than 23,865
kJkg on an ash-free but moist basis and with a mean random
reflectance® of vitrinite of at least 0.6. Hard coal comprises
the subcategories coking coal and steam coal* /114/.

3 Mean random reflectance: characteristic value, which stands for a defined coal composition (modular

component is e.g. vitrinite).

4 Thefollowing coal classification codes cover those coals, which would fall into these subcategories /114/:

International classification codes
(UN, Geneva, 19956)

USA classification
British classification
Polish classification

Australian classification

323, 333, 334, 423, 433, 435, 523, 533, 534, 535,
623, 633, 634, 635, 723, 733, 823

Class Il Group 2 ,,Medium Volatile Bituminous"
Class 202, 203, 204, 301, 302, 400, 500, 600
Class 33, 34, 35.1, 35.2, 36, 37

Class4A, 4B, 5.

Emission Inventory Guidebook
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Integrated Coal Gadification gas turbine fuelled by gas, which is a product of a coa
Combined Cycle Gas Turbine gasification process.

(1IGCC)
Lignite (NAPFUE 105)

maf

Plant/Joint Plant

Power plant

Reduction efficiency
(of an abatement technology)

Start-up emission

Stationary engines

Steam coal (NAPFUE 102)

non-agglomerating coals with a gross caloric value less than
17,435 kJkg and containing more than 31 % volatile matter
on adry mineral matter free basis/114/.

moisture and ash free, a reference state of coal (equivalent to
daf - dry and ash free) /73/.

classification with respect to boilers (one or more boilers)
according to the respective boiler configuration on a given
site and the applied concept of aggregation. The stack-by-
stack principle considers all boilers linked to the same stack
as a common plant. On the other hand, according to the
virtual stack principle, al boilers which, for technica and
economic reasons, could be connected to a common stack,
are treated as one unit. It is also possible to carry out a still
broader combination following e.g. administrative aspects.
Gas turbines and stationary engines are allocated separately.
A typicd example of different alocation possibilities of
boilers to the SNAP codes is given in Annex 1.

steam generation in boilers (one or more boilers) for power
generation.

difference between the pollutant concentration in the raw gas
(Crav) and the pollutant concentration in the clean gas (Ceean)
divided by the pollutant concentration in the raw gas
(referred to full load operating hours); default values for the
reduction efficiency h = (Craw - Celean)/Craw Of different emission
control technologies are recommended in Tables 7 and 11
(extreme low values of h can be up to ten percent below the
values given).

here start-up emissions have been considered for boilers
equipped with secondary measures. For SO, and NO, from
the time when burners switch on up to the time when the
secondary abatement facility operates under optimum
conditions; for CO up to the time when the boiler operates at
minimum |oad.

spark-ignition or compression-ignition engines (2- and 4-
stroke).
subcategory of hard coa used for steam raising and space

heating purposes. Steam coal includes all anthracite and
bituminous coals not included under coking coal /114/.
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Sub-bituminous coal non-agglomerating coals with a gross caloric value between
(NAPFUE 103) 17,435 and 23,865 kJkg containing more than 31 % volatile
matter on adry mineral free matter basis/114/

Sulphur retention in ash difference between the sulphur dioxide concentration
calculated from the total sulphur content of fuel (Cma) and
the sulphur dioxide concentration of the flue gas (Ce) divided
by the sulphur dioxide concentration calculated from the total
sulphur content of the fuel. Default values for the sulphur
retention in ash as= (Cmax - Cert)/Cmax &€ proposed in Table 8.

3.3 Techniques

3.3.1 Combustion of coal

3.3.1.1 Dry bottom boiler (DBB)

The DBB is characterised by the dry ash discharge from the combustion chamber due to
combustion temperatures from 900 up to 1,200 °C. This type of boiler is mainly used for the
combustion of hard coal and lignite and is applied al over Europe.

3.3.1.2 Wet bottom boiler (WBB)
Typica combustion temperatures exceeding 1,400 °C lead to a liquid slag discharge from the
combustion chamber. This type of boiler is used for hard coa with alow content of volatiles
and is mainly applied in Germany.

3.3.1.3 Fluidised bed combustion (FBC)

The combustion of coal takes place by injection of combustion air through the bottom of the
boiler into a turbulent bed. The typical relatively low emissions are achieved by air staging,
limestone addition and low combustion temperatures of about 750 - 950 °C. FBC is in
particular adapted to coasrich in ash. Only few large combustion plants are equipped with the
FBC technique; in the category of thermal capacities3 300 MW mostly Circulating Fluidised
Bed Combustion (CFBC) isinstalled.

3.3.1.4 GrateFiring (GF)
The lump fuel (coa, waste) is charged on a stationary or slowly moving grate. The
combustion temperatures are mainly between 1,000 and 1,300 °C.

3.3.2 Combustion of biomass

The combustion of biomass (peat, straw, wood) is only relevant for some countries (e.g.
Finland, Denmark). FBC (mostly CFBC) and DBB facilities are installed.

3.3.3 Combustion of waste
For the combustion of waste, mostly grate firing installations are in use.
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3.3.4 Combustion of gas/oil

3.3.4.1 Combustion in boilers (general aspects of the combustion techniques)

For both, gas and oil combustion, the fuel and oxidising agents are gaseous under combustion
conditions. The main distinctions between gas/oil combustion and pulverised coal combustion
are the operation designs of the individual burners of the boiler. With respect to emissions, a
principal distinction can be made between burners with and without a pre-mix of fuel and
combustion air: pre-mixing burners are characterised by a homogeneous short flame and a high
conversion rate of fuel bound nitrogen; non-pre-mixing burners are characterised by
inhomogeneous flames with understoi chiometric reaction zones and a lower conversion rate of
fuel bound nitrogen.

The importance of oil and gas combustion considered as point sources (see Section 1) is low

compared to coal combustion, due to the smaller total capacity of these installations. The main
parameters determining emissions from oil and gas fired plants are given in Table 3.

Table 3: Main parameters determining emissions from oil and gas fired boilers /40/

Fuel dependent Process dependent

Pollutant Qil-fired boiler

SO, X -

NOx

CO -

Gas-fired boiler

SO, N -

NOy - X

CO - X

Y trace amounts X : relevant - . not relevant

3.3.4.2 Gasturbines

Gas turbines are ingtalled with a thermal capacity ranging from severa hundred kW up to
500 MW. Gaseous fuels are mainly used, such as natural gas or the product of coa
gasification (e.g. CCGT or IGCC installations) or other process gases. Also liquid fuels are
used, such as light distillates (e.g. naphtha, kerosene or fuel oil) and in some cases other fuels
(e.g. heavy fuel oil). Combustion temperatures of up to 1,300 °C in the combustion chambers
may lead to considerable NOy emissions.

Gas turbines are installed as a part of different types of combustion plants such as Combined
Cycle Gas Turbine (CCGT) or Integrated Coa Gasification Combined Cycle Gas Turbine
(IGCC) Plants (see aso Section 3.2). For IGCC plants, the only emission relevant unit
considered here is the gas turbine (combustion chamber). For CCGT, in addition to the gas
turbine any installed fossil fuelled boiler should also be taken into account.
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3.3.4.3 Sationary engines

Stationary engines are installed as spark-ignition engines and compression-ignition engines (2-
and 4-stroke) with electrical outputs ranging from less than 100 kW to over 10 MW (e.g. in
co-generation plants) /cf. 46/. Both types represent relevant emission sources.

3.4 Emissons

Relevant pollutants are sulphur oxides (SOy), nitrogen oxides (NOx), carbon dioxide (CO,)
and heavy metals (arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg),
nickel (Ni), lead (Pb), selenium (Se), zinc (Zn) and in the case of heavy oil also vanadium (V)).
Emissions of volatile organic compounds (non-methane VOC and methane (CHy)), nitrous
oxide (N0O), carbon monoxide (CO) and ammonia (NH3) are of less importance. For species

profiles of selected pollutants see section 9.

The emissions are released through the stack. Fugitive emissions (from seals etc.) can be
neglected for combustion plants.

The emissions of sulphur oxides (SOy) are directly related to the sulphur content of the fuel,
which for coal normally varies between 0.3 and 1.2 wt.-% (maf) (up to an extreme value of
4.5 wt.-%) and for fud oil (including heavy fuel oil) from 0.3 up to 3.0 wt.-% /15, 16/,
usualy, the sulphur content of gas is negligible. Sulphur appears in coal as pyritic sulphur
(FeS;), organic sulphur, sulphur salts and elemental sulphur. A major part of the sulphur in
coal comes from pyritic and organic sulphur; both types are responsible for SO, formation.
The total sulphur content of coa is usually determined by wet chemical methods, by
comparison with results from the X-ray method, it has been found that standard analytical
procedures may overestimate the organic sulphur content of coal /30/. The uncertainty
introduced by the analytical procedures should be determined by further research.

For nitric oxide (NO, together with NO, normally expressed as nitrogen oxides NOy) three
different formation mechanisms have to be distinguished (see aso Section 9):

-formation of "fuel-NO" from the conversion of chemically bound nitrogen in the fuel
(NOfyel),

-formation of "thermal-NO" from the fixation of atmospheric nitrogen coming from the
combustion air (NOthermal)

-formation of "prompt-NO".

In the temperature range considered (up to 1,700 °C) the formation of "prompt6-NO" can be
neglected. The majority of NOy emissions from coa combustion (80 to more than 90 %) is
formed from fuel nitrogen. Depending on combustion temperatures, the portion of thermal-
NO, formed is lower than 20 %. The content of nitrogen in solid fuels varies. for hard coal
between 0.2 and 3.5 wt.-% (maf), for lignite between 0.4 and 2.5 wt.-% (maf), for coke
between 0.6 and 1.55 wt.-% (maf), for peat between 0.7 and 3.4 wt.-% (maf), for wood
between 0.1 and 0.3 wt.-% (maf), and for waste between 0.3 and 1.4 wt.-% (maf) /17/. The
content of nitrogen in liquid fuels varies for heavy fuel oil between 0.1 and 0.8 wt.-%, and for
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fuel oil between 0.005 and 0.07 wt.-% /17/. Natural gas contains no organically bound
nitrogen. The content of molecular nitrogen in natural gas has no influence on the formation of
fuel-NO; only thermal-NO is formed.

Emissions of non-methane volatile organic compounds (NMVOC), eg. olefins, ketones,
aldehydes, result from incomplete combustion. Furthermore, unreacted fuel compounds such
as methane (CH4) can be emitted. The relevance of NMVOC/CH4 emissions from boilers,

which are often reported together as VOC, is very low for large-sized combustion plants.
VOC emissions tend to decrease as the plant size increases (cf. /24/).

Carbon monoxide (CO) appears always as an intermediate product of the combustion process
and in particular under understoichiometric combustion conditions. However, the relevance of
CO released from combustion plants is not very high compared to CO,. The formation
mechanisms of CO, thermal-NO and VOC are similarly influenced by combustion conditions.

Carbon dioxide (CO,) is a main product from the combustion of al fossl fuels. The CO,
emission is directly related to the carbon content of fuels. The content of carbon varies for
hard and brown coa between 61 and 87 wt.-% (maf), for wood it is about 50 wt.-% and for
gas il and heavy fuel oil about 85 wt.-% .

The formation mechanism of nitrous oxide (N,O) has not yet been completely clarified. There
is a possible formation mechanism based on intermediate products (HCN, NH3), which is

comparable to the formation of NO /55/. It has been found, that lower combustion
temperatures, particularly below 1,000 °C, cause higher N,O emissions /13/. At lower
temperatures the N,O molecule is relatively stable; at higher temperatures the N,O formed is
reduced to N, /55/. Compared to emissions from conventional stationary combustion units,
nitrous oxides from either bubbling, circulating or pressurised fluidised bed combustion are
relatively high /13, 14/. In laboratory experiments, it has been found that nitrous oxide is
formed by Selective Catalytic Reduction (SCR) processes, passing a maximum at, or close to,
the optimum temperature "window" of the SCR process /13/.

Emissions of ammonia (NH3) are not caused by a combustion process; the emissions result
from incomplete reaction of NH; additive in the denitrification process (dip of ammonia in
SCR and SNCR units).

Most of the heavy metals considered (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Zn, V) are normally
released as compounds (e.g. oxides, chlorides) in association with particulates. Only Hg and
Se are at least partly present in the vapour phase. Less volatile elements tend to condense onto
the surface of smaller particles in the flue gas stream. Therefore, an enrichment in the finest
particle fractions is observed. The content of heavy metalsin coal is normally several orders of
magnitude higher than in oil (except occasionally for Ni and V in heavy fuel oil) and in natural
gas. For natural gas only emissions of mercury are relevant. The concentrations are reported
to be in the range of 2 - 5 ng/m® for natural gas /35, 63/. During the combustion of coal,
particles undergo complex changes which lead to vaporisation of volatile elements. The rate of
volatilisation of heavy metal compounds depends on fuel characteristics (e.g. concentrations in
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coal, fraction of inorganic components, such as calcium) and on technology characteristics
(e.0. type of boiler, operation mode).

From DBB, all heavy metals of concern are emitted as particulate matter, except Hg and Se.
Emissions from lignite fired DBB are potentially lower than from hard coal, as the trace
element content in lignite and the combustion temperatures are lower. In WBB, the
recirculation of fly ash is a common operation mode, which creates an important increase in
heavy metal concentrations in the raw gas. Heavy metal emissions from FBC units are
expected to be lower due to the lower operating temperatures and a smaller fraction of fine
particles. The addition of limestone in FBC facilities might reduce the emission of some heavy
metals, corresponding to an increased retention of heavy metals in the bottom ash. This effect
can be partially compensated by the increase in the fraction of fine particulates in the flue gas
leading to increased emissions from particulates highly enriched by heavy metals.

High concentrations of As poison denitrification catalysts. Therefore, Selected Catalytic
Reduction plants (SCR) in a high-dust configuration may require specia measures (e.g.
reduction of fly ash recirculation). /10, 11, 12/

3.5 Controls

Relevant abatement technologies for SO, NOx and heavy metals are outlined below.
Abatement techniques for gas turbines and stationary engines are treated separately. Average
reduction efficiencies and availabilities of abatement technologies for SO and NOy are
summarised in Tables 7, 10, and 11. Due to the fact, that most published studies do not clearly
distinguish between SO, and SO, for the following chapters, it can be assumed that SO,
includes SO, if not stated otherwise.

3.5.1 Sulphur oxides: Flue Gas Desulphurisation Processes (FGD) (Secondary measur es)
[cf. 18/

FGD processes are designed to remove SO, from the flue gas of combustion installations.
Most processes, like the wet scrubbing process (WS), the spray dryer absorption (SDA), the
dry sorbent injection (DSl) and the Walther process (WAP) are based on the reaction of the
SO, with an akaline agent added as solid or as suspension/solution of the agent in water to
form the respective salts. In secondary reactions also SOs, fluorides and chlorides are
removed. In the case of the DESONOX process (see Section 3.5.4.2), the SO, is catayticaly
oxidised to SO; and reacts with water to form sulphuric acid. The Activated Carbon process
(see Section 3.5.4.1) and the Wellman-Lord process remove the SO, to produce a SO, rich
gas, which may be further processed to sulphur or sulphuric acid.

3.5.1.1 Lime/Limestone Wet Scrubbing (WS)

The pollutants are removed from the flue gas by chemical reactions with an akaline liquid
(suspension of calcium compounds in water). The main product is gypsum. The WS process
represents about 90 % of the total FGD-equipped electrical capacity installed in European
OECD countries. Facilities are in operation at combustion units using hard coal, lignite and oil
with sulphur contents from about 0.8 to more than 3.0 wt.-%. Other fossil fuels (such as peat)
are presently rarely used at combustion plants with a thermal capacity 3 300 MW. The SO,
reduction efficiency is > 90 %.
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3.5.1.2 Spray Dryer Absorption (SDA)
The SDA process removes the pollutant components from flue gas of fossil fired combustion

units by injection of Ca(OH),. The process forms a dry by-product (CaSO3-1/2 H,0). This

technology covers about 8 % of the total FGD-equipped electrical capacity installed in the
European OECD countries. The SDA process is mostly in use a hard coa fired combustion
units (sulphur content of fuel up to 3 wt.-%). Recent pilot studies have shown that this
technique is also operationa with other fossil fuels (oil, lignite, peat). The SO, reduction
efficiency is> 90 %.

3.5.1.3 Dry Sorbent Injection (DS, LIFAC Process)
The DSI process is based on a gas/solid reaction of the flue gas and a dry sorbent (e.g.
lime/limestone, sodium hydrogen carbonate NaHCO3) inside the boiler. There are three

different process types according to the injection point of the additive into the boiler (e.g.
primary or secondary air, flame front). The by-products are a dry mixture of the respective
sats (mostly CaSOy). Only few power plants (some 5 % of the total FGD-equipped el ectrical

capacity installed in European OECD countries) are equipped with this technology due to its
low SO, reduction efficiency of 40 - 50 %, which is not sufficient to meet the emission
standards of some countries. DSI processes are presently in use for hard coal, lignite, oil and
coal/oil fired boilers. The optimum reduction efficiency is obtained for the sulphur contents of
fuel between 0.5 and 1.7 wt.-% (max. 2 wt.-%).

The LIFAC process is an advanced dry sorbent injection process using additional water
injection in a separate reactor downstream of the boiler, in order to raise the reduction
efficiency. Generaly, the SO, reduction efficiency is > 50 %. At present, the LIFAC processis
used in one plant in Finland with a SO, reduction efficiency of already 70 %.

