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Title Best Available Tec hniques (BAT) Reference Document for Large Combustion Plants

Abstract

The BAT Reference Document (BREF) for Large Combustion Plants is part of a series of documents presenting the

results of an exchange of information between the EU Member States, the ind ustries concerned, non -governmental
organisations promoting environmental protection, and the Commission, to draw up, review, and -where necessary -
update BAT reference documents as required by Article 13(1) of Directive 2010/75/EU on Industrial Emissions. This
document is published by the European Commission pursuant to Article 13(6) of the Directive.

This BREF for Large Combustion Plants concerns the following activities specified in Annex | to Directive 2010/75/EU:

- 1.1: Combustion of fuels in installat ions with a total rated thermal input of 50 MW or more, only when this activity
takes place in combustion plants with a total rated thermal input of 50 MW or more.

- 1.4: Gasification of coal or other fuels in installations with a total rated thermal input o f 20 MW or more, only when
this activity is directly associated to a combustion plant.

- 5.2: Disposal or recovery of waste in waste co -incineration plants for non -hazardous waste with a capacity
exceeding 3 tonnes per hour or for hazardous waste with a capa city exceeding 10 tonnes per day, only when this

activity takes place in combustion plants covered under 1.1 above.

In particular, this document covers upstream and downstream activities directly associated with the aforementioned
activities including th e emission prevention and control techniques applied.

The fuels considered in this document are any solid, liquid and/or gaseous combustible material including:

- solid fuels (e.g. coal, lignite, peat);

- biomass (as defined in Article 3(31) of Directive 2010 [75/EV);

- liquid fuels (e.g. heavy fuel oil and gas oil);

- gaseous fuels (e.g. natural gas, hydrogen -containing gas and syngas);

- industry -specific fuels (e.g. by  -products from the chemical and iron and steel industries);

- waste except mixed municipal waste as defined in Article 3(39) and except other waste listed in Article 42(2)(a)(ii)
and (iii) of Directive 2010/75/EU.

Important issues for the implementation of Directive 2010/75/EU in the Large Combustion Plants sector are the
emissions to air of nitrogen o xides, sulphur dioxide, hydrogen chloride and fluoride, organic compounds, dust, and
metals including mercury; emissions to water resulting especially from the use of wet abatement techniques for the
removal of sulphur dioxide from the flue -gases; resource efficiency and especially energy efficiency.

This BREF contains 12  chapters. Chapters 1 and 2 provide general information on the Large Combustion Plants

industrial sector and on the industrial processes used within this sector. Chapter 3 provides data an d general
information concerning the environmental performance of installations within the sector in terms of water consumption,

the generation of waste and general techniques used within this sector. It also describes in more detail the general

techniques to prevent or, where this is not practicable, to reduce the environmental impact of installations in this sector

that were considered in determining the BAT. Chapters 4 to 9 provide the following information given below on specific

combustion processes (g asification, combustion of solid fuel, combustion of liquid fuel, combustion of gaseous fuel,

multi -fuel combustion and waste co  -incineration). Chapter 10 presents the BAT conclusions as defined in Article 3(12)

of the Directive. Chapter 11 presents inform ation on 'emerging techniques' as defined in Article 3(14) of the Directive.

Chapter 12 is dedicated to concluding remarks and recommendations for future work.
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Preface

PREFACE
1. Status of this document
Unl ess ot her wi se stated, references t o 6t he

2010/75/EU of the European Parliament and the Council on mmlusmissions (integrated
pollution prevention and control) (Recast).

The original best available techniques (BAT) reference document (BRERErga Combustion
Plantswas adopted by the European Commissior2006 This document is the result of a
review of that BREF. The review commencedMviarch 2011

This BAT reference document for Large Combustion Plants forms part of a series presenting the
results of an exchange of information between EU Member States, the industries concerned,
non-governmental @anisations promoting environmental protection and the Commission, to
draw up, review, and where necessary, update BAT reference documents as required by Article
13(1) of the Directive. This document is published by the European Commission pursuant to
Article 13(6) of the Directive.

As set out in Article 13(5) of the Directive, the Commission Implementing Deci&th)
2017/14420n the BAT conclusions contained in Chapter 10 was adopt&d daly 2017and
published orl7 August 2017

2. Participants in the information exchange

As required in Article 13(3) of the Directive, the Commission has established a forum to
promote the exchange of information, which is composed of representatives from Member
States, the industries concerned and-gavernmenthorganisations promoting environmental
protection (Commission Decision of 16 May 2011 establishing a forum for the exchange of
information pursuant to Article 13 of the Directive 2010/75/EU on industrial emissions (2011/C
146/03), OJ C 146, 17.05.2011,3).

Forum members have nominated technical experts constituting the technical working group
(TWG) that was the main source of information for drafting this document. The work of the
TWG was led by the European IPPC Bureau (of the Commission's Joint¢ReGeatre).

3. Structure and contents of this document

Chaptersl and2 provide general information on the Large Combustion Plants industrial sector
and on the idustrial processes used within this sector. These are horizontal matters or specific
activities that do not relate to one specific combustion activity.

Chapter3 provides data and general information concertirggenvironmental performance of
installations within the sector, and in operation at the time of writing, in terms of water
consumption, the generation of waste and general techniques used within this sector. It also
describes in more detail the geneethniques to prevent or, where this is not practicable, to
reduce the environmental impact of installations in this sector that were considered in
determining the BAT.

Chapters4 to 9 provide the following information given below on specific combustion
processes (gasification, combustion of solid fuel, combustion of liquid fuel, combustion of
gaseous fuel, muluel combustion and waste -aacineration).For each cmbustion process

(X is the chapter or section number)

10J L 212, 17.08.2017, p.1
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9 SectionX.1 provides information on applied processes and techniques.

9 SectionX.2 provides data and information concerning the environmental performance of
installations within the sector, and in op@a at the time of writing, in terms of current
emissions, consumption and nature of raw materials, and use of energy.

1 Section X.3 describes in more detail the techniques to prevent or, where this is not
practicable, to reduce the environmental impaagrating installations in this sector that
were considered in determining the BAT. This information includes, where relevant, the
environmental performance levels (e.g. emission and consumption levels) which can be
achieved by using the techniques, theoa@ted monitoring, the costs and the cirosslia
issues associated with the techniques.

Chapterl0 presents the BAT conclusions as defined in Article 3(12) of the Directive.

Chapterl1l presents information on 'emerging techniques' as defined in Article 3(14) of the
Directive.

Concluding remarks and recommendations for future work are presented in QRapter

4, Inform ation sources and the derivation of BAT

This document is based on information collected from a number of sources, in particular
through the TWG that was established specifically for the exchange of information under
Article 13 of the Directive. The inforation has been collated and assessed by the European

IPPC Bureau (of the Commission's Joint Research Centre) who led the work on determining
BAT, guided by the principles of technical expertise, transparency and neutrality. The work of
the TWG and all othecontributors is gratefully acknowledged.

The BAT conclusions have been established through an iterative process involving the
following steps:

1 identification of the key environmental issues for the Large Combustion Plants sector;

1 examination of the témiques most relevant to address these key issues;

1 identification of the best environmental performance levels, on the basis of the available
data in the European Union and worldwide;

1 examination of the conditions under which these environmental perfoentewels were
achieved, such as costs, crossdia effects, and the main driving forces involved in the
implementation of the techniques;

1 selection of the best available technigues (BAT), their associated emission levels (and
other environmental performamdevels) and the associated monitoring for this sector
according to Article 3(10) of, and Annex Il to, the Directive.

Expert judgement by the European IPPC Bureau and the TWG has played a key role in each of
these steps and the way in which the inforamats presented here.

Where available, economic data have been given together with the descriptions of the
techniques presented in Chaptéi® 9. These data give rough indication of the magnitude of

the costs and benefits. However, the actual costs and benefits of applying a technique may
depend strongly on the specific situation of the installation concerned, which cannot be
evaluated fully in this document. the absence of data concerning costs, conclusions on the
economic viability of techniques are drawn from observations on existing installations.

ii Large Combustion Plants



5. Review of BAT reference documents (BREFs)

BAT is a dynamic concept and so the review of BREFs is araong process. For example,

new measures and techniques may emerge, science and technologies are continuously
developing and new or emerging processes are being successfully introduced into the industries.
In order to reflect such changes and their corsecgs for BAT, this document will be
periodically reviewed and, if necessary, updated accordingly.

6. Contact information

All comments and suggestions should be made to the European IPPC Bureau at the Joint
Research Centre (JRC) at the following adstres

European Commission

JRC Directorate B Growth and Innovation
European IPPC Bureau

Edificio Expo

c/Inca Garcilaso, 3

E-41092 Seville, Spain

Telephone: +34 95 4488 284

Fax: +34 95 4488 426

E-mail: JRGB5-EIPPCB@ec.europa.eu
Internet: http://eippcb.jrc.ec.europa.eu
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This BREF for Large Combustion Plan@ncernghe following activities specified in Annex |
to Directive 2010/75/EU:

)l

1.1: Combustion of fuels imstallations with a total rated thermal input of BV or

more, only when this activity takes place in combustion plants with a total rated thermal
input of 50MW or more.

1.4: Gasification of coal or other fuels in installations with a total rated #ienput of

20 MW or more, only when this activity is directly associated to a combustion plant.

5.2: Disposal or recovery of waste in wasteirtmneration plants for nehazardous
waste with a capacity exceeding 3 tonnes per hour or for hazardous \ithsdecapacity
exceeding 10 tonnes per day, only when this activity takes place in combustion plants
covered under 1.1 above.

In particular, this document covaunpstream and downstream activities directly associated with
the aforementioned activitiesdlmdingthe emission prevention and control techniques applied.

The fuels considered in this document are any solid, liquid and/or gaseous combustible material

including:

1 solid fuels (e.g. coal, lignite, peat);

1 biomass (as defined in ArticB{31) of Directive 2010/75/EU);

1 liquid fuels (e.g. heavy fuel oil and gas oil);

1 gaseous fuels (e.g. natural gas, hydregmmtaining gas and syngas);

| industry-specific fuels (e.g. byproducts from the chemical and iron and steel industries);
1 wasteexceptmixed munici@l waste as defined in ArticB39) and except other waste

listed in Article42(2)(a)(ii) and (iii) of Directive 2010/75/EU

This document does not address the following:

= 4 -4 -2

combustion of fuels in units with a rated thermal input of less than 15 MW,

gasification of fuels, when not directly associated to the combustion of the resulting
syngas;

gasification of fuels and subsequent combustion of syngas when directly associated to the
refining of mineral oil and gas;

the upstream and downstream activities noeally associated to combustion or
gasification activities;

combustion in process furnaces or heaters;
combustion in postombustion plants;
flaring;

combustion irrecovery boilers and total reduced sulphur burners within installations for
the productiorof pulp and paper, as this is covered by the BREF for the production of
pulp, paper and board;

combustion of refinery fuels at the refinery site, as this is covered by the BAT
conclusions for the refining of mineral oil and gas;

disposal or recovery of wiesin:
owaste incineration plants (as defined in Artig(d0) of Directive 2010/75/EU),
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owaste ceincineration plants where more than%0of the resulting heat release comes
from hazardous waste,

owaste cencineration plants combusting only wastes, excépthese wastes are
composed at least partially of biomass as defined in Article 3(31) (b) of Directive
2010/75/EU,

as this is covered by the BREF for waste incineration.

Other reference documents that could be relevant for the activities coveredduncthizent are
the following:

1 Common Waste Water and Waste Gas Treatment/Management Systems in the Chemical
Sector (CWW)

Chemical BREF series (LVOC, etc.)
Economics and Croddedia Effects (ECM)
Emissions from Storage (EFES)

Energy Efficiency (ENE)

Industrial Cooling Systems (ICS)

Iron and Steel Production (IS)

Monitoring of Emissions to Air and Water from IED installations (ROM)
Production of Pulp, Paper and Board (PP)
Refining of Mineral Oil and Gas (REF)
Waste Incineration (Wj)

Waste Treatment(T).

=A =4 =4 =4 =4 4 4 -4 -4 -4 -4
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1 GENERAL INFORMATION ON THE STRUCTURE OF THE
SECTOR

1.1 Industry overview

The worl dbés population reached 6 974 mill i or

has been unbroken since 1995. $able1.1 andFigurel.1.

Table1.1:  Area and population worldwide in 2011

Country Land aregl Population P'opula.tion dens;ty
(1 000km"®) (thousand) (inhabitants/km®)

EU-28 4381 506781 116

China 9597 1344100 140

Japan 378 127817 338

Russia 17098 142961 8

United States 9629 311592 32

World 136127 6974036 51

Source[ 104, EurostaP011 ]
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Figure 1.1: Population index worldwide (1995 = 100)
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This population growth has also led to a continuous increase in the world electricity generation
that may be observed by fuel type kigure 1.2. Figure 1.3 shows the world electricity
generation fuel shares in 1973 and 2012 with a totall#9a'Wh and 22668 TWh generated

in the respective years.

24 000
20 000
16 000
12 000
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B Fossil thermal CJ Nuclear (=] Hydro B Other

Source[ 106, IEA 2014 ]

Figure 1.2: World electricity generation from 1971 to 2012 by fuel (TWh)
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Figure 1.3: World electricity generation fuel shares in 1973 and 2012

World electricity generatiofrom 1971 to 2012 by region is shownHigure1.4. The electricity
generation in China is not included in the electricity generation of Asia.
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Figure 1.4: World electricity generation from 1971 to 2012 by region (TWh)

More than one quarter of thetelectricity generated in the E28 in 2013 came from nuclear
power plants (26.%0), while almost double this share (4963 came from power stations using
combustible fuels (such as biomass, natural gas, coal and oil). Among the renewable energy
sourcesshown inFigure 1.5, the highest share of net electricity generation in 2013 was from
hydropower plants (12%), followed by wind turbines (7 %) and solar power (2%).

Solar Geo- Other
27 thermal 0.1

Combustible
fuels
498

(") Figures do not sum to 100 % due to rounding.
Source [ 107, Eurostat 2016 ]

Figure 1.5: Net electricity generationin the EU-28in 2013 (% of total, based on GWh)
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Total gross electricity production in 2013 in the 28 was 3 26IWh. The highest share of
electricity in 2013 was produced in power plants using renewable sources of energ%)(27.3
followed by nuclear power plants (288), coatired power plants (26.%6), gas (16.6%6), olil
(1.9%) and norrenewable waste (0%). A time series for gross electricity production by
major fuels is presented kKigurel.6.

Since 1990 electricity generation froranewable energy sourcéss more than doubled in
volume, and is the only source which also continued to giftev 2008. Electricity produced

from gas shows the sharpest growth from 1992 until 2008, with an average growth rate of
almost 9% per year. In 2009 electricity generation from gas decreased followed by a short
recovery in 2010 which changed into a steddgrease in 2011, 2012 and 2013. The trend in
electricity production in nuclear power plants shows a moderate increase from 1999 until 2004,
when a decrease started.

In 2013, 92.0% of EU-28 electricity was produced by main activity producers, of whicl %7
was from electricityonly power plants and 15% from CHP plants. Nearly 5% of electricity
produced by main activity producers was produced from nuclear and solid fuel8o(20@
28.9%, respectively), 27.% from renewable energy sources, 1%.%om gas and 1.% from
oil and petroleum products.

i
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Source] 107, Eurostat 2016 ]

Figure 1.6: Gross electricity generation by fue(GWh) in the EU-28in 1990 2013

In 2013, the ELR8's maximum electrical capacity was about 968MW. Half of the maximal
capacity corresponds to combustible fudlable 1.2 shows the EkP8's maximum electrical
capacity from 1990 to 2013 by type of fuel.
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Table 1.2; Maximum electrical capacity in the EU-28 (MW) in 1990 2013

1990 | 1995 | 2000 | 2005 | 2010 | 2011 2012 | 2013
128 | 136 | 134 | 131
Nuclear 121070 | ;20 | 250 | gea | 7a1 | 132087 | 123183 | 122971
127 | 132 | 143 | 147
Hydro 119652 | Sel | o | ses | fi4 | 148687 | 148687 | 150145
Geothermal 499 280 | 604 | 687 | 762 764 768 781
Solar 10 49 180 | 2297 | 30131 | 52463 | 70789 | 81876
Tide, wave
S A 240 240 | 241 | 240 | 241 241 243 243
Wind 471 | 2447 | 12711 40568 | 84624 | 94290 | 105421 | 117 936
Combusiible 353 | 391 | 435 | 487
cont 320479 | 520 | 2o | 1o9 | ank | 490982 | 494100 | 482 464
Industrial
Industr 420 682 | 1063 | 514 | 1820 | 186 2020 | 1879
Municipal
Municl 968 | 1418 | 2488 | 4426 | 6029 | 6095 | 6080 | 60959
g’i%'f'gels 2088 | 3862 | 5329 | 10019| 14195 | 15829 | 16639 | 16465
Biogases | 260 500 | 1243 | 3088 | 5934 | 7031 | 8279 | 8660
Liquid
Hauid 0 0 0 704 | 1068 | 1141 | 1842 | 1864
Other sources 10 142 | 229 | 905 | 883 | 2162 | 2044 | 2111

Source[ 108, Eurostat 2016 ]

In the European Union, all available types of energy sources are used for electhieramal t

power generation. The type of fuel used for energy generation in each EU Member State (MS)
is largely influenced by national fuel resources, such as the local or national availability of coal,
lignite, natural gas, or oil. For example, in Greece angharts of Germany and Poland,
significant lignite resources are available for energy generation. In Finland and Ireland, for
instance, peat is an important domestic energy source and, therefore, an important cornerstone
of the national energy policy. IRrance, where nuclear power stations provide the majority of

the nation's energy demand, the use of fossil fuel is mainly restricted to a small number of peak
load plants. In Sweden and Finland, for instance, biomass is an important domestic energy
source The fuel mix of electricity generated in 2011 by each MS (%) is shoWwigime1.7.