3.5.1.4 Wellman-Lord (WL)
The WL process is a regenerable FGD process, which uses the sodium sulphite (Na,SO3)/

sodium bisulphite (NaHSO3) equilibrium in order to remove SO, from the flue gas. An SO,-

rich gas is obtained, which is used for the production of sulphuric acid. At present only three
installations with a total thermal capacity of 3,300 MW are in use (in Germany), due to the
complexity of the process and the resulting high investments and operating costs (this
technology represents about 3 % of the total thermal capacity installed in the European OECD
countries). The WL process is operational with various types of fuel (e.g. hard coa, oil),
especially with high sulphur contents (of about 3.5 wt.-%). The SO, reduction efficiency is
> 97 %.

3.5.1.5 Walther Process (WAP)

The WAP process uses anmonia water in order to remove SO, from the flue gas. The by-
product is a dry salt mixture of the respective ammonia sats (mainly ammonium sulphate
((NH4)2S04). One reference installation is currently operating in Germany. This process is
operational with all types of fuel. However, the maximum sulphur content should be limited to
2 wt.-% (due to the increasing formation of ammonia sulphate aerosols). The SO, reduction
efficiency is> 88 %.
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3.5.2 Nitrogen oxides: Primary measures - Denitrification techniques/cf. 17, 18, 19/

3.5.21 Low NOy burner (LNB)

A characteristic of LNB is the staged air to fuel ratio at the burner. Three different technical

modifications are in use:

- Air-staged LNB: An understoichiometric zone is created by a fuel-air mixture and primary
air. Aninternal recirculation zone occurs due to the swirl of primary air. A burn-out zone is
created due to secondary air fed by air nozzles arranged around the primary air nozzles.

- Air-staged LNB with flue gas recirculation (FGR): The basic function is smilar to air-
staged LNB. The distances between the primary and secondary nozzles are greater,
therefore, a flue gas layer is formed. As a result, the residence time in the reducing
atmosphere increases and the oxygen concentration decreases.

- Air/Fuel staged LNB: An additional reduction zone around the primary zone is achieved by
the extremely overstoichiometric addition of secondary fuel around the secondary flame.

LNB is operationa with all fuels and all types of burners. The NOy reduction efficiency for
coal fired boilers varies between 10 and 30 % (see Table 10).

3.5.2.2 Saged Air Supply (SAS)

Staged air means the creation of two divided combustion zones - a primary zone with alack of
oxygen and a burn-out zone with excess air. SAS covers the low excess air (LEA), burners
out of service (BOOS) and biased burner firing (BBF) techniques:

- Low excess air (LEA) means reduction of the oxygen content in the primary combustion
zone of the burners. When firing hard coal, experience has shown that the general
limitations are fouling and corrosion, caused by the reducing atmosphere and incomplete
burn-out. When firing gas, the reduction efficiency is limited by the CO formed. LEA is
more suitable for lignite and often used for retrofitting combustion plants. For oil fired
boilers a reduction efficiency of 20 % has been achieved.

- Burners out of service (BOOS) means that the lower burner row(s) in the boiler operate
under a lack of oxygen (fuel rich), the upper burners are not in use. This technology isin
particular suitable for older installations, but the thermal capacity of the boiler decreases by
about 15 - 20 %.

- Biased burner firing (BBF) means that the lower burner rows in the boiler operate under a
lack of oxygen (fuel rich) and the upper burners with an excess of oxygen. The boiler
efficiency is less compared to BOOS and the NO, reduction is also lower.

The NOy reduction efficiency for coa fired boilers varies between 10 and 40 % (see
Table 10).

3.5.2.3 Overfire Air (OFA)

All burner rows in the boiler operate with a lack of oxygen. The combustion air is partly
(5 - 20 %) injected through separate ports located above the top burner row in the boiler.
OFA is operationa with most fuels and most types of boilers. For gas fired boilers a reduction
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efficiency of 10 - 30 % and for ail fired boilers 10 - 40 % has been achieved. The NO
reduction efficiency for coal fired boilers varies between 10 and 40 % (see Table 10).

3.5.2.4 Flue Gas Recirculation (FGR)

The recirculation of flue gas into the combustion air is an efficient NOy abatement method for
firing modes with high combustion temperatures, such as wet bottom boilers and especialy for
gas and ail fired boilers.

The recirculated flue gas can be added to the secondary or primary air. In the first case, the
flame core is not affected and the only effect is a reduction of the flame temperature, which is
favourable for thermal-NOy abatement. The influence on dry bottom boilers is thus very
limited, considering the fact that about 80 % of the NO, formed originates from fuel bound
nitrogen; FGR can be used as an additiona measure. A more efficient method is the
introduction of flue gas into the primary air of an unstaged burner. High reduction efficiencies
of FGR in the primary flow (15 - 20 %) have been achieved in gas and ail fired boilers. The
NOx reduction efficiency for coal fired boilers varies between 5 and 25 % (see Table 10).

3.5.25 Slit Primary Flow (SPF)

Split primary flow means fuel staging in the furnace. This technique involves injecting fuel into
the furnace above the main combustion zone, thereby producing a second understoichiometric
combustion zone. In the primary zone of the boiler the main fuel is burnt under fuel-lean
conditions. This zone is followed by a secondary zone with a reducing atmosphere, into which
the secondary fud is injected. Finally, secondary air is injected into the burn-out zone of the
boiler. This reburning technique can, in principle, be used for al types of fossl fuel fired
boilers and in combination with low NO, combustion techniques for the primary fuels. When
nitrogen is present in the reburning fuel, a part of it will be converted into NOy in the burn-out
zone. Therefore, natural gas is the most appropriate reburning fuel. NO reduction efficiencies
have not been yet reported.

3.5.3 Nitrogen oxides: Secondary measures - Denitrification Processes /cf. 18, 19/

3.5.3.1 Sdective Non-Catalytic Reduction (SNCR)

The reduction of nitrogen oxides in the flue gas is based on the selective reaction of NO, with
injected ammonia, urea or caustic ammonia to form nitrogen and water. The SNCR process
has been implemented at several installations (e.g. in Germany, in Austria and in Sweden) and
has in principle proved to be operational with various types of fuels. The NOy reduction
efficiency is about 50 %, in some installations up to 80 %.

3.5.3.2 SHective Catalytic Reduction (SCR)

The reduction of nitrogen oxides is based on selective reactions with injected additives in the
presence of a catalyst. The additives used are mostly gaseous ammonia, but also liquid caustic
ammonia or urea. The SCR technology accounts for about 95 % of al denitrification
processes. SCR is mostly used for hard coal. For brown coal, lower combustion temperatures
lead to lower NOy formation, so that primary measures fulfil the emission reduction
requirements. Several heavy metals in the flue gas can cause rapid deactivation of the catalyst.
The NOy reduction efficiency varies between 70 and 90 %.
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3.5.4 Nitrogen oxides and sulphur oxides: Simultaneous Processes /18, 19/

3.5.4.1 Activated Carbon Process (AC)

The AC process is a dry process for simultaneous SO, and NOy removal based on the
adsorption of the pollutants in a moving bed filter of activated carbon. The sulphur oxides
undergo catalytic oxidation with the moisture in the flue gas to form sulphuric acid. NO; is
completely reduced to N,; NO reacts cataytically with the ammonia injected and forms N, and
H,O. The AC process has been installed at four power plants in Germany (in two cases
downstream of an SDA process). The sulphur content in the fuel used should not exceed 2.3
wt.-%. The SO, reduction efficiency is > 95 %, the NO reduction efficiency is> 70 %.

3.5.4.2 DESONOX Process’SNOX Process (DESONOX)

The purification of the flue gas by the DESONOX process is based on the simultaneous
catalytic reduction of nitrogen oxides (NO,) to nitrogen (N;) and water (H,O) and on the
catalytic oxidation of sulphur dioxide (SO,) to sulphur trioxide (SOs). The by-product is
sulphuric acid. The process has been installed at one power plant in Germany, where hard coal
is used with a sulphur content of about 1 wt.-%. The concentration of catalyst toxics (mainly
arsenic, but also chromium, selenium etc.) has to be taken into account. The SO, reduction
efficiency is up to 95 %, the NOy reduction efficiency is aso up to 95 %.

The SNOX process works on the same basic principle as the DESONOX process, with the
main difference that reduction and oxidation take place in two separate reaction towers. The
SNOX process has been applied at one Danish power plant. No reduction efficiency has been
reported yet. The SNOX process is dso known as a combination of the Topsge WSA-2
process and the SCR process.

3.5.5 Heavy metals: Secondary measures/12, 20, 21, 22, 23/

Heavy metal emissions are mainly reduced by dust control equipment. Particulate control
systems, which are used in coal-fired power plants, are cyclones, wet scrubbers, electrostatic
precipitators (ESP), and fabric filters. In most power plants 99 % of the particulates are
removed from the flue gases by using ESP or fabric filters. The latter are more efficient in
controlling fine particul ate matter; wet scrubbers and cyclones are |ess efficient.

The reduction efficiency of ESP for most elements in the solid state is > 99 %. Only for some
higher volatile elements, such as Cd, Pb, Zn and Se, is the reduction efficiency less, but it
remains above 90 %. The reduction efficiency of an ESP for Hg depends on the operating
temperature of the ESP. A cold-side ESP operating at about 140 °C is estimated to have an
average Hg reduction efficiency of about 35 %.

The influence of FGD- and DeNOy-units on heavy meta emissions has been investigated
mainly in the frame of mass balance studies. WS-FGD-units remove a further fraction of
particulate matter in flue gas in addition to dust control. Particle bound elements are removed
by FGD-units with an efficiency of about 90 %. In FGD-units, in particular WS-units, the
gaseous compounds can additionally condense on particulate matter, which are mainly
removed in the prescrubber. With regard to gaseous elements, various studies have shown
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reduction efficiencies of 30 - 50 % for Hg and 60 - 75 % for Se. Lime contributes over 90 %
of the input of As, Cd, Pb and Zn to the FGD.

The abatement of Hg emissions is influenced indirectly by DeNO,-units. A high dust SCR-unit
improves Hg removal in a subsequent FGD-unit using a lime scrubbing system. The SCR-unit
increases the share of ionic mercury (HgCl,) to up to 95 %, which can be washed out in the
prescrubber of the FGD-unit. A study in the Netherlands found no influence of LNB on heavy
metal emissions.

3.5.6 Gasturbines/cf. 68, 69/
For gas turbines mainly NOy emissions are of most relevance. Primary measures for NOy

reduction are the following: dry controls (e.g. overstoichiometric combustion in a dry low
NOy burner with h = 0.6 - 0.8, which is arelatively new development as a primary measure)

and wet controls (injection of water and/or steam with h 3 0.6 /114/) in order to regulate the
combustion temperature. For large gas turbines secondary measures are also installed such as
Selective Catalytic Reduction (SCR).

3.5.7 Stationary engines/cf. 70/

For spark-ignition engines the main pollutants emitted are NO,, CO and unburned
hydrocarbons (VOC). For diesel engines sulphur dioxide (SO,) emissions have aso to be
considered. Emissions of soot also contribute to emissions of heavy metals and persistent
organic pollutants, but at this stage insufficient information is available /35/.

Primary measures are installed to optimise combustion conditions (air ratio, reduced load,
water injection, exhaust-gas recirculation, optimised combustion chamber etc.). Reduction
efficiencies can be given e.g. for exhaust gas recirculation from 6.5 to 12 % and for interna
exhaust gas recirculation from 4 to 37 %. Externa exhaust gas recirculation (turbo charged
models) can have reductions of NO varying from 25 to 34 %. /cf. 114/

Secondary measures are installed, if the emission thresholds cannot be met by adjustments to
the engine itsalf. The following methods are used depending on the air ratio | :

l =1 Reduction of NOy, CO and VOC by using a three-way catalytic converter
(NSCR),

| >1 Reduction of NOy by Selective Catalytic Reduction with NH3 (SCR),
Reduction of other emissions (CO, VOC) using oxidation catalytic converter
(NSCR).

Typica conversion rates of NOy range from 80 to 95 % with corresponding decreases in CO
and VOC. Depending on the system design, NO, remova of 80 up to 90 % is achievable.
1114/
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4 SIMPLER METHODOLOGY
41 Genera

4.1.1 General / specified emission factors

Here “simpler methodology* refers to the calculation of emissions, based on emission factors
and activities. The smpler methodology should only be used in cases where no measured
datais available. The ssimpler methodology covers al relevant pollutants (SO,, NOy, NMVOC,
CH,, CO, CO,, N,O, NH3, heavy metals). Specia emphasisis put on the pollutants SO, NOy
and heavy metals, due to the significant contribution of combustion plants as point sources to
the total emissions of these pollutants.

A combustion plant can be treated either as a whole (irrespective of kind/size of individual
boilers) or on a boiler-by-boiler level. Differences in design and operation of boilers, in fuels
used and/or controls installed require different emission factors. The same applies to gas
turbines and stationary engines.

The annual emission E is derived from an activity A and a factor which determines their linear
relation (see Equation (1)):

E =EF>A D
E annual emission of pollutant i
EF; emission factor of pollutant i
A activity rate

The activity rate A and the emission factor EF; have to be determined on the same level of
aggregation by using available data (e.g. fuel consumption) (see Section 6). For the activity
rate A, the energy input in [GJ] should be used, but in principle other relations are aso
applicable.

Two different approaches in order to obtain the emission factor EF; are proposed:

- General emission factor EFR;

The general emission factor is a mean value for defined categories of boilers taking into
account abatement measures (primary and secondary). A general emission factor is only

related to the type of fuel used and is applicable for al pollutants considered, except of 8025.
It should only be used where no technique specific data are available (only as a makeshift).

- Specified emission factor EF,

The specified emission factor is an individualy determined value for boilers taking into
account abatement measures (primary and secondary). A specified emission factor is related to
individual fuel characteristics (e.g. sulphur content of fuel) and to technology specific
parameters. The following sections provide determination procedures for suitable specified
emission factors for the pollutants NOy, SO, and heavy metals.

5 For the appropriate determination of SO, emissions the sulphur content of fuel is required. Therefore, the
specified emission factor approach has to be applied.
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In principle, plant specific data should be used, if available, for the determination of emission
factors. The following Sections 4.1 to 4.8 give recommendations for the estimation and the
use of general and specified emission factors as given in Table 4.

Table4: Applicability of general emission factors EF;; and specified emission factors EF;

Pollutant General emission factor Specified emission factor
EFGi EFRi
SO, - +
NO, + ++D
Heavy metdls + ++7
NMVOC, CH, CO, + *
CO,, N,O, NH3
+:  possible, but not recommended methodology; ++ : possible and recommended methodol ogy;

- not appropriate; * : not available

2 detailed calculation schemes are given for pulverised coal combustion
2 detailed calculation schemes are given for coal combustion

An accurate determination of full load emissions can only be obtained by using specified
emission factors. For the calculation of specified SO, and NO, emission factors for pulverised
coal combustion, a computer programme has been developed (see Annexes 2 - 6 and
Annex 14).

If not stated otherwise, the general and specified emission factors presented refer to full load
conditions. Start-up emissions have to be considered separately (see Section 4.1.2).

4.1.2 Start-up dependence

Start-up emissions depend on the load design of the plant and on the type of start-up (see
Tables 5 and 6). A plant can be designed for:

- peak load: to meet the short-term energy demand,
- middle load: to meet the energy demand on working days,
- base |oad: continuous operation.

Table5: Load design and start-ups per year

Load design Start-ups per year Full load hours per year Emission
range value range value relevance?
Peak |oad" 150 - 500 200 1,000 - 2,500 2,000 x3
Middle load 50 - 250 150 3,000 - 5,000 4,000 XXX
Base load 10-20 15 6,000 - 8,000 7,000 X

Y For peak load often high-quality fuels (e.g. gas, oil) and often gas turbines are used.
2 x: low; xxx: high.
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Table 6: Status of the boiler at starting time for a conventional power plant

Typeof start-up | Timeof stand- | Statusof | Frequency? | Emission
still [h]  /65/ | the boiler relevance?
Hot-start <8 hot XXX X
Warm-start 8-ca 50 warm XX XX
Cold-start > 50 cold xV XXX

Y normally once a year, only for maintenance.
2 x: low; xx: medium; xxx: high.

In order to take into consideration the relevance of start-up emissions, a detailed investigation
has been carried out. There, start-up emissions and start-up emission factors have been
determined for different types of boilers (DBB, WBB, gas-fired boiler, see Annex 15). Start-
up emissions are only relevant if secondary measures are installed.

By taking into account boiler characteristics as given in Annex 15, the following general trends
of start-up emissions of SO, NO, and CO on the type of fuel and type of boiler are obtained
(based on /116/).

- For the boilers considered in the detailed investigation it has been found that start-up
emissions for the combustion of coa are significantly higher than for the combustion of gas.

- Start-up emissions are higher for dry bottom boilers than for wet bottom boilers and gas
boilers.

In the following sections, start-up emissions and start-up emission factors derived from
measured data are presented as ratios:

F=EF* /| EFY )
FEF ratio of start-up and full load emission factors| ]
EF emission factor at start-up period [g/GJ]
EFY emission factor at full load conditions [g/GJ]

FF=E"/EY 3)

FE ratio of start-up and full load emissions| ]
EA emission during start-up period (see Section 3.2) [Mg]
EY emission for full load conditions during start-up period [Mg]

Start-up emissions and full load emissions are related to comparable periods; the energy input
(fuel consumption) during the start-up period is lower than during full load operation. The
emission factor ratio F= is often higher than the emission ratio FF. Increased specific
emissions during the start-up period were found to be compensated to a high degree by the
lower fuel consumption. Further pollutant specific results are given in the Sections 4.2 - 4.9.
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If start-up emissions are taken into account the corresponding activity rates have to be
determined as follows:

A = Atulioad T+ Acold T Awam + Anot (43.)

A activity rate within the period considered [GJ]
Asuioaa  activity rate for full load operation periods [GJ]
Acold activity rate for cold start periods [GJ]

Avam activity rate for warm start periods [GJ]

Anot activity rate for hot start periods [GJ]

Each sub-activity (e.g. Aciq) has to be determined separately by totalling the thermal energy
input for the respective periods e.g. cold start periods.

Accordingly, Equation (1) becomes:

_reVv EF EF EF -6
E=EF" X{Atul load * Fcold XA cold + Fwarm XA warm * Fhot Aot ) X0 (4b)
E emission within the period considered [Mg]
EFY emission factor at full load operation conditions [g/GJ]
F(E)Td Jwarm/ hot ratio of start-up (cold/warm/hot start) to full load emission factor [ ]

Atull loadicold... activity rates at full load operation/cold start/... [GJ]

The emission factor at full load conditions EFY can be approximated by using the emission
factors given in Tables 24 and 25 (for NOy) and Table 28 (for CO); SO, emission factors can
be determined as given in Equation (5). A correction factor for the annual emission can be
obtained by calculating the ratio of the annual emissions resulting from Equation (4b) to those
determined without consideration of start-up emissions.

4.1.3 Load dependence

A load dependence of emissions has only been found for NO, emissions released from older
types of boiler (see Section 4.3).

4.2 SO, emission factors

For SO,, only specified emission factors EF;_  are recommended here. For the determination

of specified SO, emission factors the following general equation should be used (for emissions
of SO3 see Section 9):

EF,_ =2>C, 1- as)><Hi>a_o6 A1- h__b) ®)

u
ERkg,, specified emission factor [g/GJ]
Cs,. sulphur content in fuel [kg/kg]

as sulphur retention in ash [ ]

Hy lower heating value of fuel [MJkg]

N eec reduction efficiency of secondary measure| ]
b availability of secondary measure| ]
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Equation (5) can be used for al fuels, but not all parameters may be of relevance for certain
fuels (e.g. as for gas). Default values for reduction efficiencies and availabilities of secondary
measures installed are presented in Table 7. The technologies listed in Table 7 are mainly
installed in the case of coal-fired boilers, but they can aso be applied when burning other fuels.

Table 7: Default values for secondary measures for SO, reduction (all fuels) /18, 19/

No. Type of Reduction Availability

secondary efficiency

measure Nec[ ] bl ]
1 WS 0.90 0.99
2 SDA 0.90 0.99
3 DSl 0.45 0.98
4 LIFAC 0.70 0.98
5 WL 0.97 0.99
6 WAP 0.88 0.99
7 AC 0.95 0.99
8 DESONOX 0.95 0.99

4.2.1 Combustion of coal
SO, emission factors for coal fired boilers can be caculated by using Equation (5). If some
input data are not available, provided default values based on literature data can be used:

see Annexes 7 and 8, Table 23,

= s fue

- As see Table 8,
-hecandb see Table 7,
- H, see Annexes 7 and 8.

For further details concerning the calculation of SO, emission factors, see Annexes 2
(flowsheet of the computer programme) and 3 (description of the computer programme).
Default values for sulphur retention in ash for coal fired boilers are presented in Table 8.

Table 8: Default values for the sulphur retention in ash (ag) for pulverised coal fired boilers

Type of boiler as|[ ]
Hard coa Brown coal
DBB 0.05 0.3"
WBB 0.01 -

Y average value; in practice, arange of 0.05 - 0.60 can occur (e.g. in the Czech Republic 0.05 is used)
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Emission factors obtained by using Equation (5) are related to full load conditions; start-up
emissions are not taken into account. If a flue gas desulphurisation unit is installed, start-up
emissions should be considered as given in Section 4.1.2. The relevance of start-up emissions
of SO, depends strongly on the following parameters:

- the type of fuel (e.g. SO« emissions are directly related to the fuel sulphur content),
- the status of the boiler at starting time (hot, warm or cold start, see also Table 6),
- start-up of the flue gas desul phurisation unit (FGD direct or in by-pass configuration),

- limit for SO, emissions, which has to be met (boiler specific limits can be set up below
the demands of the LCP Directive).

For the combustion of coal in dry bottom boilers, the following ranges and values of F*, F-
have been obtained within the investigation outlined in Annex 15:

Table9: Ratios of start-up to full load emission factors F=~ and ratios of start-up to full load
emissions F* for SO, for dry bottom boilers

Ratio of start-up to full load | Ratio of start-up to full load
emission factors F~ [ ] emissions F= [ ]

Range 3 - max. 16 1-max.4
Values for direct Foa: B o 1
start-up of the FGD FF . 5 1

F: 4 F 1
Values for by-pass Foa: 85-16 Foo: 2-45
start-up of the FGD F¥ . 5-145 F_:1-35

. 5-55 R 15

FEF

oold,wam,hot a0 Of start-up to full load emission factors for cold, warm or hot start-ups (see also

Table 6)

F;ld’wam]hot Ratio of start-up to full load emissions for cold, warm or hot start-ups (see aso Table 6)

The values from the direct start-up of the FGD show, that start-up emissions of SO, are not
relevant (ratio F= of ca. 1). In the case of a by-pass start-up of the FGD, start-up emissions of
SO, are significant for hot, warm and cold starts; start-up emissions can be up to 4 times

higher than emissions in a comparable full load time span (based on /116/).

4.2.2 Combustion of other fuels (biomass, waste, liquid fuels, gaseous fuels)

SO, emissions are directly related to the sulphur content of biomass, waste, liquid and gaseous
fuels (see Equation (5)). The sulphur retention in ash as is not relevant. The reduction
efficiency he and the availability b of installed secondary measures have to be taken into
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account (in particular for the combustion of waste). Default values for h and b are given in
Table 7. Sulphur contents of different fuels are given in Table 23 and in Annexes 7 and 8.

4.3 NO, emission factors

For the determination of NO, emissions, general as well as specified NO, emission factors can
be used. Emission factors are listed in Tables 24 and 25 depending on installed capacity, type
of boiler, primary measures and type of fuel used.

4.3.1 Combustion of pulverised coal
Specified NO, emission factors can be calculated individually for pulverised coa fired baoilers.
Due to the complex reaction mechanism of NO, formation (see also Section 3.4) an estimate
of specified NO, emission factors can only be made on the basis of empirical relations as given
in Equation (6). The decisive step in Equation (6) is the undisturbed NO, formation (without
primary measures) inside the boiler (Cy, ). Cyo, _ is determined by an empirical equation
depending on fuel parameters only, as described in Annex 5.

EF

RNOZ

= Cyo, boiter 1= Npyim) XHL R0°X1- hyb) (6)

ERR o specified emission factor [g/GJ]
Cno,,,, total content of nitrogen dioxide formed in the boiler without taking into account primary reduction
measures (in mass NO,/mass fuel [kg/kg])®

Nprim reduction efficiency of primary measures| ]
Hy lower heating value of fuel [MJkg]

N eec reduction efficiency of secondary measure| ]
b availability of secondary measure

For further details concerning the calculation of specified NO, emission factors see Annexes 4
(flowsheet of the computer programme) and 5 (description of the computer programme).

If some input data are not available, default values based on literature data are provided for:

- Cy, rua, CONtent of fuel-nitrogen, see Annexes 7 and 8,
- Cyolailes, cOntent of volatilesin the fud, see Annexes 7 and 8,
- Nprim see Table 10,
-hecandb see Table 11,
- Hy see Annexes 7 and 8.

Default values for the reduction efficiency of primary measures are presented in the following
Tables 10 and 11.

6 Note: The computer programme, which is described in Annex 5, provides Cyog poiter 8 (Mass pollutant/mass
flue gas [kagrkg]).
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Table 10: Reduction efficiencies for selected primary measures for NOy emissionsin coal fired

boilers/17, 18, 19, 28, 31, 32, 33, 34, 53/ (value means recommended value)

Reduction efficiency DBB h [ ] Reduction efficiency
WBB h [ ]
Type of primary Hard coa Lignite Hard coa
measure” range  vaue’ | range vaue? | range  vaue’
no measure” 0 0 0 0 0 0
LNB 0.10-030 0.20 {0.10-0.30 0.20 |0.10-0.30 0.20
SAS 0.10-040 0.30 |{0.10-040 0.30 |0.10-040 0.30
OFA 0.10-040 0.30 {010-035 025 |0.10-035 0.25
FGR 0.05-0.15 0.10 |0.05-020 0.5 (0.10-0.25 0.20
LNB/SAS 0.20-0.60 045 [020-060 045 |0.20-0.60 0.45
LNB/OFA 0.20-0.60 045 [0.20-055 040 |0.20-055 0.40
LNB/FGR 0.15-040 0.30 [{0.15-045 030 |0.20-050 0.35
SAS/OFA 0.20-0.65 050 [020-0.60 040 |0.20-0.60 0.40
SASFGR 0.15-050 040 [0.15-050 040 |0.20-055 045
OFA/FGR 0.15-050 040 [0.15-050 035 |0.20-050 0.40
LNB/SAS/OFA 0.30-0.75 0.60 [0.30-0.75 060 |0.30-0.75 0.60
LNB/SASFGR 0.25-065 050 [025-0.70 050 |0.30-0.70 0.55
LNB/OFA/FGR 0.25-065 050 [025-065 050 |0.30-0.65 0.50
old installation/ 0.15 0.15 0.15
optimised operation?
old installation/ 0.50 0.50 0.50
retrofitted”
new installation? 0.40 0.40 0.40

YSelection from the DECOF database developed by and available at the Institute for Industrial

Production (11P).

2 Recommended values, when no information concerning the type of primary measure is available.
% Default values used in the computer programme.
“ No primary measures are installed. This case is mainly relevant for old installations.
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Table 11: Default values for reduction efficiency and availability of secondary measures for
NOy reduction /18, 19/ (all fuels)

No. | Type of secondary | Reduction efficiency Availability
measure Neec[ ] b[ ]
1 SNCR 0.50 0.99
2 SCR 0.80 0.99
3 AC 0.70 0.99
4 DESONOX 0.95 0.99

Emission factors of NO, for different coal compositions have been calculated by using default
values as given above and are listed in Table 25.

The load dependence of NOy emissions can be split into two different phenomena (see
Sections 4.1.2 and 4.1.3):

a) Load variations during normal operation:
Load variations are discussed very controversialy in the literature. Often a strong
correlation of NOy emissions and load is reported. Load corrections, e.g. as given in /66/,

may be appropriate for older types of boilers.

For boilers of modern design, with optimised combustion conditions e.g. by primary
measures, only a negligible load dependence has been reported /64/. Thisis explained by
the fact that for modern boilers (with primary measures) under reduced load conditions an
overstoichiometric air ratio is applied in order to achieve an acceptable burning out of the
fuel, which leads to NO, emission factors similar to those obtained under full load
conditions. Therefore, for boilers of modern design no load correction is proposed.

For older boilers (without primary measures) aload dependent emission factor can be
calculated according to Equation (7), which has been derived for German dry bottom
boilers (combustion of hard cod) /71/:

EF = 1,147 + 0.47 xL (7)
EF emission factor [g/MWh]’/
L actual load [MW]

At this stage, no general approach is available for estimating the load dependence of NOx
emissions. However, aload correction factor can be obtained by using a ratio between reduced
load and full load emission factors:

7 1MWh=36GJ]
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o = EFRededlond 1 147+ 0.474

\ - (8)
EF 1,147+0.474 .4
o ratio of reduced load to full load emission factor [ ]
ERReducedload emission factor for reduced load conditions [g/MWh]®
EFY emission factor for full load conditions [g/MWh]®
L actual load [MW]
L nominal nominal load [MW]
Figure 1.1 gives agraphic presentation of the results of Equation (8):
1 ==
kload e T_.__—_-_ // -
’’’’’’’’’’ - -
________ _- - Thermal Capacity
095 T -7

7 /// — -~ 300 MW

<> 25 I I

= - g 500 MW

_- — — — 1000 MW
oot -~
L ~
0,85
60% 70% 80% 90% 100%
Per cent of full load

Figure 1.1: Variation of k' with load

If reduced load operation is taken into account the corresponding activity rates have to be
determined as follows:

A = Asiilioad + Aload1 + Alad2 ... (99)
A activity rate within the period considered [GJ]
Asul 1oad activity rate for full load operation periods [GJ]
A loadi activity rate for reduced load operation periods at level i [GJ]

Each sub-activity (e.g. Aicad1) has to be determined separately by totalling the thermal
energy input for the respective periods of operation e.g. at load level 1.
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Emissions are calculated according to Equation (9b):

_ \Y load 1 load 2 -6
E=EF" XAty load + K XAload1 K XA load 2t+--) X0 (9b)
E emission within the period considered [Mg]
EFY emission factor at full load conditions [g/GJ]
Aloadi activity rates at load level i [G]]
oad ratio of reduced load to full load emission factor at load level i [ ]

If secondary measures are installed, no load correction for NOy emissions has to be taken
into account.

b) Load variations with respect to start-up behaviour:

Emission factors for NOy, as given in Tables 24 and 25, are related to full load conditions;
start-up emissions are not taken into account. If an SCR isinstalled, start-up emissions
should be considered as given in Section 4.1.2. The relevance of start-up emissions of NO
depends strongly on the following parameters:

- the type of boiler (e.g. NO emissions released by wet bottom boilers are aways higher
than those by dry bottom boilers, due to higher combustion temperatures),

- the type of fuel used (e.g. fuel nitrogen also contributes to the formation of NOy),
- the status of the boiler at starting time (hot, warm or cold start),
- the specifications of any individual start-up, such as

-- the duration and the velocity of start-up,

-- theload level (reduced load or full load),

-- the configuration of secondary measures (e.g. the start-up time of the high-dust-
configurations (SCR-precipitator-FGD) depends on the boiler load, due to the fact
that the SCR catalyst is directly heated by the flue gas; tail-end-configurations
(precipitator-FGD-SCR) can have shorter start-up times, due to the fact that the SCR
catalyst can be preheated by an additional furnace),

-- emission standards, which have to be met (boiler-specific emission standards can be
set up below the demands of the LCP Directive).

In the investigation mentioned in Annex 15 the measured data from different boilers have
been analysed. For the combustion of coal the following ratios have been obtained (based
on /116/):

- For the combustion of coal in dry bottom boilers the following ranges and values can be
given:
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Table 12: Ratios of start-up to full load emission factors F=~ and ratios of start-up to full
load emissions F= for NO, for dry bottom boilers

Ratio of start-up to full load | Ratio of start-up to full load
emissions factors F= [ ] emissions F7[ ]
Range 2-max. 6 1-2
\éaBI;&sfor Fo, :35-6 Foq 115-2
e 3-65 Foam : 1- 2
FEF 1 25-3 R, 1-15
Fcile,warm,hot Ratio of start-up to full load emission factors for cold, warm or hot start-ups (see also

Table 6)

F;ld’wam]hot Ratio of start-up to full load emissions for cold, warm or hot start-ups (see aso Table 6)

The investigation revealed that start-up emissions of NO, were mostly higher than
emissions under full load conditions. There is a dependence between start-up emissions
(see Section 3.2) and the time of standstill of the boiler: cold starts showed emissions
about 2 times higher, warm starts about 1 up to 2 times higher and hot starts about 1 up
to 1.5 higher than at full load conditions. Start-up emission factors can be up to 6 times
higher than full load emission factors. At the investigated boilers the SCR was installed

in a high-dust configuration.

- For the combustion of coal in wet bottom boilers (SCR in tail-end configuration) it was
found that start-up emissions were not higher than full load emissions (ratio of £1).
However, this consideration is based on data of only two boilers. Measured data for hot
starts was not available.

NO, emissions, in particular for the combustion of coal in DBB, might be underestimated, if
these effects are not taken into account.

4.3.2 Combustion of other fuels (biomass, waste, liquid fuels, gaseous fuels)

The emission calculation is based on Equation (1). During the combustion of solid and liquid
fuels, fuel-NO and thermal-NO are formed. For gaseous fuels only thermal-NOy is relevant, as
gaseous fuels do not contain any fuel-nitrogen. For gaseous fuels the emission reduction is
mainly achieved by primary measures. There are several biomass-fuelled plants with SNCR in
Sweden.

The anaysis of emission data from a gas fired boiler, equipped with an SCR, reveded that
start-up emissions are not of relevance (ratios F- were below 1) (based on /116/).

44 NMVOC/CHy4 emission factors

The emission calculation is based on Equation (1). Fuel and technique specific emission factors
are givenin Tables 26 and 27.
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45 CO emission factors

The emission calculation is based on Equation (1). Fuel and technique specific emission factors
are given in Table 28 (full load conditions); start-up emissions are not taken into account. CO
emissions at starting time and under full load conditions are mainly influenced by the
combustion conditions (oxygen availability, oil spraying etc.). In the detailed investigation
start-up emissions for CO have only been found to be relevant for the combustion of coal.
Start-up emissions for CO are determined for the time when burners switch-on up to the time
when the boiler operates on minimum load.

For the combustion of coal and gas the following results have been obtained (based on /116/
See also Section 4.1.2):

- For the combustion of coal in dry bottom boilers the following ranges can be given:

Table13:  Ratios of start-up to full load emission factors F= and ratios of start-up to full
load emissions F= for CO for dry bottom boilers
Ratios for start-up to full load | Ratios for start-up to full load
emission factors F~ [ ] emissions F= [ ]
Range 0.5-35 0.1-0.7
V for DBB EF . - E . -
duesfo Foq | 15-35 Foq | 04-07
EF . E .
Fwarm' 1 Fwarm' 0.2- 0.7
EF . E .
Fhot - 05 Fhot : 01

FEF

oold.wam,hot a0 Of start-up to full load emission factors for cold, warm or hot start-ups (see also

Table 6)
FE Ratio of start-up to full load emissions for cold, warm or hot start-ups (see a'so Table 6)

cold,warm, hot

The values in Table 13 show that start-up emissions for CO for DBB are lower than full load
emissions for the boilers considered.