3 & A a0 & & B 2 ,:@(9‘5@%@@ dﬁ.@ﬁ@‘?\\‘b
& {s°$°qﬁ'b‘°"§b & &5 o FF FFE P 4
Gq;:i“ A & c._,-t@ &\ W8 969‘ @qu o q,_,-:\ :fq.@’éga:é\@’ \@(9@ cf ‘__35\‘:'}{9 & F J (;%Q o
.\\a"’ < & 3
N o
mSolids ®ENuclear RES Qil Gas =Other

Source] 109, Poland 2013 ]

Figure 1.7: Fuel mix of electricity generated in the EU28in 2011
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Combustion plants are used in the EU according to their demands and requirements, either as
large utility plants or as industrial combustion plants that provide electricity, steam, or heat to
industrial production processes. Plant loading can vary from part load up to full load, and their
operating hours can also vary, from just a few hours of grgggeration per year up to full

time operation. Increased power production from weadkeendent sources may change the
operation pattern from futime to paritime. Total net electricity consumption in the 28

(TWh) in 2011 is shown ifrigurel1.8.
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Source] 109, Poland 2013 ]

Figure 1.8: Total net electricity consumption in the EU28 (TWh) in 2011

Since 2004, the EU Member States report emissions from Large Combustion Plants in
accordance with Directive 2001/80/EC on the limitation of emissions of certain pollutants int
the air from large combustion plants. The playplant data includes total annual emissions of
SO, NOy and dust and the total annual amount of energy input, expressed as net calorific value,
broken down by five categories of fuel: biomass, other $obits, liquid fuels, natural gas, and
other gasesTlable 1.3 shows the number of neefinery plants by Member State that reported
emissiongo airin 2013, the aggregated total rated thermal input and the feelEmissionsto

air are given infable1.5.
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Table 1.3: LCP inthe EU (2013)

Number of MW Biomass Other solid Liquid Natural gas Other
plants th (1Y) fuels (TJ) fuels (TJ) (TJ) gases (TJ)

AT 90 19709 9812 47331 1195 75728 24293
BE 86 20367 36553 29460 3556 124245 25469
BG 24 23601 5533 234164 0 33935 676
CcY 16 3864 0 0 32534 0 0
Cz 101 43639 10588 504010 3690 22218 34076
DE 560 272785 48196 2681498 57173 685006 239077
DK 73 16481 36221 131095 4521 24407 154
EE 20 10300 7020 125652 643 6110 5970
EL 50 24613 0 282023 17113 92904 0
ES 144 77686 5517 408664 68 303 216257 55993
FI 159 30493 86336 160433 2271 57355 6271
FR 235 79595 22456 256303 52297 136131 52485
HR 13 4617 0 23290 1395 12434 483
HU 42 17665 17132 75074 753 47 257 5129
IE 27 13973 1969 61456 5268 96011 2
IT 342 136366 19704 425569 39777 732406 134531
LT 21 12488 4620 0 5265 30102 974
LU 1 730 0 0 0 7218 0
LV 20 5711 667 42 2 23866 0
MT 9 1745 0 0 21603 0 0
NL 146 50529 20108 221556 8442 266803 143734
PL 96 104409 81946 1446819 6909 33630 33531
PT 26 12387 6516 106016 849 33592 1869
RO 85 36459 128 205722 1752 98273 278
SE 128 28340 96 157 17760 7 330 14577 10943
Sl 16 4653 1009 55791 132 1950 0
SK 63 11286 7443 51228 342 29595 12603
UK 248 152905 83805 1137287 10249 765457 48500
Source[ 113, EEA 2013 ]

Figure 1.9 shows the location of the large combustion plants in Europe (northern Sweden,
northern Finland, the Canary Islands and other remote European islands agresgnted on
the map).
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Figure 1.9: Location of Large Combustion Plants in Europe

The climate change, energy and air quality agenda has led to a restriction of emissions to air and
to a strengthening of the legislation. In this context, the European Commission initiated several
policiesthat will impact on the LCP sector as it is one of the major contributors to emissions of
greenhouse gaseasd local air pollutantsThese include:

1 promoting renewable energy up to 2020 and beyond,;

1 strengthening and expanding the Emissions Trading Systent{ES), which limits the
amount of CQthat can be emitted by large industrial plants across the EU,;

1 promoting the development and safe use of carbon capture and storage (CCS);

1 strengthening emission limits for 3@d NG and dustthrough polig instruments such
as Directive 2016/2284on the reduction of national emissions of certain atmospheric
pollutants (replacinghe National Emissions Ceiling Directive

i improving the energy efficiency footprint of installations and the network;

il Thematic Strategiesn Air Pollution;

1 Air Quality Standards, e.¢he Air Quality Directive2008/50/EC
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This implies that many of the existing foskikl-fired plants will gradually be replaced at a rate
dependent on the rate of build of lea&arbon plants. However, becaudete high penetration

of intermittent renewables (e.g. wind), some plants may be required in the future -ap kiack

the renewable portfolio and to maintain security of supply when other options, such as the
greater use of interconnectors or the develspnof energy storage systems, cannot meet the
demand.

It is clear therefore that the LCP sector is facing a major transformation as it evolves in response
to substantial changes in the environmental agenda, whilst maintaining the other objective of
delivering secure and affordable eneffd85, Eurelectric 2012 |

The EU Reference scenario 2013 regati0o, COM 2013 Jjs an update and extension of the
previous trend scenarios for the development of energy systems taking account of transport and
GHG emissions developments, such as the 'European energy and trafispods to 2030
published in 2003 ahits 2005, 2007 and 2009 updates. This report focuses on trend projections
understood in the sense of a Reference scenario. Similar to the last Reference scenario update
from 2009, this Reference scenario starts from the assumption that the legallg Bht{thand

RES targets for 2020 will be achieved and that the policies agreed at EU level by spring 2012
(notably on energy efficiency) as well as relevant adopted national policies will be implemented
in the Member State&igure1.10 shows the electricity generation trend by fuel type in the EU

28 to 2050. Generation from solid fuels declines significantly throughout the projection period,
in particular in the period 20860. Gasfired generation slightly decreasastil 2020, but
increases thereafter, in 2050 reaching the same levels as in 2010.

Met electricity generation Shares (3}
by fuel type (TWh)

4500 - | Salar, tidal etc.
& Wind H
s
- B [ Biomass

B Derived gasses T 20

20
Matural gas 24 = 18
1500 —_—
20
| Petroleum | 12 ——
1000 products 7
Coal and
0 LT ¥ n non
B Nuclear

o —~:r 5
“ﬁ} + "—“" P ’fﬁ} & P 2010 2020 2030 2050
Source[ 110, COM 2013 ]

Figure 1.10: Electricity generation by fuel i EU-28 trends to 2050. EU Reference scenario 2013

The share of gross electricity produced by CHP plants reaches a level arcdnithrbéighout

the period from 2020 until 2050, significantly up from%3n 2010. The role focogeneration

in steam and heat supply grows from%3n 2010 to 786 in 2030 and 8@6 in 2050. In terms

of district heating fuel input, the share of solids and oil decreases considerably and the share of
gas decreases as well but at a slower rate ahdtiin2030. Biomass is used increasingly,
representing almost 3% of fuel input in 2020 and 5% in 2050 (in comparison to 26 in
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2010). Figure 1.11 shows the fuel input for steam generation in district heatidig) and
boilers.

Fuel input in district heating and boilers (ktoe) Shares (%)
100 -
Other fuels
90 - (hydrogen, 29
methanol) 34 a0
80 - B Geothermal 42
heat
70 -
60 - Biomass &
waste 47
50 -
W Gas
40 -
20 oil
20 22
10 - Solids =
8
0 S — 10 g g 5
$ O O D O N H O H O
SEFFLEEESE$ 2010 2020 2030 2050
Source[ 110, COM 2013 ]

Figure 1.11: Fuel input for steam generation in DH and boilersi EU-28 trends to 2050

In the EU, the natural gas higiessure grid in the 28 EU countries is 280km long. The
high-pressure grid delivers gas to a kpnessure distribution grid which is6G49400km long.
Compressor stations (167 compressor stations in tatalpnly in the higipressure gridOne
compressor station always consists of a minimuafmpressors (due to the required security
of supply there is always a redundant system) and a maximuf® ahdividual compressor
units. In tota] 120682000 customers are connected to the gas §iitte @s will only move
when there is a pressure different@gds compressors are required. By compressing théhgas
volume is reduced and the diametettted pipelines can be reduced. The gas compressors are
powered by gas turbines, pisttype gas engines and in some special circumstances by electric
motors

In a survey carried out in 2009 by Marcogaz, where 11 countries participated with a total of 32
ergines and 515 gas turbines, representing a total capacit@3MW, turbines and engines
consumed 7554TJ of natural gas, which represents%3of the capacity for transport, as
represented iffigure1.12.[ 111, Marcogaz 2013 |
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Figure 1.12. Mechanical drive engines and turbines fogastransport and storage (2009
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1.2 Economic situation

The opening up of electricity markets is an ongoing worldwide prodéssprinépal objective

is to increase competition across the sector and thereby encourage the reduction of generation,
transmission, distribution and supply costs to the benefit of both industrial and domestic
consumers.

In parallel with the liberalisation of thelectricity market, there is a move towards the use of
economic instruments to achieve national and international energy and environmental policy
objectives. These instruments take various forms including taxes, incentives andlbraaekkt
trading opportuities.

In 1996, the European Union introduced the Internal Electricity Market (IEM) Directive
(96/92/EC), repealed by Directive 2009/72/2009, which required MS to open up upd@R5

their markets to competition, although they remained free to take rtftegket openingip
process even further. The degree of actual market opening varies throughout the EU, from a full
open market in some countries to a partially open market in others.

The openng up of marketsto competition can have a significant impact a range of factors
affecting the operation and regulation of LCPs, and which may be taken into account in
determining the appropriateness of particular techniques to reduce emissions to air, water and
soil. The need for some plants to manage specifgtatner requirements including auxiliary
services, such as maintaining voltage and frequency, leads to load following, peak load
production and black start capability. Thefetors include, but are not limited to, the
following:

1 Security of the energy pply. This can affect the levels of excess capacity in a system
and the extent of fuel diversity, although the capacity is itself influenced by the need for
spinning reserve and the availability of fuel storage.

Cost and availability of fuel.

Cost and avé&ability of allowances provided under the EU Emissions Trading System

(ETS).

1 The level of system security that is required by any given market can significantly
influence factors such as the redundancy in plant design, with a direct influence on
investmentosts and the level of electricity price required to pay back investment.

1 The impact of the market shape (i.e. load duration curves), which, together with factors
such as the marginal cost of generation, can influence the level of utilisation of particula
types of plant, availability requirements and the level of excess capacity.

1 Remuneration structures within particular markets, including whether they operate
contract markets, balancing markets, trading via an electricity pool, capacity payments,
etc.

1 The level of the forward price within the market and the psteacturein relation to plant
utilisation and generation costs, which may influence the ability of a given market to pay
back investments.

1 The extent to which tariffs in a particular market &iseed to control the supply or

consumption of electricity produced by a given technique or sourced from a particular

fuel, so as to suppotthe energy policy requirements individual Member State$ther
instruments are also used the Member Statesto achieve these objectives, including
carbon, energy, and pollutant taxes.

The capacity from renewable sour@enefitting frompreferentiafeedin tariffs.

The need for a particular plant to manage specific customer interface requirements,

including ancilary services such as maintaining system voltage and frequency, load

following and load structure, black start capability and the specific need to meet local grid
constraints, all of which can have a marked impact on the operational characteristics of
sucha plant.

=a =

=a =
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1 The interaction of connected markets, such as in systems where gas and electricity grids
create the opportunity for hedging between gas supply and electricity generation based on
fuel price differentials, which can also be driven by shemn denand.

1 Grid infrastructure and the particular charging structure within a specific market can have
plantspecific implications, e.g. transmission lessgrid access and the use of system
charges, together with tlextent of constrained online periods

1 Reguhtory incentives within particular markets to encourage embedded and distributed
generation. These can also have an influence on the level of renewable generation, where
national targets can be achieved through additional support mechanisms, including
supplier obligations or subsidief123, Eurelectric 2001 ]

Location of combustion installations

It is general practice throughout Europe to locate fdasitburning powerplantsin locations

that incur the minimum costs for installation and operation, allowing also for a number of
contributing factors related to the area where the plant is located and the infrastructure to
support its operatiorEach of these factors varies igsificance according to local and national
considerations, but in many cases the availability of a connection to the -electricity
transmission/distribution system, the proximity of the electrical demand, and the availability of
water for the cooling systemsnd the proximity of mining zones/seaports have often been
predominant factors in selecting the location for LCPs. In the past, forecasts of future power
demands for individual countries, and the optimum {tergn costs for the preferred type of
plant, lave determined the chosen size and location of power plants.

Sincethe specific investment cosare substantially lower for larger units 380MW,,) than for

smaler oneg< 300MW{,) and the costs of the electricity produ@d consequently lowgthe

capacity of individual units has increased in the last few dec&@deist this isa recognised

driver on mainland, island generators magnethelesgace specific challenges. The size of
generators installed on islands is a compromise between the tise lafger power units for
enhanced efficiency, whilst maintaining an adequate level of redundancy in case of failure of
units. Island generators do not benefit from economies of scale. Flexibility is key when selecting
island generators since they needbe operated with high variations of duty cycle resulting
from daily and seasonal variations in the is

Gas compressor stations are situated at fixed distances alongside the transport pipe, and storage
plants are located dependion the geological site. Small and reductant compressors may be
needed to guarantee optimal gas flow and security of supply.

Other factors are often of less importance when selecting the location of a LCP. The availability
of suitable land, the visual drair quality impact on the local environment, and the access for
the delivery and storage of fuels are often factors that influence the design and positioning of a
power plant. However, these factors are often considered in detail only when the general
location has been determined, and do not usually override the decision to proceed with the plant
installation.

With the widespread expansion of energy infrastructure taking place in Europe, there are also
changes in the relative influence of each of théofacused when selecting the location of the
powerplant. It is now easier to bring the fuel and power connections to the right location for the
plant, rather than to choose the location according to the existing infrastrddtarsignificant
increase inthe use of natural gas as a fuel has now resulted in a greater level of gas supply
infrastructure, making gas more widely available at the pressure and quantity required for the
operation of the gas engines and turbines for power generation, with I®pdreation costs

and no site fuel storage requirements. The expansion of the integrated electricity distribution
system has widened the options for achieving good connections for the gevegating plant

to supply power into the system. New switchgeat aontrol systems are also enabling more
safe and effective connections.
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The LCP sector imports a large amount of fuel (including coal and gas) from outside the EU and
hence security of supply is an important driver in the design, the technology aedasdtion

of plants. Indigenous supplies will increasingly play a role in maintaining diversity and security
of supply, whilst coal plants often seek opportunities to widen their capability to diversify fuels
by also burning biomass, wastes and petroleake. LCPs may, in the future, need to be more
flexible in fuelling, as well as in operation, due to the increase in intermittent renewable energy.

There is a decreasing availability of locations that meet the main requirements for power
plants and this my become more important in the future as ititereased use of carbon
capture and storage (CCS) may influence the siting of new fossil plants to maintain access to
CO, storage sitef85, Eurelectric 2012 ]

At the same time, changes in power generation and abatement techniques have significantly
increased the efficiency of power generation, as well as providing far cleangafles than

earlier plants burning fossil fuels. These of gas turbines for power generation, and the
development of new combustion plants and-flas treatments have resulted in power plants
that can use a range of gaseous, liquid or solid fuels, all emitting far less pollutants per unit of
power generad than previously. The overall impact that new plants have on their local
environment is significantly less compared to older plants.

In some countries, an area’s residential and commercial heat load is an important parameter in
locating district heatinggr combined heat and power (CHP) plants. For district heating, the
economically optimised situation leads to calls for peak load production in the sama area.

high load situation, peak load boilexlsvays operate together wi@HP plants. This meanbkat

each plant feeds the nearby area with a relatively small distance between the consumers and the
plant. Connecting CHP and peak load plants to a district heating grid must thus follow certain
rules.

Newer plants have higher energy efficiencies, whidultginter alia, in a reduced production
of emissions (to water and air) per unit of power generated. Future increases of plant efficiency
will ultimately be limited because of:

the laws of thermodynamics;
the diminishing returns from increasing devel@pincosts;
increasing capital costs resulting in higher generation costs;

CO2 capture and storage measures;

=A =4 =4 =4 =

plants not using their full capacity.

The influence of remaining plant life and plant operation

Economic viability for implementing new environmehttechniques is relevant since
decarbonising electricity generation will require a new tranche of technology and hence a
transition from existing to new technology. Future expected lifetime and operating regimes,
particularly for existing plants, may wdbe very different from current ones. Low levels of
operation and a limited remaining life are key parameters to consider when assessing the ability
to recover further investments in an existing plant. The dependence of costs as a function of
remaining plat life and load factor can be assessed on a-lmasase basis (for given
assumptions on capital and operating costs, discount rate, and economic lifetime). The level of
operation is represented by the plant annual load factor, or equivalent load factor.

In the example below, it is assumed thatective catalytic reductiorSCR ) is retrofitted to a
500MWy, coaklfired unit with an annual operating period of0@hours at a cost of
EURG60million. It is also assumed that the additional operating costhd SCR is
EUR 2.5million per year (assuming no loss of ash sales). For this exercise, the discount rate is
10% with costs amortised over 10 years. For this exanfipyre 1.13 indicates that the
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annualised casper MWh generated of a retratd SCR system rises to around twice the
baseload cost when the load factor is%40andthat more than doubles again when the load
factor reduces to 2%.