- Start-up emissions from wet bottom boilers can be up to 1.2 times higher than full load
emissions for cold starts (F*~ = 4); they are lower for warm starts (F* = 0.3; F=~ = 0.8).

- Start-up emissions of CO from gas boilers are also negligible.

46 CO,emisson factors

The emission calculation is based on Equation (1). Fuel specific emission factors are given in
Table 29. For the determination of specified CO, emission factors, the following genera
Equation (10) can be used:
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EF, =4.C.

1 6
Reer = 12 R X0 (10

H

fu u

ER.., specified emission factor [g/GJ]
Ccrg carbon content of fuel (in mass C/mass fuel [kag/kg])

e fraction of carbon oxidised [ ]
Hy lower heating value of fuel [MJkg]

Default values for carbon content and lower heating value of different coals, available on the
world market, are given in Annexes 7 and 8. The fraction of carbon oxidised (€) is defined as
the main part of carbon which is oxidised to CO,; small amounts of carbon may remain
unoxidised. Default values for e according to IPCC /61/ are for liquid fuels 0.99, for solid fuels
0.98 and for gaseous fuels 0.995. In this approach it is assumed that the only product of the
oxidation is CO,. Nevertheless, double counting of CO, has to be avoided: products of
incomplete oxidation, like CO, must not be converted into CO..

The IPCC/OECD presented an overall model (the so-called reference approach) specially
designed for the calculation of CO, emissions on a national level (not on a plant level) /61/.
This methodology is based on national energy balances.

4.7 N,O emission factors

The emission calculation is based on Equation (1). The fuel and technique specific emission
factors are given in Table 30. At this stage, severa pilot studies using measured data are
described in the literature /13, 14, 25, 26, 27/. A complete list of influencing parameters has
not yet been identified.

4.8 NHgzemission factors

Emission factors referring to the energy input are not yet available. The available data for
ammonia dip a2 SCR/SNCR installations are based on measurements and are related to the
flue gas volume: SCR/SNCR installations are often designed for an ammonia dip of about 5
ppm (3.8 mg NHs/m® flue gas) /45, 62/. The ammonia slip at SCR and SNCR ingtallations
increases with an increasing NHa/NOx ratio, but also with a decreasing catalyst activity.

4.9 Heavy metal emission factors

For heavy metals, general and specified emission factors can be used. Emission factors,
depending on the fuel used and the technique installed, are given in Table 31.

The IPCC/OECD presented an overall model (the so-called reference approach) specially
designed for the calculation of CO, emissions on a national level (not on a plant level) /61/.
This methodology is based on national energy balances.
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4.9.1 Combustion of coal

For an individua determination of specific heavy meta emission factors, three different
methodol ogies can be applied, taking into account:

- fuel composition (particle-bound and gaseous emissions),
- fly ash composition (particle-bound emissions),
- fly ash concentrationincleangas  (particle-bound emissions).

The choice of the methodology depends on data availability.

4.9.1.1 Calculation of specified emission factors based on fuel composition /cf. 35/
Emissions of heavy metals associated with particulate matter and gaseous emissions are
assessed subsequently as given in Equation (11). The enrichment behaviour of heavy metas
with regard to fine particles is taken into account as an enrichment factor (see also
Section 3.4). Gaseous emissions have to be taken into account additionally in the case of
arsenic, mercury and selenium.

ER,, =Ciu_, ¥ 2021 h)+Cyy, 5 40°X1- hy) (12)
EFRHM specified emission factor of heavy metal (in mass pollutant/mass coal [g/M(])
Cim o concentration of heavy metal in coal [mg/kg]
fa fraction of ash leaving the combustion chamber as particulate matter [wt.-%]
fe enrichment factor [ ]
fq fraction of heavy metal emitted in gaseous form [wt.-%]
hp efficiency of the dust control equipment [ ]
hg efficiency of the emission control egquipment with regard to gaseous heavy metals| ]

The characteristics of fuel and technology are taken into account by f, and fe and the following
default values are proposed:

Table 14: Default values for f, for different combustion technologies (based on /35/)

Type of boiler fa [wt.-%]
DBB (Pulverised coal) 80
Grate firing 50
Fluidised bed 15
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Table 15: Default values for f. for different heavy metals released by the combustion of coal

(based on /35/)
Heavy metal fe[]
range value”

Arsenic 45-75 55
Cadmium 6-9 7
Copper 15-3 2.3
Chromium 0.8-13 1.0
Nickel 15-5 3.3
Lead 4-10 6
Selenium 4-12 7.5
Zinc 5-9 7

Y Recommended value, if no other information is available.
Gaseous emissions (arsenic, mercury and selenium) are calculated from the heavy meta

content in coal; the fraction emitted in gaseous form is given in Table 16. The efficiency of
emission control devices with regard to these elementsis outlined in Section 3.5.5.

Table 16: Fractions of heavy metals emitted in gaseous form (fy) released by the combustion

of coal /35/
Heavy metal fq [wt.-%0]
Arsenic 0.5
Mercury 90
Selenium 15

4.9.1.2 Calculation of specified emission factors based on fly ash composition /cf. 39/

If the concentration of heavy metals in raw gas fly ash is known, emission factors of heavy
metals can be assessed by Equation (12). Gaseous emissions have to be taken into account
separately as outlined in Section 4.9.1.1.

EFs,,, =EF Cyy,  40°x1- h) (12)

ERg,, . Specified emissionfactor of heavy metal in particulate matter (in mass pollutant/mass coal [g/Mg])

ER fly ash emission factor of raw gas (in mass particulate matter/mass coal [kg/Mq])
ChM .., Neavy metal concentration in raw gas fly ash (in mass pollutant/mass particul ate matter [g/Mg])

hp efficiency of dust control equipment [ ]
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Vaues of EFf can be calculated in a technology specific way using default parameters, as
given in Table 17 depending on the content of ash in coa (a) in [wt.-%].

Table 17: Fly ash emission factor for raw gas (EFy) as function of the ash content in coal (a)
[wt.-%] /cf. 39/

EF
Technology (in mass particul ate matter / mass coal)
[kg/M(]
Cyclone 1.4%
Stoker 5.9a
Pulverised coal combustion 7.38

The emission factors calculated by taking into account the fuel or the fly ash composition
mainly depend on the estimation of the efficiency of dust control equipment.

4.9.1.3 Calculation of specified emission factors based on fly ash concentration in clean
flue gas/cf. 36/

If the concentration of heavy metals in fly ash in clean flue gas is known, emission factors of
heavy metals can be assessed by Equation (13). Gaseous emissions have to be taken into
account separately, as outlined in Section 4.9.1.1.

EFR.... = Cin,,... *Cro Ve 40° (13)

RHM,P

ER,,, Specified emission factor of heavy metal in particulate matter (in mass pollutant/mass

coal [g/Mg])
Chim o, CONCENtration of heavy metal in fly ash in clean flue gas (in mass pollutant/mass fly

ash [g/Mg])
Crg  concentration of fly ash in clean flue gas (in mass fly ash/volume flue gas [mg/m’])

Ve specific flue gas volume (in volume flue gas/ mass coal [m*/Mg])

Fuel and technology specific heavy metal concentrations in fly ash in clean flue gas (C,,, . )
aregivenin Table 18 /36/:
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Table 18: Concentration of heavy metalsin fly ash in clean flue gas /36/

HM p g DBB/hc [g/M(g] WBB/hc [g/M(¢] DBB/hc [g/M(g]
Heavy metal range value range value range value
As 61 - 528 300 |[171-1,378| 690 70- 120 100

Cd 05-18 10 18 - 117 80 7-12 10

Cr 73-291 210 84 - 651 310 10 - 250 70

Cu 25-791 290 223-971 | 480 13- 76 50

Ni 58 - 691 410 438-866 | 650 n. a 90

Pb 31-2,063| 560 |474-5249| 2,210 | 10- 202 0

Sel) 18- 58 45 7-8 7 n a n a

Zn 61-2,405| 970 |855-7,071| 3,350 | 50- 765 240

Y does not include gaseous Se

n. a: not available

Default values of particulate matter concentrations downstream of FGD (Crg) are given in
Table 19.

Table 19: Particulate matter concentrations downstream of FGD (Crg) released by the

combustion of coa based on /18/

Type of FGD Crc [mg/m’]
range value”

WS 20-30 25
SDA 20-30 25
WL 5-10

WAP 5-10

AC <40 20
DESONOX <40 20

Y Recommended value, if no other information is available.

The concentration of fly ash in flue gas is often monitored continuoudly. In this case the tota
annual fly ash emissions can be derived from measured data (see Section 5.2).
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4.9.2 Combustion of other fuels

Genera emission factors for oil and gas combustion can be found in Table 31. Among the
other fuels, only waste is relevant for heavy metal emissions. Emission factors for the
combustion of waste are currently not available (reported emission factors within the literature
mainly refer to the incineration of waste).

5 DETAILED METHODOLOGY

The detailed methodol ogy refers to the handling of measured data in order to determine annual
emissions or in order to verify emission factors (for comparison purposes). Annual emissions
from major contributors should only be obtained by using continuously measured data which
are normally available if secondary abatement technologies are instaled. Furthermore, the
detailed methodology should be used whenever measured data are available; e.g. for medium
and small sized combustion installations periodically measured data are often available.

Measurements are carried out downstream of the boiler or at the stack; measured values
obtained by both variants are usable.

National monitoring programmes should include guidelines for quality assurance of
measurements (measuring places, methods, reporting procedures, etc.).

The pollutants normally measured at power plants are SO,, NOy, CO, and particulate matter.
Gaseous emissions of SO,, NOy, and CO are treated in Section 5.1. Continuously measured
particulate matter emission data can be used to estimate heavy metal emissions (see
Section 5.2).

5.1 Gaseousemissons

It is desirable to obtain annua emissionsin [Mg]. The annua emission as a function of timeis
normally given by the following Equation (14):

E=] et) d (14)
T
E emission within the period T [Mg]
e(t) emission per unit of timein the periods of operation [Mg/h]
t time[h]
T annual time period (see also Figure 1)

Usually, the emission e(t) cannot be or is not directly measured. Therefore, for practical
reasons, the concentration of pollutants and the flue gas volume are used for the determination
of e(t), as described by Equation (15):

e(t) =V (t)>C(t) (15)
e(t) emission in the periods of operation [Mg/h]
V(1) flue gas volume flow rate [m*/h]
c® flue gas concentration of a pollutant [mg/m?]
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Usually, emission fluctuations occur within ayear (see Figure 1) as:

:—ro<x

tbn

ten

T

- periodical fluctuations (e.g. daily, weekly, seasonally), due to load management
depending on the demand of e.g. district heat or electricity,

- operational fluctuations (e.g. start-ups/shut downs, raw material properties, working
conditions/reaction conditions).

VsC

m‘

h o

[h]

flue gas volume flow rate [m*/h]

flue gas concentration of a pollutant (abatement techniques installed are included) [mg/m?]
time[h]

beginning of operation (e.g. start-up of boiler) [h]

ending of operation (e.g. shut down of boiler) [h]

annual time period

Figure 1: Periods of operation of a combustion installation

The following approaches can be used to determine annual emissions depending on the level of
detail of measured data available.

First approach:

The flue gas volume and the concentration of a pollutant are measured continuoudly (e.g. in
Finland). Then, the annual emission is given exactly by the following Equation (16):

E=10°] V(t)>C(t) ot (16)

T
E emission within the period T [Mg]

\>/< (t) flue gas volume flow rate [m*/h]

C(t) flue gas concentration of a pollutant (abatement techniques installed are included) [mg/m?]
t time[h]

T annual time period (see aso Figure 1)

The precision of measurements of V(t) and C(t) depends on the performance of the analytical
methods (e.g. state-of-the-art) used. In particular, the regular calibration of measuring
instruments is very important. Analytical methods commonly used for NO detect only NO and
those used for SOy detect only SO,. It is implicitly assumed that NO, in the flue gas is
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normally below 5 %, and that SO; in the flue gas is negligible. Nevertheless, for some
combustion plants the amounts of NO, and/or SO; formed can be significant and have to be
detected by appropriate anaytical methods. The measured values have to be specified with
regard to dry/wet flue gas conditions and standard oxygen concentrations8.

For the annual time period T considered, a case distinction has to be made:
- calendar year T, (e.g. including time out of operation),
- real operating time T, of boiler/plant (e.g. start-ups are reported when ,,burner on/off*),

- officia reporting time T3 determined by legidation (e.g. start-ups are reported, as soon
as the oxygen content in the flue gas goes below 16 %),

where T3l Tol Ti. If C(t) isonly available for Ts, adequate corrections have to be provided.
- Second approach:

Due to the difficulty in measuring V(t) continuously in large diameter stacks, in most cases
the flue gas volume flow rate V(t) is not measured. Then the annua emission can be
determined by Equation (17):

E=10° ¥ C(t) dt an
T

E emission within the period T [Mg]

% average flue gas volume flow rate [m*/h]

C(t) flue gas concentration of a pollutant (abatement techniques installed are included) [mg/m?]
t time[h]

T annual time period (see also Figure 1)

The average flue gas volume flow rate % (dry conditions) can be determined according to the
following Equations (18) and (19):

W=V 8 (18

% average flue gas volume flow rate [m*/h]
Ves  dry flue gas volume per mass fuel [m*/kg]
&,y fuel consumption rate [kg/h]

Vi » 185222 |>C, +0.682[ 12 |>C, +0.800[ £ >C, +V,, (19)

Vee  dry flue gas volume per mass fuel [m3/kg]

C.  concentration of carbon in fuel [kg/kg]

Cs  concentration of sulphur in fuel [kg/kg]

Cy  concentration of nitrogen in fuel [kg/kg]

V.  specific volume of air nitrogen (in volume/mass fuel [m%kg])

8 In some countries the measured values obtained are automatically converted into values under standard
oxygen concentrations (e.g. in Germany).
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This calculation of V according to Equation (19) can be performed by the computer
programme (see Annex 6) by using default values for Ce, Cs, Cyand V.

- Third approach:

In some countries the term ZC(t) dt is avalable as an annua density function P(C)
T

(histogram). In this case Equation (17) can be simplified to:

E=¥Cx, 40 (20)

where C= 2 P(C)>C>xdC (21)
0
emission within the period T [Mg]
average flue gas volume flow rate [m*/h]

expected value (mean value) of the flue gas concentration for each pollutant (abatement techniques
installed are included) [mg/m?]

toe  annual operating time [h]
P(C) density function| ]
C flue gas concentration per pollutant as given in the histogram [mg/m?]

Ol gl M

The variable ty, has to be introduced consistently with ¥ and C accord ng to periods Ty, T, or
T3 mentioned above. If e.g. start-ups are not included, they should be taken into account as
givenin Sections 4.1, 4.2 and 4.4.

- Fourth approach:
If neither T, nor T3 are available, the annual full load operating hours can aso be used.
Then Equation (20) becomes:

E= @normed >(_:>¢Ll:)” toad >§LOg (22)

E emission within the period considered [Mg]

Worormed average flue gas volume flow rate related to full load operation [m*/h]
C mean value of the flue gas concentration for each pollutant (abatement techniques installed are
included) [mg/m?

t™oad - annual operating time expressed as full load operating hours [h]

op

From here, emission factors, based on measured values, can be derived e.g. for verification
pUrpoSes:

E
EF=—x0° (23)
A
EF emission factor [g/GJ]
E emission within the period considered [Mg]
A activity rate within the time period considered [GJ]
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5.2 Heavy metal emissions

Continuously measured values for the total heavy meta emissions (particle-bound and
gaseous) are not available for the combustion of fossil fuels. National legislation can require
periodical measurements, e.g. weekly measurements of heavy metal emissions [mg/m’] in the
case of waste incineration/combustion.

The emissions of particle-bound heavy metals depend on the emission of particulate matter
which is normally periodically or continuously monitored. Therefore, the particle-bound heavy
metal emissions can be derived from the element content in particulate matter. The heavy
metal emission factor can be back-calculated as follows:

_ ®en XCrim A desn
A

EF (24)

EF emission factor [g/GJ]

e mass of fly ash within the period considered [Mg]
Cum uen AVErage concentration of heavy metal in fly ash (in mass pollutant/mass fly ash [¢g/Mg])

A activity rate within the period considered [GJ]

Measured data should also be used to replace the default values of Equation (13) for C,,,
and Ceq.

6 RELEVANT ACTIVITY STATISTICS

In general, the published statistics do not include point sources individualy. Informations on
this level should be obtained directly from each plant operator.

On a nationa level, statistics can be used for the determination of fuel consumption, installed
capacity and/or types of boilers mainly used. The following statistical publications can be
recommended:

- Office for Official Publication of the European Communities (ed.): Annual Statistics 1990;
L uxembourg 1992

- Commission of the European Communities (ed.): Energy in Europe - Annua Energy
Review; Brussels 1991

- Statistical Office of the European Communities (EUROSTAT) (ed.): CRONOS Databank,
1993

- OECD (ed.): Environmental Data, Données OCDE sur |’ environnement; compendium 1993

- Commission of the European Communities (ed.): Energy in Europe; 1993 - Annua Energy
Review; Specia Issue; Brussels 1994

- EUROSTAT (ed.): Panorama of EU Industry’94; Office for official publications of the
European Communities; Luxembourg 1994
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7 POINT SOURCE CRITERIA

Point source criteria for a combustion plant according to CORINAIR are given in chapter
AINT and in /41/.