Figurel.14 indicates tht the annualised cost panne of pollutant removedoubles from the
6new plantoé | evel BHybaesh85tEtraectric®ali ni ng | i f e i
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Figure 1.13. Example of annualisedabatementcost per urit generated as a function of load factor
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Figure 1.14: Example of annualised abatement costper tonne of pollutant removed as a
function of remaining economic life

Large Combustion Plants 15



Chapter 1

1.3 Key environmental issues

The operation of combustion installations to generate electrical energy and/or heat, and in
paricular the electricitygenerating industry due to its large centralised power plants, is a very
important cornerstone of our modern society and of the European economy. On the other hand,
combustion installations use large amounts of combustible fuelsthad raw materials taken
from the earthods natur al resources, convert.i
number of residues, wastes and large amounts of emissions to all environmental media. To give

an overview of the different mass streara general flow diagram of a combustion plant and its
associated operations is presenteBigure1.15.
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Figure 1.15. General flow diagram of a combustion plant and its associated operations

Combustible fuels are the principal energy source ustaytdHowever, their burning results in

a relevant and at times significant impact on the environment as a whole. The combustion
process leads to the generation of emissions to air, water and soil, of which emissions to the
atmosphere are considered to b @f the main environmental concerns. The following
sections give general information about the main substances emitted. An overview of the
substances emitted, their sources and their influence on the different environmental media is
given inTablel.4.
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Table 1.4:  Potential emission pathways by source type and substance

Substances
) 2
= c © ) ©
SOURCE RELEASE 2le|s|5|%| e, & |,-5
218|533/ 2|c5zg T 88T ¢
- BlE| S| E|2|8325 € 0555 ol
Air  Water Land % || E|lxw]| 5| |26 3 L9® 3 | c
> |96 | %o |xX|2%egd 2BIEGZE 2|
O ol g|Q|e|BCT=€ & (8037 a |l
@  w o g 8|8 |5|eFg8g « 5929 |°
IR A
O o< 2
Fuel storage and handling A wW A
Water teatment W W W
Flue-gas A |AlA A |A AlA|A A A A
Flue-gas treatment W wW WL W
Site drainage including
rainwater W W
Waste water treatment WL W | W L L
Cooling water blowdown W W W |W W
Cooling tower exhaust A
Source[ 124, HMIP 1995 ]

1.3.1 Energy efficiency

Prudent management of natural resources and the efficient use of energy are two of the major
requirements of the IEDI'herefore, the efficiency with which energy is converted from the fuel
now plays an increasingly important role as an indicator of the environmental impact of a
process. Energy efficiency is not only important as a marker of the careful treatmentralf natu
fuel resources, it is also an indicator of the emissions that are released in producing a unit of
energy. Energy efficiency may be increased by optimising the energy utilisation and the
efficiency of the energgenerating process. Optimising the speadnergy efficiency depends

on a variety of factors, including the nature and quality of fuel, the type of combustion system,
the operating temperatures of the gas turbine, reciprocating engine and/or steam turbine, the
local climate conditions, the typs cooling system used, the operation cycles, the load factor,
the potential for district heating, industrial symbiosis, industrial clustering (in the case of CHP),
heat storage or district cooling potential, etc.

Each sequential step in the process oifveosion of fuel to useful energy has its own efficiency
factor. The overall energy efficiency of the process is achieved by multiplication of all the
individual energy efficiency factors.

The net energy efficiency takes all losses into account dube@uxiliary station supply (and
process heat demand), fuel preparationpimduct treatment, flugas treatment, waste water
treatment, the cooling system, higbltage transformer, and fans and pumps. Energy efficiency
optimisation can be achieved foll &fficiency factors, including any devices used for
environmental protection. For the supply of electricity, any grid and transformer losses have to
be taken into account and, for the supply of heat from Combined Heat and Power (CHP) units,
transport loses from the district heating network and cycling pumps have to be taken into
account.

Periods of high ambient temperatures at the site decrease electricity production efficiency in
both gas and steam plants. For gas turbines and diesel engines, thet anliemperature is

more significant, whereas for steam turbines, the temperature of the cooling media is more
important. For the condensation of cooled expanded steam, there are different types of cooling
system which can be applied: direct coolinghwi#eawater, lake or river water, or air (air
condenser), direct and indirect cooling with wet or dry cooling towers as well as with district
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heating water or with industrial process water. Each has different influences on energy
efficiency. For more informt i on, refer to the o6l ndustrial Cool in

Energy efficiency and emissions

Even the most efficient condensing power plants may be passing a significant amount of their
total energy input to the environment in the form of rejected heat. Thigsy be absorbed in

the local atmosphere or watercourses with relatively little harm to the local environment, but
every unit of energy consumed represents additional emissions passed into the environment. At
the present time, the most effective wayrtpiove the energy efficiency of power generation is

to maximise the use of the heat produced, and not to waste it.

For waste heat utilisation, several thermodynamic, technical, and economical criteria need to be
taken into account. Thermodynamic criten&olve, on one hand, the temperature and, on the
other hand, the resulting exergy content of waste heat. The temperature has to be taken into
account if the waste heat is to be used for heating. The exergy content has to be taken into
account if the wastéeat is to be utilised for the production of electricity and power. The
technical criteria depend on individual site conditions.

By reducing and utilising waste heat, energy can often be saved, emissions can be reduced and
resources can be preservedeiiéhare a wide range of processes that require continuous supplies
of heat in the form of steam, hot water, or hot air as inputs to their production and operating
facilities. This technique is known as cogeneration or combined heat and power production
(CHP). Its associated fuel consumption is usually lower in comparison to the separate
production of heat and power. The benefits of increased energy utilisation can result in a
reduced rate of emissions of g@itrogen oxides (N&, and othepollutants,depending on

the annual utilisation of the CHP process, the fuel substituted, and the potential for
replacingsmall combustion plants with heat from an adjacent pastaion. However, the
magnitude of the beneficial effect of lower overall fuel consumptigh @HP is often site
specific and depends on maintaining a high annual utilisation rate, particularly during
summertime when the heat load is at its minimum.

Effect of load on plant energy efficiency

At the time of construction, some LCPs are designeaperation at full load or baseload and
some other LCPs are designed for operation at fluctuating loads. After a period of operation,
other, more efficient or less costly, plants may be constructed forcing older plants to operate at
lower and lower loadshefore finally being closed. However, it is anticipated that existing
fossiHuel-fired plants will increasingly be required to operate at lower loads and varying loads
in the future, as more, intermittent, renewable plants are built. The cost of impAdoref
retrofitting environmental abatement equipment may also contribute to the decision to operate at
lower loads before eventual closure.

Similarly, a plant operating with frequent shutdown and sfarperiods is significantly less
efficient thanif operated at a steady outpu85, Eurelectric 2012 ]

Banked boilers (boilers that are kept warm for scheduled or emergency use) and intermittently
used plants often lead pmor system efficiencies.

1.3.2 Emissions to air

The most important emissions to air from the combustion of combustible fuels ar&dlGQ

CO, particulate matter (dust) and greenhouse gases, such,a®©t€r substances, such as
heavy metals, hydrogen flude, hydrogen chloride, unburnt hydrocarbons, -n@thane
volatile organic compounds (NMVOCs) and dioxins, are emitted in smaller quantities but may
have a significant influence on the environment due to their toxicity or their persistence.
Emissions of § ash can also include emissions of particulate matter of aerodynamic diameters
of less than 1Qum, called PM,.
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In accordance with Directive 2001/80/EC on the limitation of emissions of certain pollutants
into the air from large combustion plants, the Eldmber States report emissions from Large
Combustion Plants, including total annual emissions of 8IOx and dust. Air emissions from
nonrefinery plants reported by the Member States in 2013 are givEabile 1.5 together with

the number of reporting plants and with the total annual amount of energy input. The types of
fuel used are given ihablel.3.

Table 1.5:  Air emissions of European large combustion plants (2013)

N”prlnat:,]etg of MW , SO, (1) NOy (t) Dust (t)
AT 90 19709 2718 6478 456
BE 86 20367 2218 9558 173
BG 24 23601 116666 36846 4479
CY 16 3864 10396 2908 345
Cz 101 43639 98321 65802 3389
DE 560 272785 160299 226042 5385
DK 73 16481 3353 8533 644
EE 20 10300 25992 9430 7866
EL 50 24613 52736 39633 12403
ES 144 77686 92841 88091 4816
Fl 159 30493 19308 30757 1062
FR 235 79595 79640 57680 4311
HR 13 4617 6925 7470 109
HU 42 17665 8627 12922 424
IE 27 13973 10188 9245 388
IT 342 136366 29963 49695 1280
LT 21 12488 2094 2250 138
LU 1 730 2 175 0
LV 20 5711 49 1054 2
MT 9 1745 4880 2954 228
NL 146 50529 9681 21367 355
PL 96 104409 324712 219905 15490
PT 26 12387 5760 8435 288
RO 85 36459 160211 42065 10007
SE 128 28340 1794 6314 449
Sl 16 4653 5292 8430 269
SK 63 11286 40076 11978 706
UK 248 152905 152644 198000 6947
Source 113, EEA 2013]

13.2.1 Sulphur oxides (SOy)

Emissions of sulphur oxides result mainly from the presence of sulphur in the fuel. Fossil fuel
contains sulphur as inorganic sulphides or organic compoundgx&mple, sulphur appears in

coal as pyritic sulphur, organic sulphur, sulphur salts and elemental sulphur. During
combustion, by far the majority of sulphur oxides are produced in the form of sulphur dioxide

(SOy).

When combusting solid and liquid fugthe presence of transition metals in the fuel also causes
the catalytic oxidation of 0.% to 4% of the sulphur to sulphur trioxide (§Qduring the
combustion. An additional oxidation can take place in plants fitted with SCR, where SO
emissions may aount for about 8% of the total sulphur emitted. Sulphur trioxide is adsorbed
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on dust and, in the case sblid fuels, can aid the operation of electrostatic precipitators. For
liquid fuels, high levels of S{xontribute to the formation of acid soots.

Additionally, o6blue smokedé can be emitted
that this optical phenomenon is caused by the progressive hydratiors ¢6 S@phuric acid
aerosol with S@production enhanced by the vanadium content obthand probably also by
the SCR catalyst.

Natural gas is generally considered free from sulphur. This may not be the case for certain
industrial gases, and desulphurisation of the gaseous fuel might then be nefek&ary
OSPAR 1997 ]

SO/SO, emissions to air are shown figure 1.16 by industry sector. In 2014, 458 facilities in
the 'Thermal power stations and other combustiomliatibns' sector emitted a total o259kt

of SO(/SO, emissions to air, representing 66@of the total amount emitted by all installations
covered by the fPRTR.

@ 1.(a) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and
other combustion installations

@ 1.(d) Coke ovens

@ 2.(a) Metal ore (including sulphide ore)
roasting or sintering installations

@ 2.(b) Production of pig iron or steel
including continuous casting

@ 2.(c) Processing of ferrous metals

@ 2.(e) Production of non-ferrous crude
metals from ore, concentrates or se...

@ 3.(a) Underground mining and related
operations

@ 3.(b) Opencast mining and quarrying

@ 3.(c) Production of cement clinker or
lime in rotary kilns or other furnaces

@ 3.(e) Manufacture of glass, including
glass fibre

@ 3.(f) Melting mineral substances,
including the production of mineral fi...

@ 3.(g) Manufacture of ceramic products
including tiles, bricks, stoneware or...

@ 4.(a) Industrial scale production of b...
@ 4.(b) Industrial scale production of b...
@ 4.(c) Industrial scale production of p...
@ 5.(g) Independently operated industr...
Production of pulp from timber...

/

1.(c) Thermal power stations and other combustion installations
1,258,621,000 (66.9%) Production of paper and board...
w 5.(0) Treatment and processing of a...
Other

Source [ 227, EPRTR 2014 ]

Figure 1.16: Emissions of SQ/SO, to air by industry sector/activity in the EU-28 in 2014

1.3.2.2 Nitrogen oxides (NOy)

The pincipal oxides of nitrogen emitted during the combustion of fossil fuels are nitric oxide
(NO), nitrogen dioxide (Ng), and nitrous oxide (JD). The first two of these form the mixture
known as N, which accounts for the great majority of the oxidesitwbgen in the main types

of large combustion installations.
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The formation of NQ is governed by three essential mechanisms; characterised by the origin of
the nitrogen and the environment where the reaction takes place:

1 thermal NOX results from the retian between the oxygen and nitrogen from the air;
1 fuel NOX is formed from the nitrogen contained in the fuel;

1 prompt NOX is formed by the conversion of molecular nitrogen in the flame front, in the
presence of intermediate hydrocarbon compounds.

The guatity of NOy formed by the prompt NOmechanism is generally much smaller than that
generated by the other reaction paths.

The formation of thermal NQgreatly depends on temperature. When combustion can be
achieved with temperatures below)A0°C, emisns of NG are significantly lower. When

the peak flame temperature is belo®QD°C, the formation of NQmostly depends on the fuel
nitrogen.

The formation of fuel NQ@ depends on the nitrogen content of the fuel and the oxygen
concentration of the redon medium. The quantity of fuel NOproduced is greater in
installations using coal, as this has larger amounts of nitrogen in its structure than other types of
fuel. The mean nitrogen contents generally found in different types of fuel are giVela

1.6.

Table1.6:  Fuel-bound nitrogen

Fuel Fuel-bound nitrogen _
(wt-%, dry, ash-free basis)
Coal 0.5'2
Biomass (wood) <0.5
Peat 1525
Fuel oil <1.0
Natural s 0.0
Derived gases 0'1! 1
(>> 1 chemical sources)

The type of combustion process used also affects the amounts of nitrogen oxides emitted. In the
case of coal, for example:

1 NOyx emissions are lower with a moving grate boiler because of the relatoely
combustion temperature and the progressive nature of the combustion as it advances over
the grate;

1 emissions are higher in a pulverised coal boiler, varying with the type of burner and the
design of the combustion chamber;

1 NOy emissions in a fluidiseted boiler are lower than those produced in conventional
boilers, but NO emissions can be higher if the furnace operating temperature is too low.

The formation of thermal NQis the dominant pathway by which NQs generated in
installations using gasesuand distillate liquid fuels. The quantity of fuel N®@roduced is
greater in installations using coal and heavy fuel oil, as these have larger amountbotifael
nitrogen.

The formation mechanism of nitrous oxide(N has not yet been completelyrdi@d. There is
a possible formation mechanism based on intermediate products (HCH, Wkich is
comparable to the formation of NO. It has been found that lower combustion temperatures, i.e.
below 1000°C, cause higher J® emissions. At lower tempera&s, the NO molecule is
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relatively stable; at higher temperatures, thgd Normed is reduced to ;N Compared to
emissions from conventional stationary combustion units, nitrous oxide from either bubbling,
circulating or pressurised fluidised bed combustigrelatively high. Nitrous oxide (pD) also
contributes directly to the greenhouse climatic effects through thermal infrared absorption in the
troposphere. The tropospheric lifetime ofNis quite long, as its interaction with other gases,
clouds, andherosols is minimal. O is decomposed in the presence gfa@d forms N@ and

NO, noted as NQ

NOy/NO, emissions to air are shownhiigurel.17 by industry sector. In 2014, 892 facilities in
the "Thermal powestations and other combustion installations' sector emitted a totdl8&kt
of NOx/NO, emissions to air, representing 556 of the total amount emitted by all

installations covered by the BERTR.

@ 1.(a) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and
other combustion installations

@ 1.(d) Coke ovens

@ 2.(a) Metal ore (including sulphide
ore) roasting or sintering installati. ..

@ 2.(b) Production of pig iron or steel
including continuous casting

@ 2.(c) Processing of ferrous metals

@ 2.(e) Production of non-ferrous
crude metals from ore, concentrat...

@ 3.(a) Underground mining and
related operations

@ 3.(b) Opencast mining and
quarrying

@ 3.(c) Production of cement clinker
or lime in rotary kilns or other furn. ..

@ 3.(e) Manufacture of glass,
including glass fibre

@ 3.(g) Manufacture of ceramic
products including tiles, bricks, st...

@ 4.(a) Industrial scale production of
basic organic chemicals

@ 4.(b) Industrial scale production of
basic inorganic chemicals

1.(c) Thermal power stations and other combustion installations 3uction of
1,186,238,000 (55.6%) r potassi...

W 5.(a) visposal or recovery of
hazardous waste
@ 5.(b) Incineration of non-hazardous

waste included in Directive 2000/...
Source[ 227, EPRTR 2014 ]

Figure 1.17: Emissions of NQ/NO, to air by industry sector/activity in the EU-28 in 2014
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1.3.2.3 Dust

The dust emitted during the burning of coal, peat and biomass arises almost entirely from the
mineral fraction of the fuel. A small proportion of the dust may consist of unburnt fuel carbon
and very small particles formed by the condensatidncompounds volatilised during
combustion.

The type of combustion process has a considerable effect on the proportion of ash entrained in
the fluegas emissions from boilers. For example, moving grate boilers produce a relatively
small amount of fly ast{20i 40% of total ash), whereas pulverised coal boilers produce an
appreciable amount (800 %).

The combustion of liquid fuels is also a source of particulate emissions, although to a lesser
extent than coal. In particular, poor combustion conditioad te the formation of soot, which

is liable to produce acidic agglomerates with corrosive properties in the presence of sulphur
trioxide.

The combustion of natural gas is not a significant source of dust emissions. On the other hand,
some industrial gasemay contain particles which are filtered out in the production process or,
failing that, before combustion.

For many installations, there are also potential diffuse emissions-éipleandling and storage
of coal, the crushing of the coal used in pubed coal boilers, the handling of ash, efcl)25,
OSPAR 1997 ]

Environmental problems, in particular health impacts, are especially associated with particles
less than 2.pum in diameter, which can remain suspended in the atmosphere for days or even
weeks. Environmental problems can also occur by -teng accumulation of persistent
compounds after deposition on the soil or by solution and transfer to water bodies. Tieedista
that particles travel before they are removed from the air by settling or by precipitation depends
on their physical characteristics and on the weather conditions. The size, density and shape
influence the rate at which particles settle. Particlestattgan 1Qum in diameter settle fairly
rapidly. Their impact is primarily near the source. Smaller particles of less tham Hhd
especially those less than i can travel over hundreds of kilometres before settling.
Aerosols often function as condsation nuclei for cloud formation and are washed out with
rain.