8 EMISSION FACTORS, QUALITY CODES AND REFERENCES

Tables 23 - 31 list emission factors for al pollutants considered, except for SO,. For SO,
emission factors have to be calculated individually (see Equation (5)). Sulphur contents of
different fuels are given. The emission factors have been derived from the literature, from the
calculations presented here (see also Section 4) and from recommendations from expert panel
members. All emission factor tables have been designed in a homogenous structure: Table 20
contains the allocation of SNAP activities used related to combustion installations, where
three classes are distinguished according to the thermal capacity installed. Table 21 includes
the main types of fuel used within the CORINAIR90 inventory. Table 22 provides a split of
combustion techniques (types of boilers, etc.); this standard table has been used for al
pollutants. The sequence of the emission factor tablesis:

Table20: SNAP code and SNAP activity related to the thermal capacities installed in
combustion plants

Table21: Selection of relevant fuels from NAPFUE and lower heating values for boilers, gas
turbines and stationary engines

Table22: Standard table for emission factors for the relevant pollutants

Table23:  S-contents of selected fuels

Table24: NOy emission factors [g/GJ] for combustion plants

Table25: NOy emission factors [g/GJ] for coal combustion according to the model
description (see Annexes 4 and 5)

Table26: NMVOC emission factors [g/GJ] for combustion plants (coal combustion)

Table27: CHy4 emission factors [g/GJ] for combustion plants

Table28: CO emission factors [g/GJ] for combustion plants
Table29: CO2 emission factors [kg/GJ] for combustion plants

Table 30: N2O emission factors [g/GJ] for combustion plants
Table 31: Heavy metal emission factors [g/Mg] for combustion plants

References of the emission factors listed are given in footnotes of the following tables. Quality
codes are not available in the literature.
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Table 20: SNAP code and SNAP activity related to the thermal capacitiesinstalled in combustion plants

Thermal capacity [MW] SNAP code SNAP activity

>=300 010101  [Public power and co-generation combustion plants
010201  |District heating combustion plants

010301  |Petroleum and/or gas refining plants

010401 |Solid fuel transformation plants

010501 |Coal mining, oil, gas extraction/distribution plants
020101 [Commercia and institutional plants

030101 |Industrial combustion plants

>=50 up to < 300 010102  [Public power and co-generation combustion plants
010202  |District heating combustion plants

020102 [Commercia and institutional plants

020201 |[Residential combustion plants

020301 |Plantsin agriculture, forestry and fishing

030102 |Industrial combustion plants

<50 010103  [Public power and co-generation combustion plants
010203  |District heating combustion plants

020103  |Commercia and institutional plants

020202 |Residential combustion plants

020302 |Plantsin agriculture, forestry and fishing

030103 |Industrial combustion plants
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Table 21: Selection of relevant fuels from NAPFUE and lower heating values for boilers, gasturbines and stationary engines

Type of fuel according to NAPFUE NAPFUE H,
code [MJkg]?)
s |coa hc |coking GHV™ > 23,865 kJkg 101 29.3%
s |cod hc |[steam? GHV™ > 23,865 kJ/kg 102 29.3%
s |cod hc  |sub-bituminous 17,435 kJkg < GHV™ < 23,865 kJ/kg 103 20.6
s |cod he/be |patent fuels from hard/sub-bituminous coal 104
s |cod bc  |brown coal/lignite GHV™ < 17,435 kJ/kg 105 12.1
s |cod bc [|briquettes 106 19.5%; 18.6°
s |coke hc  |coke oven 107 26.3©
s |coke bc  |cokeoven 108 29.9”
s |coke petroleum 110 30
s |biomass wood 111 12.4%, 16"
s |biomass charcoal 112
s |biomass peat 113 9.5
s |waste municipal 114 7.5%
s |waste industrial 115 8.4%
s |waste wood except wastes similar to wood 116
s |waste agricultural corncobs, straw etc. 117
I Jail residual 203 41.0°
I oil gas 204 42.79, 42.5°
I |ail diesel for road transport 205
| |kerosene 206
| |gasoline motor 208 4359
I [naphtha 210
I [black liquor 215
g |gas natural except liquified natural gas 301 heavy 39.7 MJm® 3, light 32.5 MJ/m®?
g |gas liquified petroleum gas 303 45.49
g |gas coke oven 304 19.8©
g |gas blast furnace 305 3.0
g |gas coke oven and blast furnace gas 306
g |gas waste 307
g |gas refinery not condensable 308 48.49, 87 MJm**
g |gas biogas 309 34.7°
g |gas from gas works 311
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Y A principal differentiation between coking coal and steam cod is given in section 3.2. Further differentiation between coking coal and steam coal can be made
by using the content of volatiles: coking coal contains 20 - 30 wt.-% volatiles (maf), steam coal contains 9.5 - 20 wt.-% volatiles (maf) (based on official
UK subdivision). Thisis necessary if no information concerning the mean random reflectance of vitrinite (see Section 3.2) is available.

2 H, = lower heating value; lower heating values for coals from different countries are given in Annexes 7 and 8 and
for solid, liquid and gaseous fuelsin (/88/, Table 1-2).

9 given under standard conditions

4 Kolar 1990 /17/

% /98/

% MWV 1992 /97/

" Boelitz 1993 /78/

® Schenkel 1990 /105/

9 Steinmiller 1984 /107/

9 NL-handbook 1988 /99/

™ GHV = Gross heating value
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Table 22: Standard table of emission factorsfor the relevant pollutants

Therma boiler capacity [MW]4) no specifi-
>= 300 >= 50 and < 300 <50 cation
Type of boiler Type of boiler Type of boiler GT™ |Stat. E.*| CORINAIR90™
DBB? wss®? |Fec”|pBB|weB| FBC? GF |pBB|wBB FBC” GF
Typeof fud” |NAPFUE| H,? Primary | Primary |[CFBC CFBC|PFBC|ST1|ST2 AFBdcrBd PrBC|ST|STA sclcd] ¢ | sl
code” [MJkg] P1® | measures” | measures”

s | cod hc

s | cod hc

s | cod hc

s |coal bc

s |coke

s |biomass

s |waste

I Jail

g |gas

? the type of fuel is based on the NAPFUE code, see table 21

2 H, = lower heating value, when different from table 21

¥ relevant parameter of fuel composition for SO,: P1 = sulphur content of fuel;

9 the corresponding SNAP-codes are listed in table 20

 DBB - Dry bottom boiler

9 WBB - Wet bottom boiler

? FBC - Fluidised bed combustion; CFBC = Circulating FBC; PFBC = Pressurised FBC (Dense FBC); AFBC = Atmospheric FBC
9 GF - Gratefiring; ST1 and ST2 are different types of stoker (e.g. travelling stoker, spreader stoker)
9 Primary measures are described by reduction efficiency

9 GT = Gasturbine; SC = Simple cycle; CC = Combined cycle

™ Stat. E. = Stationary engine; Cl = Compression ignition; Sl = Spark ignition

2 CORINAIR90 data on combustion plants as point sources
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Table 23: S-contents of selected fuels?

Type of fuel NAPFUE Sulphur content of fuel
code value ? range unit
s |coa ? hc |coking 101 04-6.2 |wt-% (maf)
s |coa ? hc |steam 102 04-62 |wt-% (maf)
s |coa ? hc [sub-bituminous 103 04-62 |wt-% (maf)
s |coa ? bc |brown coal/lignite 105 04-62 |wt-% (maf)
s |coa bc |briquettes 106 0.25 - 0.45" |wt.-% (maf)
s |coke hc |coke oven 107 <19 wt.-% (maf)
S |coke bc |coke oven 108 05-199 |wt.-% (maf)
s |coke petroleum 110
s |biomass wood 111 <0.039 |wt.-% (maf)
s |biomass charcoal 112 <0.039 |wt.-% (maf)
s |biomass peat 113
s |waste municipal 114
s |waste industrial 115
s |waste wood 116
s |waste agricultural 117
[ |oil residual 203 0.39-359 |wt.-%
I |oil gas 204 03w 0.08-1.0 |wt.-%
[ |oail diesel 205 03w wt.-%
| |kerosene 206
| |gasoline motor 208 <0.052 |wt.-%
| [naphtha 210
| [black liquor 215
g |gas® natural 301 (0.0075) © g m?
g |gas liquified petroleum gas 303 -
g |gas coke oven 304 8 g m?
g |gas blast furnace 305 45 103%0 m?
g |gas coke oven and blast furnace gas 306
g |gas waste 307
g |gas refinery 308 <=8% |g'm?®
g |gas biogas 309
g |gas from gas works 311

Emission Inventory Guidebook
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Y for emission factor calculation see Section 4.1, and Annexes 2 and 3
2 recommended value

9 for complete coal composition see Annexes 7 and 8

9 only trace amounts

% Marutzky 1989 /94/

® Boelitz 1993 /78/

® Mr. Hietamaki (Finland): Personal communication

9 Referring to NL-handbook 1988 /99/ the rangeis 2.0 - 3.5
19 NL -handbook 1988 /99/

™ 87/219 CEE 1987 /113/

12) as~ 0

9 Davids 1986 /46/

B111-46 15 February, 1996 Emission Inventory Guidebook



ps010101 COMBUSTION PLANTS AS POINT SOURCES

Table 24: NO, emission factors [g/GJ] for combustion plants

Thermal boiler capacity [MW]
>= 300% >= 50 and < 300%
Type of fuel NAPFUE Type of boiler® Type of boiler
code DBB/boiler?” WBB FBC DBB/boiler™” WBB
CFBC

s |coa hc |coking 101 seetable 25 seetable 25 70° seetable 25 seetable 25
s |coa hc |steam 102 seetable 25 seetable 25 700 seetable 25 seetable 25
s |coa hc | sub-bitumious 103 seetable 25 seetable 25 700 seetable 25 seetable 25
s |coa bc |brown coal/lignite 105 seetable 25 70° seetable 25
s |coa bc |briquettes 106
s |coke hc [coke oven 107
s |coke bc | coke oven 108
s |coke petroleum 110 3000
s |biomass wood 111 200V
s |biomass charcoa 112
s |biomass peat 113 300 3000
s |waste municipal 114
s |waste industrial 115
s |waste wood 116
s |waste agricultural 117
| oil residual 203 210, 260Y%, 155 - 2969 150", 170Y%, 190V, 210"
| oil gas 204 64 - 68% 1007
| oil diesdl 205
| |kerosene 206
| |gasoline motor 208
| |naphtha 210
| |black liquor 215
g |gas natural 301 170V, 48 - 33322 1259, 1509, 48 - 3332%2)
g |gas liquified petroleum gas 303 88 - 3332 88 - 3332
g |gas coke oven 304 150Y, 88 - 33322 1107, 130, 88 - 333%29
g |gas blast furnace 305 95Y, 88 - 3332 652, 80", 88 - 33392
g |gas coke oven and blast furnace gas 306 88 - 3332 88 - 3339
g |gas waste 307 88 - 33322 88 - 3339
g |gas refinery 308 88 - 33322 140", 88 - 333229
g |gas biogas 309 88 - 3332 88 - 3339
g |gas from gas works 311

to be continued
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Table 24: continued

Thermal boiler capacity [MW] no speci-
> 50 and < 300 % < 509 fication
Type of boiler Type of boiler Gas turbine Stationary engine CORINAIR 90"
FBC GF DBB/boiler® WBB FBC GF
PFBC| CFBC PFBC|CFBC|AFBC| SC CcC Cl Sl
150°| 70° |150Y 1809, 230" 70 150" 545%
150Y| 70 |150v 180v3, 230" 70 1507 36.5- 761
150Y| 70 |150v 180v, 230" 70 1507 20.5-1,683*
1507 | 70° |150Y 1809, 230" 70 150" 180 - 380"
33.3- 175"
300? 3007 | 300Y
200", 33 - 115® |200?, 33 - 115" 2009 50 - 200*
160V | 100" |230Y 280 1607 | 100V 150 - 240"
90 - 463917 90 - 463917 220"
139 - 140® 139 - 140®
80 - 200"
88° 160*
1409, 180" 250 1,090-1,200* 24 - 370"
80", 100 120 93, 35093, 3807, 780" 100 - 1,200" 50 - 269
100 - 700, 300% 6002743, 1,200 | 1,0000442 1 80042
180"
20 - 440"
100V, 48 - 333222 150 - 360 6002743, 1,2000942|1,000"4242, 1,800"*42) 22 - 350
1889 1879
88 - 3332 35- 100"
90v229 70 - 571"
88 - 33322 6.7 - 330"
88 - 3332
88 - 33322 35- 3279
140v2329 150-1519 35 - 140"
88 - 3332 60"
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% CORINAIR 1992 /80/, without primary measures ® ytility boiler: 1129, commercial boiler: 33?, industrial boiler: 1157

2 Ratgjczak 1987 /103/, Kolar 1990 /17/ 9 utility boiler (GF): 140°, commercial boiler: 463°, commercial open burning: 3% kg/Mg waste
9 Lim 1982 /91/, Kolar 1990 /17/ " GF: 90 - 1807

9 Mobley 1985 /96/, Kolar 1990 /17/ ® industrial combustion (mass burn.): 140°, industrial combustion (small burner): 1399
9 LIS 1977 /92/ » DBB (power plants): 240", 245%, 296°, 270"

® Radian 1990 /102/, IPCC 1994 /88/, without primary measues P ytility boiler: 201°, commercia boiler: 155, industrial boiler: 161°

7 UBA 1985/111/, Kolar 1990 /17/ 2 ytility boiler: 689, commercia boiler: 64°

® Kolar 1990/17/ 2 ytility boiler: 2679, commercial boiler: 48%, industrial boiler: 67°

9 Bartok 1970 /75/, Kolar 1990 /17/ % power plant: 160?, 170", 185", 190", 215, 333%

9 Kremer 1979 /90/, Kolar 1990 /17/ # industry: 88%, 100"

™ UBA 1981 /110/, Kolar 1990 /17/ # 50 - 100 MW thermal

2151987 /93/ % 100 - 300 MW thermal

) Davids 1984 /81/, Kolar 1990 /17/ ) DBB for coa combustion; boiler for other fuel combustion

 Ministry 1980 /95/, Kolar 1990 /17/ A wall firing

® tangential firing

® wall/bottom firing

* wall/tangential firing

® The emission factors [g/GJ] are given at full load operating modus.

® no specification

* with diffusion burner

* modern with pre-mixer

* derived from aero engines

) prechamber injection

* direct injection

® 4 gtroke engines

“ 2 stroke engines

4D 80", 2501, 160 - 48073, 6507

42) 10001),33)

3 The formation of thermal-NO is much more influenced by the combustion temperature
than by the burner arrangement within the boiler /64/. Therefore, no emission factors are given
for different burner arrangements (e.g. tangential firing).

“» CORINAIR90 data of combustion plants as point sources with thermal capacity
of > 300, 50 - 300, <50 MW

“) CORINAIRS0 data of combustion plants as point sources

“© AP42 /115/
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Table 25: NO, emission factors[g/GJ] for coal combustion according to the model (see Annexes 4 and 5)

Thermal boiler capacity [MW]

>=5070
Type of fuel | coal mining country | NAPFUE| H, [MJkg] Type of boiler
code (maf) DBB WBB
PM0? PM1 PM2 PM3 PM4 | PMO PM1 PM2 PM3 PM4
h=0 h=020 h=045 h=0.45 h=0.60 h=0 h=020 h=045 h=0.40 h=0.60
s | coa | hc |Australia (101) 34 568 454 312 312 227 703 562 387 422 281
Canada (101) 33 500 405 278 278 202 627 501 345 376 251
China (101) 32 413 331 227 227 165 512 409 281 307 205
Columbia (101) 32 535 428 394 394 214 662 529 364 397 265
Czech Republic (101) 34 483 387 266 266 193 598 479 329 359 239
France 101 35 374 299 205 205 149 463 370 254 278 185
Germany RAG 102 35 384 307 211 211 154 476 381 262 285 190
Germany others 101 30 495 396 272 272 198 613 490 337 368 245
CIs (101) 32 308 247 169 169 123 382 305 210 229 153
Hungary 101 34 401 320 220 220 160 496 397 273 298 198
India 103 30 551 441 303 303 220 682 545 375 409 273
South Africa (101) 32 569 456 313 313 228 705 504 388 423 282
USA (101) 34 563 450 310 310 225 697 558 383 418 279
Venezuela (101) 34 588 471 324 324 235 728 583 401 437 291
h=0 h=020 h=045 h=0.40 h=0.60
s | coa | bc |Czech Republic 105 28 506 405 278 304 202
Germany
- Rheinisch Coal 105 27 325 260 179 195 130
- Middle Germany 105 25 504 403 277 302 202
- East Germany 105 26 539 431 296 323 215
Hungary-1 105 36 379 303 208 227 151
Hungary-2 103 28 379 304 209 228 152
Poland 105 25 531 425 292 319 213
Portugal 105 25 461 369 254 277 185
Turkey-2 103 27 725 580 399 435 290

 The emission factors [g/GJ] are given at full load operating modus.