Industrial emission control techniques for particulate matter (PM) are very efficient, achieving
more than 99.86 by weight removal from the raw gas input. Achievable reduction rates depend
on the secondary abatement technology used and might for some other fuels, such as oil, be
lower due to the different particulate composition and sizes. Only for small particles, such as for
PM;o and below, does the removal efficiency decrease to betweét &1d98%. For this

reason, the majority of particles from LCPs still emitted to the air are in themOtd 10um
diameter range.

PM;o emissions to air are shown fiigure1.18 by industry sector. In 2014, 16&cilities in the
‘Thermal power stations and other combustion installations' sector emitted a totaktadf49
PM;, emissions to air, representing 486lof the total amount emitted by all installations
covered by the fPRTR.
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@ 1.(a) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and ot...
@ 1.(d) Coke ovens

@ 1.(f) Manufacture of coal products a. ..
@ 2.(a) Metal ore (including sulphide o...
@ 2.(b) Production of pig iron or steel i...
@ 2.(d) Ferrous metal foundries

@ 2.(e) Production of non-ferrous crud...
@ 3.(a) Underground mining and relate...
@ 3.(b) Opencast mining and quarrying
@ 3.(c) Production of cement clinker or...
® 3.(e) Manufacture of glass, including...
@ 3.(f) Melting mineral substances, inc...
@ 3.(g) Manufacture of ceramic produc...
@ 4.(a) Industrial scale production of b...
@ 4.(b) Industrial scale production of b...
1.(c) Thermal power stations and other combustion installations '©" Of P---
49,229,900 (48.1%) dfills clo...
@ 5.(e) Lisposal or recyclhing of animal. ..
@ 5.(g) Independently operated industr. .
@ 6.(a) Production of pulp from timber...
@ 6.(b) Production of paper and board...
® 6.(c) Preservation of wood and woo. ..
@ 7.(a) Intensive rearing of poultry orp...
@ 8.(b) Treatment and processing of a...
@ 5.(c) Treatment and processing of milk

Source 227, EPRTR 2014 ]

Figure 1.18 Emissions of PMgto air by industry sector/activity in the EU-28 in 2014

1.3.2.4 Metals

The emission of metals results from their presence as natural substances in fuels. Most of the
metals considered (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Zn, V) are normally released as compounds
(e.g. oxides, chlorides) in assaiion with particulates. Only Hg and Se are at least partly
present in the vapour phase. Hg in particular is known as ardoyg transboundary pollutant
which can create pollution problems in areas far away from the emission source. Less volatile
elemens tend to condense onto the surface of smaller particles in th@auetream.
Enrichment in the finest particle fractions is, therefore, observed. Partitioning, for example, of
metals during coal combustion is showrFigure1.19.
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Figure 1.19: Partitioning of metals during coal combustion

The content of metals in coal is normally several orders of magnitude higher than in oil (except
occasionally for Ni and V in heavy fuel oil) or natural gas. Many of the metals are chemically
bound in compoutts, like oxides, sulphates, aluminosilicates, and minerals, such as anhydrites
and gypsum. The release of the elements depends on the nature and particle size of the
compound. During the combustion of coal, for example, particles undergo complex changes
which lead to vaporisation of volatile elements. The rate of volatilisation of metal compounds
depends on the fuel characteristics (e.g. concentrations in coal, fraction of inorganic compounds
such as calcium) and the characteristics of the technology @gelae type of boiler, operating
mode).

As a consequence, different metals are found in different proportions in fly ashes and bottom
ashes. For example, manganese and iron have similar enrichment in fly ash and bottom ash, and
their level is low in stdc particulate emissions. By contrast, up to%8®f cadmium, tin, zinc,

lead, antimony and coppésretained in the fly ash and abolitl® % is retained in the bottom

ash. However, only 1% of selenium and % of arsenic is retained within the solid pe#s,

and only about 86 of these elements is retained in the bottom ash. A similarly high proportion

of Mercury is released in the atmospheréip to85% of mercury is either emitted in the
atmosphere or captured in solid fly ash particles, and agilelgliamount is retained in the
bottom ash.

Coal combustion releases mercury in oxidised*{Hcgelemental (HY or particulatebound

(Hgp) form. Mercury is present in the coal in trace amounts, and the combustion process
releases this into the exhaustsgas elemental mercury. This may then be oxidised via
homogeneous (gagas) or heterogeneous (gadid) reactions. The primary homogeneous
oxidation mechanism is the reaction with gémse chlorine to form Hggl whilst
heterogeneous oxidation reactioase believed to occur on the surface of the fly ash and
unburnt carbon (UBC). The mercury which is adsorbed onto solid surfaces is known as
particulatebound mercury.

Oxidised mercury is prevalent in the flgas from coal combustion, and, being wa@uble, is
relatively easy to capture using S€ontrols such as wet limestone scrubbers. The concentration
of halides (i.e. chloride) in the flegas is relevant as they promote the oxidation of mercury.
Particulatebound mercury is also relatively easy ¢apture in existing particulate control
devices. Elemental mercury, present in higher concentrations in th@ales of lignite
combustion, is more difficult to capture with the existing pollution controls prevalent in lignite
fired plants (i.e. withouSCR). This combines with lower levels of fly ash carbon content to
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give higher emissions of mercury from these fuels. Adsorption/absorption of mercury on
particles is lower in this case.

Elemental mercury has a lifetime in the atmosphere of up to ongwlaiést oxidised forms of
mercury have a lifetime of a few days or less, due to their higher solubility in atmospheric
moisture. Elemental mercury can therefore be transported over long distances, whereas oxidised
and particulate mercury deposits neargbiat of emission.

Hg emissions to air by industry sector are showRigure 1.20. In 2014, 169 facilities in the
‘Thermal power stations and other combustion installations' sector emitted a totaltohh8s/
of Hg emissions to air, representing 5%d4of the total amount emitted by all installations
covered by the PRTR.

@ 1.(2) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and other
combustion installations

@ 1.(f) Manufacture of coal products and
solid smokeless fuel

@ 2.(a) Metal ore (including sulphide ore)...
@ 2.(b) Production of pig iron or steel incl...
@ 2.(c) Processing of ferrous metals

@® 2.(d) Ferrous metal foundries

@ 2.(e) Production of non-ferrous crude...
@ 3.(c) Production of cement clinker or |i...
@ 3.(e) Manufacture of glass, including gl...
@ 3.(g) Manufacture of ceramic products i...

) L . iion of basi...
1.(c) Thermal power stations and other combustion installations .on ofbast

13,668.3 (51.4%) fion of basi...
w v.\a) uspusai ur tecuvery vl hazardou. ..

@ 5.(b) Incineration of non-hazardous wa...

@ 5.(d) Landfills (excluding landfills close...

@ 5.(g) Independently operated industrial...

@ 6.(a) Production of pulp from timber or...

@ 6.(b) Production of paper and board an...
Other

Source[ 227, EPRTR 2014 ]

Figure 1.20: Emissions of Hg to air by industry sector/activity in the EU28 in 2014

1.3.25 Carbon monoxide (CO)

Carbon monoxide (CO) always appears as an intermediate prddhet combustion process,
particularly insubstoichiometric combustion conditions. Plant operators always try to minimise
CO formation, as CO is an indicator of corrosion risk and unburnt fuel, and therefore signifies a
loss of efficiency. The formation mkanisms of CO, thermal NO and VOCs are all similarly
influenced by combustion conditiafisd27, Corinair 1996 ]

CO emissions to air are shownhkigure 1.21 by industry sector. In 2014, 108 facilities in the
‘Thermal power stations and other combustion installations' sector emitted a totalkbfo264
CO emissions to air, representing 8olof the total amount emitted by all instaltats covered
by the EPRTR.
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@ 1.(a) Mineral oil and gas refineries
@ 1.(b) Gasification and liquefaction

@ 1.(c) Thermal power stations and
other combustion installations

@ 1.(d) Coke ovens
@ 2.(a) Metal ore (including sulphide ore)
roasting or sintering installations

@ 2.(b) Production of pig iron or steel
including continuous casting

® 2.(c) Processing of ferrous metals
® 2.(d) Ferrous metal foundries

@ 2.(e) Production of non-ferrous crude
metals from ore, concentrates or se...

@ 3.(b) Opencast mining and quarrying

@ 3.(c) Production of cement clinker or
lime in rotary kilns or other furnaces

© 3.(f) Melting mineral substances,
including the production of mineral fi...

@ 3.(g) Manufacture of ceramic products
including tiles, bricks, stoneware or...