2 PMO ... PM4 = most used combinations of primary

measures, h = reduction efficiencies|[ ]

PMO - no primary measures

PM1 - one primary measure: LNB

PM2 - two primary measures: LNB/SAS
PM3 - two primary measures: LNB/OFA
PM4 - three primary measures: LNB/SAS/OFA
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Table 26: NMVOC emission factors[g/GJ] for combustion plants
Thermal boiler capacity [MW] no Speci-
Type of fuel NAPFUE >= 50 <50 fication
code boiler GF boiler Gas turbine| Stationary engine| CORINAIR90?

s |coal hc |coking 101 3 302 507 600" 39
s |coal hc |steam 102 39,300 | 502 600" 1-159
s |coa hc | sub-bituminous 103 3% 302 50% 600" 15-15%
s |coal bc [brown coal/lignite 105 3072 507 15-15%
s |coal bc |briquettes 106 1507
s |coke hc |coke oven 107 12v 5-15%
s |coke bc |coke oven 108
s |coke petroleum 110 1.59
s |biomass wood 111 807 100, 150", 400Y 10 - 489
s |biomass charcoal 112
s |biomass peat 113 3072 30% 3-48°
s |waste municipal 114 107
s |waste industrial 115
s |waste wood 116 40 - 489
s |waste agricultural 117 507
I Joil residual 203 1072 3" 507 15-47.6°
I oail gas 204 52 15Y 57,1.5-2"| 1.5- 100", 100? 15-9.3°
| Joil diesel 205
| |kerosene 206 3
| |gasoline motor 208
| |naphtha 210 39
| |black liquor 215 3?
g |gas natural 301 52 52,25- 4" 2007 2-49
g |gas liquified petroleum gas 303 2-26°
g |gas coke oven 304 25-167°
g |gas blast furnace 305 1-25%
g |gas coke oven and blast furnace gas 306
g |gas waste 307 259
g |gas refinery 308 257 2,57 21-10°
g |gas biogas 309 259
g |gas from gas works 311
YLIS1977/92/ 2 CORINAIR 1992 /80/ % DBB only 4 small consumers cf. /24/ % power plants cf. /24/

% CORINAIR90 data of combustion plants as point sources with a thermal capacity of > 300, 50 - 300, < 50 MW
 CORINAIR90 data, point sources
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Table 27: CH, emission factors[g/GJ] for combustion plants

Type of combustion stat. E. no speci-
Utility combustion Commercial comb. Industrial combustion fication
Tpe of fuel NAPFUE | DBB/WBB GF boiler GF boiler GF GT
code FBC/ stoker stoker SC | CC CORINAIR90?
boiler? | spreader| travell. spreader | travell.
s |coal hc |coking 101 0.6” 0.7Y 109 2.4Y 0.3-15°
s |coa hc [steam 102 0.6" 0.7Y 10Y 2.49 15-15°
s |coal hc | sub-bituminous 103 0.6" 0.7Y 10Y 2.49 0.3-15°
s |coal bc [brown coal/lignite 105 0.6” 0.7Y 109 2.4Y
s |coa bc |briquettes 106
s |coke hc |coke oven 107 0.2-15°
s |coke bc |coke oven 108
s |coke petroleum 110 1.59
s |biomass wood 111 18Y 159 159 1-40°
S |biomass charcoal 112
s |biomass peat 113 1-39”
s |waste municipal 114 6.59% 19
s |waste industrial 115 107
s |waste wood 116 4 - 40°
s |waste agricultural 117 gy 329
I oil residual 203 0.7Y 1.6Y 2.9Y 39 39 0.1-10”
I oil gas 204 0.03" 0.6" 1-8 1.5° 0.1-8
I oil diesel 205
| |kerosene 206 &
| |gasoline motor 208
| |naphtha 210 3P
| |black liquor 215 1-17.7°
g |gas natural 301 0.1Y 1.2%2 1.4Y 25-49 03-4
59| 6.1Y

g |gas liquified petroleum gas 303 1-25)
g |gas coke oven 304 03-4
g |gas blast furnace 305 03-25
g |gas coke oven and blast furnace gas 306
g |gas waste 307 2.5%
g |gas refinery 308 0.1-25
g |gas biogas 309 2.59 05-25
g |gas from gas works 311
» Radian 1990 /102/, IPCC 1994 /88/ 2 for all types of gas % DBB/WBB/FBC for coal combustion; boiler for fuel combustion 4 open burning

% CORINAIR90 data of combustion plants as point sources with thermal capacity of >300, 50 - 300 and <50 MW
% CORINAIR90 data, point sources
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Table 28: CO emission factors[g/GJ] for combustion plants

Type of combustion No Speci-
Utility combustion Commercial comb. Industrial combustion fication
Type of fuel NAPFUE | DBB/WBB/ GF boiler GF |DBB/WBB GF GT stat. E. CORINAIR909)
code boilers” stoker boiler? stoker
spreader| travell. spreader | travelling
s |cod hc|coking 101 14 121° 1959 9.77,13" | 812, 115Y 97.2% 150
s |cod hc|steam 102 14° 1219 195% 9.7%, 13% 1159 9.7% 10- 175.2°
s |cod hc|sub-bituminous 103 14 121° 1959 9.77,13" | 812,115 97.2% 12 - 246.9%
s |cod bc|brown coal/lignite 105 14 121° 1959 16, 13% | 133?, 115" 1607 9.6 - 64.4%
s |cod bc |briquettes 106
s |coke hc|coke oven 107 102 - 1219
s |coke bc|coke oven 108
s |coke petroleum 110 157
s |biomass wood 111 1,473 199% 1,504° 30 - 300”
s |biomass charcoal 112
s |biomass peat 113 30 - 160”
s |waste municipal 114 9839 19 19%7, 96”7, 42 kg/Mg>® 30”
s |waste industrial 115
s |waste wood 116 12 - 300?
s |waste agricultural 117 58 kg/Mg®? 207
I ail residual 203 150 17 150 10- 159 100" 3-326°
I |oil gas 204 150 16° 129 10- 20| 12-1,130% 10 - 46.4°
20.6W

| ail diesel 205
| |kerosene 206 120
| |gasoline motor 208
| |naphtha 210 15?
| |black liquor 215 11.1- 314
g |gas natural 301 19¥ 9.6% 179, 13 10- 20, 32| 0.05- 60”
g |gas liquified petroleum gas 303 10- 13
g |gas coke oven 304 0.03 - 130°
g |gas blast furnace 305 0.3 - 64.47
g |gas coke oven and blast furnace gas 306
g |gas waste 307 0.1-25.5%
g |gas refinery 308 10 2-15%
g |gas biogas 309 132
g |gas from gas works 311
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Y DBB/WBB for coal combustion; boiler for other fuel combustion
2 EPA 1987 /85/, CORINAIR 1992 /80/

¥ Radian 1990 /102/, IPCC 1994 /88/, without primary measure

4 OECD 1989 /100/, CORINAIR 1992 /80/

% CORINAIR 1992 /80/, part 8

® grate firing without specification

7 small combustion 19 g/GJ, mass burning 96 g/GJ

® open burning

9 CORINAIR90 data of combustion plants as point sources with athermal capacity of > 300, 50 - 300, < 50 MW
9 CORINAIR90 data, point sources

m AP42 /115/
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Table 29: CO, emission factors [kg/GJ] for combustion plants

NAPFUE Emission factors
Type of fuel code value range remarks
s |cod hc |coking 101 92-939,89.6-94°
s |coa hc |steam 102 93.79,929 92-939,10-98?
s |coa hc |sub-bituminous 103 94.79 91- 11529
s |coa bc |brown coal/lignite 105 100.2°% 94 -107.9?, 110 - 113°
s |cod bc |briquettes 106 98 97 - 997
s |coke hc |cokeoven 107 95.99,108"? 100 - 105°, 105 - 108?
s |coke bc |cokeoven 108 96 -111°
s |coke petroleum 110 101°, 121.2 %, 100.8?
s |biomass wood 111 1002, 1249% 92 -100?
s |biomass charcoal 112
s |biomass peat 113 98Y 102 - 115?
s |waste muni cipal 114 159, 28 109 - 141Y
s |waste industrial 115 135-20°?
s |waste wood 116 83 - 1007
s |waste agricultural 117
I oil residual 203 75.89,76.67, 78° 15-93? petroleum ail 72.6 ¥
I |oail gas 204 72.79,74°, 757 73-749,57- 757
I |oail diesd 205 72.79,73°
| |kerosene 206 73.37 72-74°
| |gasoline motor 208 70.89,71.79,72.27 72 -74°
| |naphtha 210 72.6°, 74
| [black liquor 215 100 - 110?
g |gas natural 301 55.5%,60.8% 55-56?, 44 - 577
g |gas liquified petroleum gas 303 64 - 657, 57 - 657
g |gas coke oven 304 449 44 - 499, 41.6 - 907
g |gas blast furnace 305 1059 100 - 105°, 92 - 2807
g |gas coke oven and blast furnace gas 306
g |gas waste 307 44.4 - 577
g |gas refinery 308 60°
g |gas biogas 309 75% 10.5-73.3?
g |gas from gas works 311 529
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Y Schenkel 1990 /105/

2 CORINAIR90 data on combustion plants as point sources with thermal capacity of > 300, 50 - 300, < 50 MW
¥ IPCC 1993 /87/

4 Kamm 1993 /89/

9 BMU 1994 /77/
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Table 30: N,O emission factors [g/GJ] for combustion plants

Type of boiler no speci-
Type of fuel NAPFUE DBB WBB FBC GF GT [dtat. E fication
code value remarks value remarks value remarks value remarks CORINAIR90"

s |cod hc [coking 101 0.8 |utility, no PM? 0.8 ?utility, no PM ? 0.8? [utility,noPM? 14
s |cod hc |steam 102 0.8 |utility, no PM? 0.8 ?|utility, noPM? 0.8 |utility, noPM? 2.5- 1009
s |cod hc |sub-bituminous 103 0.8 |utility, no PM? 0.8 ¥ |utility, no PM ? 0.8 [utility,noPM? 25-30"
s |cod bc |brown coal/lignite 105 0.8% |utility, no PM? 0.8% |utility, no PM? 1.4-307
s |cod bc |briquettes 106
s |coke hc |coke oven 107 1.4-259
s [coke bc |coke oven 108 ><
s |coke petroleum 110 149
s |biomass wood 111 439 |commercia, no SV 439 |commercia, no SV 439 |commercia, no pm? 1.4-75Y
s |biomass charcoal 112 ><
s |biomass peat 113 2-75%
s |waste municipal 114 14 - 165 3 g/t waste 11- 270 3 g/t waste 49
s |waste industrial 115 1.4
s |waste wood 116 2-6%
s |waste agricultural 117 59
I oil residual 203 | 46,57 |commercial, no PM? 25-149| 2.59| 1.4-14.8
I |oil gas 204 | 15.7 |commercial, no PM? 2-3 (259 0.6- 149
I |oail diesel 205
| |kerosene 206 149
| |gasoline motor 208
| |naphtha 210 149
| |black liquor 215 1-21.49
g |gas natural 301 249 |commercial, no PM? 1-3 01-3%
g |oas liquified petroleum gas 303 2-43"
g |gas coke oven 304 11-3
g |oas blast furnace 305 11-3°
g |gas coke oven and blast furnace 306
g |gas waste 307 11-25
g |gas refinery 308 25 25-149
g |oas biogas 309 14-25
g |oas from gas works 311
 Radian 1990 /102/, IPCC 1994 /88/ ? DeSoete 1993 /83/, IPCC 1994 /88/ ¥ PM: Primary measure 9 CORINAIR90 data, point sources

4 CORINAIR90 data on combustion plants as point sources with thermal capacity of > 300, 50 - 300, < 50 MW
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Table 31: Heavy metal emission factors (g/Mg fudl) for combustion plants

Thermal boiler capacity [MW]

>= 300 >=50 and < 300 <50
Type of boiler Type of boiler
Type of fud NAPFUE |Heavy metal DBB WBB DBB | wWBB | FBC GF GF
code dement | Dust control ¥ | Dust control | Dust control ¥ | Dust control
and FGD ? and FGD ?
s |coa hc | 101/102 [Mercury 0.05-0.2 0.02 - 0.08 0.05-0.2 0.02 - 0.08
Cadmium 0.003-0.01 |0.0001-0.004f 0.01-0.07 0.004 - 0.03
Lead 0.02-11 0.007 - 0.5 03-3 01-12
Copper 0.01-0.4 0.006 - 0.2 0.05- 0.4 0.05-0.2
Zinc 0.03-13 0.01-05 05-4 0.2-16
Arsenic 0.03-0.3 0.01-0.1 0.1-0.8 0.04-0.3
Chromium 0.04-0.2 0.02 - 0.06 0.05-04 0.02-0.2
Selen 0.01-0.03 0.004 - 0.01 - -
Nickel 0.03-04 0.01-05 0.2-05 0.1-0.2
s |cod bc 105 Mercury 0.05-0.2 0.02-0.08
Cadmium 0.002 - 0.004 {0.0008 - 0.001
Lead 0.003 - 0.06 0.001 - 0.02
Copper 0.004 - 0.02 0.002 - 0.01
Zinc 0.01-0.2 0.006 - 0.1
Arsenic 0.03-0.04 0.008 - 0.01
Chromium 0.003 - 0.07 0.001 - 0.03
Selen - -
Nickel 0.02-0.04 0.01
I |oil, heavy fuel 203  |Mercury 1.0"
Cadmium 1.09
Lead 1.3%
Copper 1.09
Zinc 1.0%
Arsenic 0.5%
Chromium 2.59
Selen
Vanadium 4.4
Nickel 359
g |gas, natural 301 |Mercury 0.05-0.15g/'TP i = = ] P

Y clean gas particle concentration 50 mg/m 92 mg/m3 gas UBA 1980/63/; 5 mg/m3 PARCOM 1992 /101/
2 FGD = Flue gas desulphurisation, clean gas particle concentration 20 mg/m3

% Jockel 1991 /36/

x general emission factor according to Stobbelaar 1992 /37/
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9 SPECIFIC PROFILES

9.1 SO, emissons

Sulphur dioxide SO, and sulphur trioxide SO; are formed in the flame. Emissions of SO, and
SO; are often considered together as SO,. Due to the equilibrium conditions at furnace
temperature, sulphur trioxide SO; normally decomposes to sulphur dioxide SO,. Then the
amount of SO, in the flue gasis approximately 99 %. Therefore, SOy is given in this chapter as
SO..

9.2 NO, emissons

The most important oxides of nitrogen formed with respect to pollution are nitric oxide (NO)
and nitrogen dioxide (NO,), jointly referred to as NO,. The main compound is NO, which
contributes over 90 % to the total NOy. Other oxides of nitrogen, such as dinitrogen-trioxide
(N205), dinitrogen-tetroxide (N2O,), and dinitrogen-pentoxide (N,Os), are formed in negligible
amounts. Nitrous oxide (N,O) is considered separrately.

9.3 NMVOC emissions
Due to the minor relevance of NMVOC emissions for power plants no split of speciesis given.

9.4 Heavy metal emissions

The heavy metals, which are of most environmental concern, are: arsenic (As), cadmium (Cd),
chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), selenium (Se) and zinc
(Zn). This selection has been laid down by the UN-ECE Task Force on Heavy Metals, the
PARCOM/ATMOS programme (cf. /35/) and the HELCOM programme. In the case of heavy
oil combustion, vanadium emissions (V) are also of importance. In fly ash particles most of
these elements occur as oxides or chlorides. The contribution of various forms of mercury to
the emissions from combustion source categories in Europe is given in the following Figure 2:
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Emission Category/

Hg-species” 0 1(|) 2(|) 3(|) 4(|) 50 6(|) 7(|) 8(|) 9(|) 100%

Coal Combustion
Hg° S S
Hgll [ A
Hg® .

Waste Incineration
Hg° .
Hgll [ A

Hg° elemental form
Hg"  oxidised form
Hg®  particle-bound

Figure2: Contribution of various forms of mercury to the emissions from combustion
source categories in Europe in 1987 (in % of total) /29/

10 UNCERTAINTY ESTIMATES

Uncertainties of emission data result from the use of inappropriate or inaccurate emission
factors, and from missing or inappropriate statistical information concerning activity data
Uncertainty estimates discussed here are related to the use of emission factors with different
background information. At this stage a quantification of the uncertainty related to the use of
emission factors is not feasible, due to the limited availability of data. However, the precision
of emission estimates can be improved by applying individually determined emission factors.

The aim of the following procedure is to show the Guidebook-user how a lack of information
concerning the fuel and technical characteristics of a combustion facility gives rise to a high
uncertainty in the allocation of the appropriate emission factor. The whole span of possible
emission factors is defined by the specification of the type of fuel used, the type of boiler, and
the type of primary and secondary measures. The more information about these topics can be
gathered, the smaller the span of possible emission factors becomes.

The following diagram (Figure 3) gives as an example the range of NOy emission factors
[0/GJ] for pulverised coa combustion depending on the level of specification.
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Figure 3: Ranges of NO emission factors for the combustion of pulverised coa
The level of specification is defined as follows:
- ,ho information* - the whole range of combustion sources is taken into
account,
- ,solid* - only solid fuels are taken into account,
- ,solid-hc* - only hard coal is considered,
- ,s0lid-hc-DBB-no PM* - hard coal and combustion technique are taken into account

(here dry bottom boiler (DBB), without primary measures),

- ,solid-hc-DBB-PM1* - hard coal, DBB and primary measures are taken into
account with areduction efficiency of 0.2,

- ,solid-hc-DBB-PM2¢ - hard coal, DBB and primary measures are taken into
account with a reduction efficiency of 0.45,

- ,solid-hc-DBB-PM 3¢ - hard coal, DBB and primary measures are taken into
account with areduction efficiency of 0.6 .

In Figure 3 a large difference between minimum and maximum emission factors indicates high
uncertainties in the allocation of appropriate emission factors. A specification of emission
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factors only concerning the type of fuel used (e.g. hard coa) is not sufficient. The range of
NO, emission factors for the combustion of pulverised coal is significantly reduced if
technique related specifications are considered.

11 WEAKEST ASPECTS / PRIORITY AREAS FOR IMPROVEMENT IN
CURRENT METHODOLOGY

The weakest aspects discussed here are related to the determination of emission factors.
Methodological shortcomings are discussed in this section for the main pollutants SO,, NOx
and heavy metals.

111 SO, emissions

The approach for the determination of SO» emission factors is based on a simple mass balance

calculation as the formation mechanisms of sulphur dioxide within the boiler depend almost
entirely on the sulphur input. Therefore, for the formation of sulphur dioxide, fuel
characteristics are of main influence. The accuracy of this approach is determined by the
following fuel parameters. lower heating value, fuel sulphur content and sulphur retention in
ash (see Equation (5)). The sulphur content and the lower heating value can be highly variable
between different fuel categories and can furthermore vary to a large extent within one fuel
category. Therefore, default values for sulphur content and lower heating value should be
avoided. However, if emission factors for SO, have to be calculated, representative values for
the sulphur content and the lower heating value should be based on measured data from
individual fuel anayss.

The sulphur retention in ash ag depends mainly on the content of akaline components of the
fuel. Thisis only relevant for coa (e.g. CaO, MgO, NapO, K»0) and for the case of additive
injection. For a more precise determination of ag, the Ca/S ratio (amount of calcium/sul phur
content of fuel)8, the particulate diameter, the surface character of CaO, the temperature

(optimum ca. 800 °C), the pressure, the residence time, etc. should be taken into account.
Therefore, the assessment of ag should be based on an extended set of parameters.

Besides the fuel characteristics, the reduction efficiency and availability of secondary measures
are of relevance for the determination of the SO, emission factors. Default values are
proposed in Table 7, but measured data from individual combustion plants should preferably
be used.

11.2 NOyx EMISSIONS

The approach for the calculation of NOx emission factors is based on empirical relations. For
fuel-NO only fuel characteristics are taken into account. The formation of therma-NO
increases exponentially with combustion temperatures above 1,300 °C (see /56/). At this stage,

8  Alternatively the Ca/S ratio is defined as the amount of additives related to the sulphur content of the flue
gas, and is given for a brown coal fired dry bottom boiler as 2.5 - 5 as an example, for a stationary FBC as
2 -4, for acirculating FBC < 2 etc. /55/.
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no satisfactory result has been achieved to determine the thermal-NO formation by using
kinetic equations. For inventory purposes, an empirical parameter g has been introduced (see
Annex 5), which represents the fraction of thermal-NO formed. At this stage default values of
g depending on the type of boiler are given. Further work should focus on a more precise
determination of this factor.

Load dependence of the pollutant NOy has been taken into account. For old installations a
guantitative relation has been given as an example for German power plants. The validity of
this relation should be verified for other countries.

Furthermore, the reduction efficiency of primary or secondary measures are of relevance for
the determination of NO, emission factors. Default values for reduction efficiencies and
availabilities are proposed in Tables 10 and 11, but measured data from individual combustion
plants should preferably be used.

11.3 Heavy metals

Heavy metals undergo complex transformations during the combustion process and
downstream of the boiler, referring to e.g. fly ash formation mechanisms. The approaches for
the determination of heavy metal emission factors are based on empirical relations, where fuel
and technical characteristics are of main influence. The heavy metal contents can be highly
variable between different fuel categories (e.g. coa and heavy fuel oil) and can furthermore
vary to a large extent within one fuel category (up to 2 orders of magnitude). Therefore,
default values for heavy meta contents in fuel should be avoided and measured values should
be used as far as possible.

For inventory purposes, parameters, such as enrichment factors, fractions of fly ash leaving the
combustion chamber, fraction of heavy metals emitted in gaseous form, have been introduced.
Further work should be invested into a more precise determination of these parameters. In
addition, it should be taken into account, that the reduction efficiency of (dust) abatement
measures depends on the heavy metal. Heavy metal specific reduction efficiencies should be
determined.

11.4 Other aspects

Emission factors for SO,, NO, and CO, whether calculated or given in the tables, are related
to full load conditions. In order to assess the relevance of start-up emissions, a detailed
investigation has been accomplished by using measured values from different types of boiler
(see dso Annex 15). The qualitative and quantitative statements obtained in this approach
should be verified.

The emission factors have been determined by considering the pollutants separately. Possible
mutual interactions between the formation mechanisms of different pollutants (e.g. NO and
N,O) have been neglected and should be assessed in further work.
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12 SPATIAL DISAGGREGATION CRITERIA FOR AREA SOURCES
This section is not relevant for combustion plants considered as point sources.

13 TEMPORAL DISAGGREGATION CRITERIA

The temporal disaggregation of annual emission data (top-down approach) provides a split
into monthly, weekly, daily and hourly emission data. Tempora disaggregation of annual
emissions released from combustion plants as point sources can be obtained from the temporal
change of the production of electrical power or the temporal change of the consumption,
taking into account a split into:

- summer and winter time,

- working days and holidays,

- standstill times,

- times of partial load behaviour and

- number of start-ups/ type of load design.

This split should be carried out for defined categories of power plants which take into account
the main relevant combinations of types of fuel used and types of boiler installed (similar split
as used for the emission factor Tables in Section 8).

The disaggregation of annual emissions into monthly, daily or hourly emissions can be based
on a step-by-step approach /76/ according to the following equations:

- Monthly emission:

EA
=4 25
M, 12 n ( )
EMn Emissionin monthn; n=1, ..., 12 [Mg]
Ea Annual emission [Mq]
fn Factor for monthn;n=1, ..., 12[]
- Daily emission:
E 1
Ep,, == x— (26)
nk D, CFn
Ean Emission of day kinmonthn; k=1, ..., Dy; n=1, ..., 12 [M(]
EMn Emissioninmonthn; n=1, ..., 12 [Mg]
Dy Number of daysin monthn[]
fx Factor for day k; k =1, ..., Dy [ ]
CF, Correction factor for monthn [ ]
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- Hourly emission:

£ = o g 27)
Huki 24 n,l
EHn,k,I Emissioninhour | inday k and monthn; 1 =1, ...,24; k=1, ..., Dx; n=1, ..., 12 [M(]
EDn,k Emission of day kinmonthn; k=1, ..., Dy; n=1, ..., 12 [M(]
frl Factor for hour | inmonthn; 1 =1, ...,24;n=1, ..., 12[ ]
Dy Number of daysin monthn[]

The factors (relative activities) for month f,, day fx and hour f,,, can be related e.g. to the total
fuel consumption or the net electricity production in public power plants. Figure 4 gives an
example of a split for monthly factors based on the fuel consumption e.g. for Public Power
Plants:

2,5 1

Factor

1,54

0,51

Figure 4: Example of monthly factors for total fuel consumption in Public Power Plants

A split concerning the load design, which determines the annual number of start-ups can be
given asfollows (see also Table 11):

- Base load: The boiler/plant is normally in continuous operation during the year; start-ups
occur relatively seldom (ca. 15 times per year) depending on maintenance periods
which occur mostly in summer. The fuel mostly used in base load boilers is brown
coal.

- Middle load: The boiler/plant is in operation in order to meet the energy demand on
working days (Monday until Friday); start-ups can occur up to 150 times per year.
The fuel mostly used in middle load boilers is hard codl.

- Peak load: The boiler/plant is in operation in order to meet the short term energy
demand; start-ups can occur up to 200 times per year. The fuels mostly used in peak
load boilers are gas or ail.
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The alocation of power plants to the different load designsis given as an examplein Figure 5.

Load (net) in [thousand MW] Load (net) in [thousand MW]
7071
60 + B Other *
0 \ Daily voltage regulation
— Oil and others characteristic
\/_J\/\j— Natural gas /
40 )
o H_ardcoal md.. Middle load
mixed combustion
30
Brown coa
20
10 Nuclear power plants

Hydrod. power plants

0 2 4 6 8 10 12 14 16 18 20 22 24 [Timg Operating hours
Utilisation of power plant capacities on awinter day in West Germany

0

*Other includes: Storage pump power plants, power supply from industry etc.

Figure 5: Load variation and arrangement of power plants according to the voltage regulation
characteristic (cf. /117/, /118/).

It can be assumed that all power plants of a country with the same allocation of fuel, boiler
and load have the same temporal behaviour.

14 ADDITIONAL COMMENTS

15 SUPPLEMENTARY DOCUMENTS

15.1 Computer programme

A computer programme for the calculation of SO, and NO, emission factors for pulverised
coal combustion has been designed, and is available on floppy disc. It has been designed under
MICROSOFT EXCEL 4.0 (English version). Default values for the required input data are
proposed to the user; a detailed users manua is given in Annex 14. For example, NOx
concentrations in [mg/m3| were calculated with the computer programme and presented
together with the emission factorsin [g/GJ] as listed in Annexes 10 and 11. An integral part of
the computer programme is the calculation of the flue gas volume as given in Annex 6.
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152 LIST OF ANNEXES

Annex 1. Example of different possible considerations of boilers as a common plant

Annex 2. Determination of SO» emission factors (flow sheet)

Annex 3 Determination of SO» emission factors (description)

Annex 4. Determination of NOy emission factors (flow sheet)

Annex 5: Determination of NOy emission factors (description)

Annex 6: Determination of the specific flue gas volume (flow sheet and description)

Annex 7: Composition and lower heating value (H,) of hard coa in coal mining
countries

Annex 8: Composition and lower heating value (H,) of brown coal in coal mining
countries

Annex 9: Conditions for exemplary calculation of NOy emission factors

Annex 10: Emission factors and flue gas concentrations for NOy obtained by model
calculations (see Annexes 4 and 5) for hard coal (see Annex 7)

Annex 11: Emission factors and flue gas concentrations for NOy obtained by model
calculations (see Annexes 4 and 5) for brown coa (see Annex 8)

Annex 12:  Comparison between measured and calculated SO and NOy emission data

Annex 13. Sengitivity analysis of the computer programme results

Annex 14: Users manual for the emission factor calculation programme (for version
September, 1995)

Annex 15: Determination of start-up emissions and start-up emission factors.

Annex 16; List of abbreviations

16 VERIFICATION PROCEDURES

As outlined in the chapter “Concepts for Emission Inventory Verification®, different general
verification procedures can be recommended. The aim of this section is to develop specific
verification procedures for emisson data from combustion plants as point sources. The
verification procedures considered here are principally based on verification on a national and
on a plant level. Moreover, it can be distinguished between the verification of activity data, of
emission factors and of emission data
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16.1 Verification on a national level

For combustion plants as point sources, emissions and activities have to be verified. The total
emissions from point sources are added together to obtain national total emissions (bottom-up
approach). These national total emissions should be compared to emission data derived
independently (top-down approach). Independent emission estimates can be obtained by using
average emission factors and corresponding statistical data like the total fuel input for al
sources, total thermal capacity, total heat or power produced, or by using emission estimates
from other sources (e.g. organisations like energy agencies).

The total fuel consumption should be reconciled with energy balances, which often have
break-downs for large point sources (e.g. electricity, heat generation and industrial boilers).
Furthermore, the total number of plants installed as well as their equipment should be checked
with national statistics.

Emission density comparisons can be achieved through comparison of e.g. emissions per
capita or emissions per GDP with those of countries with a comparable economic structure.

16.2 Verification on a plant level

It should firstly be verified that separate inventories have been compiled for boilers, stationary
engines, and gas turbines (according to SNAP code). The verification at plant level relies on
comparisons between caculated emission factors and those derived from emission
measurements. An example for such a comparison is givenin Annex 12.
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Annex 1.  Example of different possible considerations for boilers as a common plant
Two point sources according to SNAP 03 01 02
stack
! /Q\ I
Boiler Boiler Boiler
100 MW* 150 MW* 100 MW*
Gas I I
tur- Process Process
bine furnace furnace
— \ — /
Industrial Combustion \ /
\/ *thermal capacity
Area source Area source Area source
according to according to according to
SNAP 030105  SNAP 030104 SNAP 03 02 01
One point source according to SNAP 03 01 01
I
stack
! /Q\ I
Boiler Boiler Boiler
100 MW* 150 MW* 100 MW*
Gas I I
tur- Process Process
bine furnace furnace
— \ — /
Industrial Combustion \ /
/ | \/ *thermal capacity
Area source Area source Area source
according to according to according to
SNAP 030105  SNAP 030104 SNAP 03 02 01
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Annex 2.  Determination of SO, emission factors (flow sheet, for description see Annex 3)

Default values of
various
Cs no
[kag/kg]
in fud
yes
A

Coo, [t—g] =25Cq |

as no
available Default \]:glrues of as
ves
CSOZBoiler [:z_g] = Csozmax )bl- aSg
no abatement

Default values of h and

h. b no
’ b for different secondarv

available

YEs

Coo,.. [t—g] =Ceo,,._ A1- b

Determination of V.
see

EFs, [%] = Eés%c x40 Cso, [%] =Ceo,, Xy 10°

21- O
LYY = X 2ref
Coo,, [ 1] = Coo. 2565
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Annex 3 Determination of SO» emission factors (description)

The calculation procedure is performed in three steps:

The fuel sulphur reacts stoichiometrically with oxygen Oo to sulphur dioxide SO5. Default
values for the sulphur content Cs  in hard and brown coa are given in Annexes 7 and 8.
The result is the maximum attainable amount of sulphur dioxide Cgo, _ given by:

Co, =2Cs, (3-1)

Cs, sulphur content of fuel (in mass element/mass fuel [kg/kg])

Cso,,., maximum attainable amount of sulphur dioxide (in mass pollutant/mass fuel [kg/kg])

The maximum attainable amount of sulphur dioxide Cs, _ is corrected by the sulphur
retention in ash as. Asaresult, the real boiler emission of sulphur dioxide Cg,, fuel is
obtained:

Co,. =Co, _ d1- a (3-2)

Cso,,,, real boiler emission of sulphur dioxide (in mass pollutant/mass fuel [kg/kg])
Cso,,., maximum attainable amount of sulphur dioxide (in mass pollutant/mass fuel [kg/kg])

ag sulphur retention in ash [ ]

The sulphur retention in ash depends e.g. on fuel characteristics and temperature inside the
boiler. If there is no data for ag available, default values for various fuels are given in

Table 8.

[l The boiler emission of sulphur dioxide is corrected by the reduction efficiency h and

availability b (for definition of b see Section 3.2) of the secondary measure installed,
according to:

Co,. =Coo, d1-h b

2sec

(3-3)
Cso,,  sulphur dioxide downstream secondary measure (in mass pollutant/mass fuel [kg/kg])
Cso,,,, real boiler emission of sulphur dioxide (in mass pollutant/mass fuel [kg/kg])

h reduction efficiency of secondary measure| ]
b availability of secondary measure| ]

The result is called secondary sulphur dioxide Cg, . If thereis no datafor h and b

available, default values for various flue gas desul phurisation techniques (FGD) are givenin
Table 7.

The obtained Cg,, valueis converted to Cg,, in flue gas and to the emission factor EfFgp,
according to the following Equations:
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Coo, = Cop, %—H0° (3-4)
= Vg
1 a6
EFy, =Cq. x—%0 (3-5)
2 2sec H "
Ceo, sulphur dioxide in flue gas (in mass pollutant/volume flue gas [mg/m®])
Cso,.  sulphur dioxide downstream of secondary measure (in mass pollutant/mass fuel [kg/kg])
Vs dry flue gas volume volume (in volume flue gas/mass fuel [m3/kg])
EFg, emission factor for sulphur dioxide [g/GJ]
Hy lower heating value [MJK(]

The dry flue gas volume Vs can be determined according to Annex 6. Emission datain

[mg/m3] are useful to compare measured and calculated values. The same equations are
used for the unit conversion of Cg, . Default values for the lower heating values of hard

and brown coal are given in Annexes 7 and 8.
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Determination of NO, emission factors (flow sheet, for description see Annex 5)

Annex 4.
o Itvd f h¢
i no Default values for the
Il?qf/lliel 7 fuel composition C\/_olatile
available
ves
“l -
K C. Mwt- %l=100-cC. .
‘CNOfue{,mBX [m_%]: N fuel i?xvi ‘ Cox Og VOIaI"

Cno fuel ,conv [r:_g:l =285 +1,280 >ﬁ

CNfue1
0.015

}l+180>30“8$j>§

3,200

CNOfud ,max [Tg]k - 840 >ﬁ

CNofua m
3,20

CCfi>< }l
0.6

Default values for the

formation of NOsrarma

CNOtotal.Boiler [

kg
kg

- Nofud conv

>bg+

kg

— | = P
CNOZBail er [ kg] CNOtotal,Boiler {

no abatement measures

Default values of hyim per single or

no
combined primary measure
ves
v
ki
NO 2p1im _g] T NO g )dl hprin
e D™ NO Default values of hg: and
ailable b Per secondary measure
ves
ki
o, [2]-Cuo,,, A 1% !
L EFno, [%] = Cpo, X%V
Cro, [ 78] = Cros,, 54! T
m _ 21- Oy,
NO, [ mkc ] NO, "7 21- 0.

Determination of Veg

see Annex 6
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Annex 5: Determination of NOy emission factors (description)

The determination of NOy emission factors takes into account the formation of fuel-NO and
thermal-NO. The formation of fuel-NO is based on fuel parameters. But the total amount of
fuel-nitrogen cannot be completely converted into fuel-NO (as obtained in Equation (5-1)).
Therefore, the readlistic formation of fuel-NO is described by an empirical relation (see
Equation (5-2)). The formation of thermal-NO is expressed by an an additiona fraction which
depends on the type of boiler.

The calculation procedure of the NOy emission factor is performed in three steps: In the first

step the maximum NO emission resulting from stoichiometric conversion of fuel nitrogen is

caculated. The NO emission obtained is further corrected by taking into account the

formation of thermal-NO. NO is converted into NO, and primary and secondary measures are

taken into account in steps two and three.

| The fuel-nitrogen reacts in a stoichiometric manner with oxygen O to form nitrogen
oxide. The default values for the nitrogen content Csz . in hard and brown coal are given
in Annexes 7 and 8. The maximum attainable amount of fuel nitrogen oxide Cyq, , i
obtained:

30 1

CNOfue1rrlax = CN fuel xﬂ VFG (5_ 1)
CNOy, Maximum attainable amount of fuel nitrogen oxide (in mass pollutant/volume flue gas [kg/m¥))
Cy - nitrogen content in fuel (in mass nitrogen/mass fuel [kg/kg])
Vig specific flue gas volume (in volume flue gas/mass fuel [m%kg])®

The fuel-nitrogen content Cy,  is not completely converted into Cyo, . The converted
part of fuel-nitrogen to fuel-NO Cyq ,  can be determined by the following empirical
formula /50, 51/ related to zero percent of oxygen in dry flue gas:

C =285+1,28 CNfud +18 CvoIaIiIesA CNOfue‘max -84 Ccfix M 5-2
NOfud gy 0.015 0.4 N 3,200 0.6 if 3,200

CNOy oo fuel-NO released (in mass pollutant/mass flue gas [mg/kg])?

Cy nitrogen content in fuel (in mass nitrogen/mass fuel [kg/kg]), maf

fuel

Cyoailes Tuel content of volatiles (in mass volatiles/mass fuel [kg/kg]), maf
CNOy,, Maximum attainable amount of fuel nitrogen oxide (in mass pollutant/mass flue gas [mg/kg])10
Cc fixed carbon in fuel (in mass carbon/ mass fuel [kag/kg]), maf

fix

9 The programme calculates stoichiometrically the specific flue gas volume based on the complete fuel
composition.

10 Note: Cnosuamax @d Crofue.conv @€ given in the unit (mass pollutant/mass flue gas [mg/kg]). For the
conversion between (mass pollutant/mass flue gas [mg/kg]) and (mass pollutant/volume flue gas [kg/m3])
the flue gas density (in mass flue gas/volume flue gas [kg/m3]) has to be taken into account, which is
calculated stoichiometrically from the fuel composition within the computer programme.
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The fixed carbon in the fuel is determined according to the equation Cc. =1 - C, -
Equation (5-2) is valid for nitrogen oxide emissions from premixed flames; the coefficient
of correlation is r2 = 0.9 for 20 coals and r2 = 0.75 for 46 coals /51/. The data has been
obtained by field and pilot-scale measurements. Basically tests are conducted in a 70,000
Btu/hr (20.5 kW) refractory lined furnace with variable heat extraction. Coal was injected
through special configurations. A nozzle produces an uniform heterogeneous mixture of
coal and air prior to combustion and represents the limit of intensely mixed flames
produced with high swirl. Further tests have been established in large scale furnaces. The
results from all measurements combined with additiona information based on literature
data have been used to establish a correlation which predicts the relative dependence of
nitrogen oxide emissions on fuel properties. /51/ Further calculations with Equation (5-2)
based on measured data have been provided in /50/. The comparison between measured
and calculated values has shown that the results from Equation (5-2) are very good for
high volatile coas and are satisfactory for medium volatile coas /50/.

Assuming that the formation of fuel-NO is much more important than the formation of
thermal-NO (fuel-NO amounts to 70 - 90 %), the content of thermal-NO formed can be
expressed as a fraction g (where g depends on the type of boiler) of NOjg. The total
content of nitrogen oxide formed in the boiler Cy, . isgivenby:

CNOtotalboug = CNOfudwn\, + CNOthermal = CNOfudwn\, >h1+ gg (5_3)
CNO s total content of nitrogen oxide formed in the boiler (in mass pollutant/mass flue gas [kg/kg])
CNOy oo fuel-NO released (in mass pollutant/mass flue gas [kg/kg])
CNoyny  CONtent of thermal-NO formed (in mass pollutant/mass flue gas [kg/kg])

g fraction for thermal-NO formed [ ]

The following default values for g can be recommended: DBB g = 0.05, WBB g = 0.3.
Furthermore, the amount of thermal-NO can be influenced by load (see also Section
11.2).

The total boiler emissions of nitrogen dioxide Cy,, . can be calculated as follows:

46
NOzpiiter = NOtotaliter X% (5_4)
CNOzboua total content of nitrogen dioxide formed in the boiler (in mass pollutant/mass flue gas [kg/kg])

CNOtotalboug total content of nitrogen oxide formed in the boiler (in mass pollutant/mass flue gas [kg/kg])

The total boiler content of nitrogen dioxide given by Cyq, . isreduced by taking into
account primary measures with the reduction efficiency hprim. The result is the content of
primary nitrogen dioxide CNoz_pnm :
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c. =c, d-nl (5-5)

Nozpnm Nozboiler prim

CNOz_pnm content of primary nitrogen dioxide (in mass pollutant/mass flue gas [kg/kg])

CNOzboua total content of nitrogen dioxide formed in the boiler (in mass pollutant/mass flue gas [kg/kg])

Pprim reduction efficiency of primary measure(s) [ ]

As there is only incomplete data available for reduction efficiencies, default values are
given for the individual and relevant combinations of primary measures for different types
of boilers and fuels (see Table 8). In the case of combined primary measures with known

individual reduction efficiencies hprim 1, hprim,2. etc., the following equation can be
used:

Coo. =Cro, A1-h Il ny 1 n (56)

NOanm NO2pijer priml prim2 prim3

content of nitrogen dioxide taking into account primary measures (in mass pollutant/mass flue gas

[ka/kg])

total content of nitrogen dioxide formed in the boiler (in mass pollutant/mass flue gas [kg/kg])

CNOZ.pnm

C
Nozboiler

h individual reduction efficiency of primary measurek [ ]

primy,

It should be taken into account, that the reduction efficiencies of primary measures are not
independent of each other.

The emission of primary nitrogen dioxide CNoz_pnm Is corrected by the reduction efficiency
heec [ ] and the availability bgee [ ] (for definition of b see Section 3.2) of the secondary
measure installed, according to:

Cro = Cro,, M- N, (5-7)
Cno,.. nitrogen dioxide downstream of secondary measure (in mass pollutant/mass flue gas [kg/kg])
CNOz_pnm content of nitrogen dioxide taking into account primary measures (in mass pollutant/mass flue gas
[ka/ka])
= reduction efficiency of secondary measure| ]
e availability of secondary measure| ]

If there is no data for hgee and bge: available, default values for various DeNOx
techniques are given in Table 9.

The obtained value of Cyq,  is converted into C,, and into the emission factor EF,
according to the following equations:
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1

Cyo, = Cho,,_ %40° (5-8)
2 2sec VD
1
ERw, = Cro, XH_ Wes (5-9)

u

Cno, nitrogen dioxide in flue gas (in mass pollutant/volume flue gas [mg/m?])

Cno,.. nitrogen dioxide downstream of secondary measure (in mass pollutant/mass flue gas [kg/kg])

Vb dry flue gas volume (in volume flue gas/mass flue gas [m3/kg])
Vig specific dry flue gas volume (in volume flue gas/mass fuel [m%kg])
ERw, emission factor for nitrogen dioxide [g/GJ]

Hy lower heating value [MJK(]

The specific dry flue gas volume Vg can be determined according to Annex 6. Emission
data expressed in [mg/m3] are used for comparing measured and calculated values.
Default values for lower heating values for hard and brown coal are given in Annexes 7
and 8.
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Annex 6: Determination of the specific flue gas volume (flow sheet and description)

The specific flue gas volume has to be determined in order to convert the emission factors,
which have been obtained in [g/GJ], into [mg/m?], which allows a comparison to measured
data. The approach is given in the following flow sheet:

1 Default values of
various fuels

Minimum of oxygen (stoichiometric)

Vo, [5]=1864 C;+0.700C, +5553C,, - 0.700C,,

Volume of N, correspondending to Ozmin

©

m3] — 7
m | = x2
VNAIR [ kg V02m|n 21

Dry flue gas volume (0% O,)

Nair

Ves[#5]=1852C, +0.682 C;+0.800C,, +V,

Dry flue gas volume (reference O, content)

m1— 21- 0,
VFG et [k_g - VFG 21- Oy
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For the determination of the flue gas volume, the elemental analysis of the fuel (content of
carbon Ce, sulphur Cs, hydrogen Cy, oxygen C,  and nitrogen Cy (maf)) has to be known. If

no data of the elementa analysis is available, default values of hard and brown coals are
proposed in Annexes 7 and 8. The volume of oxygen required for a stoichiometric reaction
Vo,  can be determined as follows:

2mi

V,

02mm

=1864>C, +0.700>C, +5553>C,, - 0.700°C,, (6-1)

volume of oxygen required for stoichiometric reaction (in volume oxygen/mass fuel [m%/kg])

2min

Cc content of carbon in fuel (in mass carbon/mass fuel [kg/kg])

Cs content of sulphur in fuel (in mass sulphur/mass fuel [kg/kg])
Cy content of hydrogen in fuel (in mass hydrogen/mass fuel [kg/kg])
Co content of oxygen in fuel (in mass oxygen/mass fuel [kg/kg])

2

The constants in Equation (6-1) represent stoichiometric factors for the volume of oxygen
required for the combustion of 1 kg carbon, sulphur or hydrogen in [m*kg]. The
corresponding volume of nitrogen in the air V, is given by Equation (6-2):

Vi, =Vo, %% (6-2)
Vn,, volume of nitrogen in the air (in volume nitrogen/mass fuel [m®/kg))
Vo, volume of oxygen required for stoichiometric reaction (in volume oxygen/mass fuel [m*/kg])

min

The specific dry flue gas volume at 0 % oxygen Ves can be determined by using Equation
(6-3):

Vi =1852>C, +0.682>C5 +0.8005C, +V, (6-3)
Ve specific dry flue gas volume (in volume flue gas/mass fuel [m%kg])

Cc content of carbon in fuel (in mass carbon/mass fuel [kg/kg])

Cs content of sulphur in fuel (in mass sulphur/mass fuel [kg/kg])

Cn content of nitrogen in fuel (in mass nitrogen/mass fuel [kg/kg])

Vi, volume of nitrogen in the air (in volume nitrogen/mass fuel [m®/kg))
The constants in Equation (6-3) represent stoichiometric factors for the volume of oxygen
required for the combustion of 1 kg carbon, sulphur or nitrogen in [m*kg]. The obtained
values of Ve a 0 % oxygen are converted to the reference content of oxygen in flue gas
according to Equation (6-4):

VFG,ef - VFG xzi-l-Tcz’; (6'4)

Vee,, volume of specific flue gas under reference conditions (in volume flue gas/mass fuel [m®/kg])

Vs volume of speific flue gas obtained (in volume flue gas/mass fuel [m*/kg])
O, content of oxygen in the flue gas obtained [%0]
0O, content of oxygen in the flue gas under reference conditions [%)]

ref
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Annex 7. Composition and lower heating value (H,) of hard coal in coa mining countries

elementa analysis (maf) [wt.-%0] volatiles (maf) Hy (maf)
country C N 0] H S [wt.-%)] [MJIkg]
value  standard value standard value standard value standard value standard value standard value standard
deviation deviation deviation deviation deviation deviation deviation

Austraial) 84.6 2.26 18 0.15 7.8 2.08 5.2 0.29 0.6 0.21 34.0 5.94 33.70 1,03
Canadal) 86.6 18 14 0.15 6.1 15 51 0.56 0.9 0.43 33.9 6.34 33.04 2.32
Chinal) 81.9 1.95 11 0.32 114 24 4.9 0.21 1.05 0.35 36.3 2.32 32.06 0,80
Columbial) 785 6.37 15 0.13 124 43 5.2 0.62 0.9 0.19 422 2.70 31.83 1.93
Czech Rep.2) 85.98 2.23 15 0.17 6.27 2.30 5.09 0.70 116 0.68 30.88 8.92 34.00 244
France?) 87.91 1.76 1.29 0.24 5.60 1.58 4.50 0.47 0.70 0.17 2281 5.82 34.86 1.56
Germany RAGL)6) 90.2 177 1.6 0 3 141 44 0.56 0.9 - 158 9.60 35.23 0.29
Ger. others?) 87.00 244 1.49 0.27 5.75 1.94 4.76 0.68 1.02 0.32 25.52 6.58 30.10 175
cisb) 775 0 0.7 0 16.1 0 54 0 0.3 0 39.0 3.20 3185 1.66
Hungary?) 84.10 151 142 0.69 5.79 0.54 5.09 0.11 3.62 0.55 244 3.98 34.16 1.05
Indial) 76.5 3.22 13 0.25 16.2 4 5.6 0.4 0.4 0.32 479 244 29.48 2.25
Poland?) 80.0 1.0 7.0 5.0 1.0 385 (21.00)°

Portugal3) 87.0 0.95 5.4 4.9 0.94 321 (27.58)

South Africal) 80.3 5.78 21 0.73 8.8 1.2 4.9 1.19 0.9 0.24 319 2.37 32.36 0.73
ukd 84.5 0.6 18 0 n.a 5.4 0.06 n.a 38.2 1.84 33.80 0.58
usal 84.3 2 1.6 0.17 7.5 1.65 5.5 0.38 11 0.58 38.1 431 33.89 0.88
Venezuelal) 84.2 17 15 0.07 7.6 219 6 0.49 0.7 0 43.2 3.98 34.00 1.00

1) Association of German Coal Importers 1992 /72

2) Brandt 1981 /47/

n.a.- no data are available

3) Madeira: Personal communication, EDP-Electricielade Portugal, Lisboa, May 1994

4) Debsky: Personal communication, Energy Information Centre, Warsaw, May 1994

5)

lower heating value as received (ar)

® RAG= Ruhr cod
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Annex 8. Composition and lower heating value (H,) of brown coal in coal mining countries

elementa anaysis (maf) [wt.-%] volatiles (maf) H, (maf)
country C N o) H S [wt.-%] [MJkg]

value value value value value value value
CzechRepd) | 7009 3324 | 107 0224 | 2174 3429 | 564 0644 | 148 0829 | 5667 4624 | 282 2.39%)
Germany
-Rheinisch 68 62-729 | 1.0 07- | 252 22-309| 5 45- 0.8 0.2- | 389 - 27.3  19.4-31.79)
coall) 1.39) 5.59) 1.19
-MiddleGer.D) | 72 0.8 18.3 5.5 34 57.5 28.8
-East Ger.D) 69.5 1.0 231 5.8 0.6 58.7 25.7
Hungaryl -1 | 63.8 (1.1) 26.8 48 35 61.8 357 28.8-42.69)
Hungary? -2 | 69.82 2624 | 1.06 0454 | 1891 2234 | 554 0124 | 449 246% | 3030 1049 | 284 1.20%)
Poland”) 695 66-739) | 1.1 0.7- 19 13259 | 6 5-79) 1 50 25  23-26"

1.59)

Portugal 2) 67.44 1014 | 091 0184 | 2261 289 | 44 0744 | 462 243% | 5464 8844 | 248 2.69)
TurkeyD) - 1 61.4 0.8 29.6 5.1 5.1 n a 212 19.8-22.79)
Turkey3) - 2 626 7848 | 20 067 | 240 4488 | 49 056%) | 62 4774 | 560 3934 | 266

D IEA coal research - brown coa

2) Brandt

3) Kuclkbayrak, S.; Kadioglu, E.: Desulphurisation of some Turkish lignites by pyrolysis, FUEL, Vol. 67, 6/1988
4) standard deviation

5 range

6 value recommended by RAG

) Debsky: Personal communication, Energy Information Centre, Warsaw, May 1994

n. a - no data available
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Annex 9: Conditions for exemplary calculation of NO, emission factors

Annex 9 presents the values which have been chosen for the calculation of NO, emission factors
(according to Section 4.2.1). The results of the calculations are given in the following Annexes 10
(for hard coal) and 11 (for brown coal). Both annexes contain emission factors in [g/GJ] as well
as concentrations in [mg/m°] which have been determined under the conditions given in Table 9-1:

Table9-1:  Selected input parameters for model calculations determining NOy emission
factors as given in Annexes 10 and 11

Typeof | Typeof | Fractionof | Reduction efficiency of | Reduction efficiency | Availability
coal) boiler | therma NO primary measures of secondary beec!]

NOw [ ] hpri m2) [] measures

heec[ ]

hc DBB 0,05 LNB SCR 0,99

0,20 0,8
LNB/SAS

0,45

LNB/OFA

0,45
LNB/SAS/OFA

0,60

WBB 0,30 LNB SCR 0,99

0,20 0,8
LNB/SAS

0,45

LNB/OFA

0,40
LNB/SAS/OFA

0,60

bc DBB 0,05 LNB - -

0,20

LNB/SAS

0,45

LNB/OFA

0,40
LNB/SAS/OFA

0,60

1) Elementary analyses of hard and brown coal are given in Annexes 7 and 8.

2) The reduction efficiency is given as an example for selected primary measures (see Section 4.2).

Abbreviations: hc = hard coal, bc = brown coal

For individual calculations of NOy emission factors, the computer programme (users manual see
Section 15 and Annex 14) can be used.
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Annex 10: Emission factors and flue gas concentrations for NOy obtained by model cal culations (see Annexes 4 and 5)