® 4.(a) Industrial scale production of b._.
@ 4.(b) Industrial scale production of b...
@ 5.(a) Disposal or recovery of hazard...
@ 5.(d) Landfills (excluding landfills clo...
@ 6.(a) Production of pulp from timber...
@ 6.(b) Production of paper and board...
© 8.(b) Treatment and processing of a...
Other

47.8%

Source] 227, EPRTR 2014 ]

Figure 1.21: Emissions of CO to air by industry sector/activity in the EU28 in 2014
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1.3.2.6 Greenhouse gases

Greenhouse gases have an effect on global warming in relation to their potential for trapping
heat in the atmosphere. Carbon dioxide §C@itrous oxide (NO), sulphur hexafluoride (Sf

and methane (CH are the most important greenhouse gases associated with LCPs. Emissions
of CGO,, N,O, Sk and CH to air in the EU28 in 2014 are shown by industry sector/activity in
Figurel.22, Figurel.23, Figurel.24 andFigurel.25.

@ 1.(a) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and
other combustion installations

@ 1.(d) Coke ovens

@ 1.(f) Manufacture of coal products
and solid smokeless fuel

@ 2.(a) Metal ore (including sulphide
ore) roasting or sintering installati. ..

@ 2.(b) Production of pig iron or steel
including continuous casting

@ 2.(c) Processing of ferrous metals
@ 2.(e) Production of non-ferrous
crude metals from ore, concentrat. ..

@ 3.(c) Production of cement clinker
or lime in rotary kilns or other furn. ..

@ 3.(e) Manufacture of glass,
including glass fibre

@ 4.(a) Industrial scale production of
basic organic chemicals

@ 4.(b) Industrial scale production of
basic inorganic chemicals

@ 4.(c) Industrial scale production of
phosphorous, nitrogen or potassi...

@® 5.(a) Disposal or recovery of
hazardous waste

@ 5.(b) Incineration of non-hazardous

1.(c) Thermal power stations and other combustion installations Directive 2000/....
1,107,319,000,000 (61.8%) :luding landfills
closea perore tne 16.7.2001)

Source][ 227, EPRTR 2014 ]

Figure 1.22 Emissions of CQ to air by industry sector/activity in the EU-28 in 2014
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14,821,600 (32.3%)

>

Source] 227, EPRTR 2014 ]

1.(c) Thermal power stations and other combustion installations

@ 1.(a) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and
other combustion installations

@ 2.(a) Metal ore (including sulphide ore)
roasting or sintering installations

@ 2.(b) Production of pig iron or steel
including continuous casting

’ " etals and

rchemic...

. clinker or
lime in rotary kilns or other furnaces

@ 3.(e) Manufacture of glass, including
glass fibre

@ 4.(a) Industrial scale production of b...
@® 4.(b) Industrial scale production of b._.
@ 4.(c) Industrial scale production of p...
@ 5.(a) Disposal or recovery of hazard...
@ 5.(b) Incineration of non-hazardous...
@® 5.(c) Disposal of non-hazardous waste
@ 5.(f) Urban waste-water treatment pl. ..
@ 6.(a) Production of pulp from timber...
@ 6.(b) Production of paper and board. ..
@ 7 .(a) Intensive rearing of poultry or p...
@ 8.(b) Treatment and processing of a...
@ 9.(c) Surface treatment of substanc...
Other

Figure 1.23: Emissions of NO to air by industry sector/activity in the EU-28 in 2014

Source 227, EPRTR 2014 ]

@ 1.(c) Thermal power stations and other
combustion installations

@ 2.(d) Ferrous metal foundries

@ 2.(e) Production of non-ferrous crude meta...
@ 2.(f) Surface treatment of metals and plasti...
@ 3.(c) Production of cement clinker or lime i. ..

@ 4.(a) Industrial scale production of basic or...
@ 4.(b) Industrial scale production of basic in...
@ 5.(b) Incineration of non-hazardous waste i...
@ 5.(c) Disposal of non-hazardous waste

@ 9.(c) Surface treatment of substances, obj...

Figure 1.24: Emissions of Skto air by industry sector/activity in the EU-28 in 2014
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1.(c) Thermal power stations and other combustion installations
77,337,000 (4.3%) 1.(a) Mineral oil and gas refineries

@ 1.(b) Gasification and liquefaction

@ 1.(c) Thermal power stations and
other combustion installations

@ 2.(b) Production of pig iron or steel
including continuous casting

@ 3.(a) Underground mining and related
operations

@ 3.(b) Opencast mining and quarrying

® 4.(c) Industrial scale production of
phosphorous, nitrogen or potassium
based fertilizers

@ 5.(a) Disposal or recovery of
hazardous waste

@ 5.(c) Disposal of non-hazardous waste

@® 5.(d) Landfills (excluding landfills
closed before the 16.7.2001)

@ 5.(f) Urban waste-water treatment
plants

@ 7 (a) Intensive rearing of poultry or
pigs

@ 35.(c) Treatment and processing of milk
Other

Source] 227, EPRTR 2014 ]

Figure 1.25: Emissions of CH, to air by industry sector/activity in the EU-28 in 2014

1.3.2.7 Hydrogen chloride (HCI)

LCPs without fluegas desulphurisation (FGD) are recognised as a major source of industrial
hydrogen chloride emissions to the atmosphere. The emission of hydrogen chloride is due to
trace amounts of chloride present in fossil fuels such as coal, oil and biomass. When fossil fuels
are burnt, small amounts of chloride are released. Some oftlwaide then combines with
hydrogen to form hydrogen chloride. Together with the moisture in the air, hydrogen chloride
transforms to a hydrochloric acid aerosol that contributes to acidification problems. This
becomes more dilute as it moves through th@aphere.

HCI emissions to air are shown kigure 1.26 by industry sector. In 2014, 202 facilities in the
‘Thermal power stations and other combustion installations' sector emitted a totadtadf22
chlorine and inorganic compounds (as HCI) emissions to air, representingo/@tthe total
amount emitted by all installations covered by tHRFETR.
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@ 1.(a) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and other
combustion installations

@ 1.(f) Manufacture of coal products and
solid smokeless fuel

® 2.(a) Metal ore (including sulphide ore). ..
@ 2.(b) Production of pig iron or steel incl...
@ 2.(c) Processing of ferrous metals

@ 2.(e) Production of non-ferrous crude. ..
@ 3.(c) Production of cement clinker or li...
@ 3.(e) Manufacture of glass, including gl...
@ 3.(g) Manufacture of ceramic products i...
@ 4.(a) Industrial scale production of basi. ..
@ 4.(b) Industrial scale production of basi...
@ 5.(a) Disposal or recovery of hazardou. ..
@ 5.(b) Incineration of non-hazardous wa...
@ 5.(c) Disposal of non-hazardous waste
@ 6.(a) Production of pulp from timber or...
@ 6.(b) Production of paper and board an. ..

1.(c) Thermal power stations and other combustion installations
22,032,000 (77.1%)

nt and processing of ani...

Source 227, EPRTR 2014 ]

Figure 1.26: Emissions of chlorine and inorganic compounds (as HCI) to air by industry
sector/activity in the EU-28 in 2014

1.3.2.8 Hydrogen fluoride (HF)

Like chloride, fluoride is also a natural element present in fossil fuels and biomass. When using
such fuels such as coal for generating energy, without using FGD, fluoride is liberated and
released to the flugas. It then combines with hydrogen tonfohydrogen fluoride, and with the
moisture of the ambient air to form hydrofluoric acid.

HF emissions to air are shown kigure 1.27 by industry sector. In 2014, 110 facilities in the
‘Thermal power stations drother combustion installations' sector emitted a total of I3.57
fluorine and inorganic compounds (as HF) to air, representing% 108 the total amount
emitted by all installations covered by thé°’RTR.

@ 1.(2) Mineral oil and gas refineries

@ 1.(c) Thermal power stations and other
combustion installations

@ 2.(a) Metal ore (including sulphide ore) roa..

@ 2.(b) Production of pig iron or steel includin. ..
@ 2.(e) Production of non-ferrous crude meta. ..
@ 3.(b) Opencast mining and quarrying

@ 3.(e) Manufacture of glass, including glass. ..
@ 3.(f) Melting mineral substances, including. ..
@ 3.(9) Manufacture of ceramic products incl...
@ 4.(a) Industrial scale production of basic or...
@ 4.(b) Industrial scale production of basic in...
@ 4.(c) Industrial scale production of phosph...

o ==y 2=sduction of pulp from timber or simi...
1.(c) Thermal power stations and other combustion installations .
3,670,690 (71.9%) dduction of paper and board and ot...

Source[ 227, EPRTR 2014 ]

Figure 1.27: Emissions of HF to air by industry sector/activity in the EU28 in 2014
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1.3.2.9 Ammonia (NHx)

The emission of ammonia (NHdoes not result from the combustion of fossil fuels, but rather

as a consequence of the incomplete reaction of ammonia in the O@NEess. Ammonia is

used as reagent, as pure ammonia, or in wateti@olin SCR and SNCR units. Ammonia

chemically reacts to form NfHISQ, and is removed together with the fly ash from the system

and also, being a soluble gas, via a wet FGD scrubber. With no dust removal or FGD

downstream (DeNQtail-end configuration), thé a mmoni a sl i p&é i s then emitte
flue-gas to the atmosphere. The ammonia slip at SCR and SNCR installations increases with an

increasing NH to NOy ratio, but also, with SCR, with decreasing catalyst activity. A low

amount of NH in by-produds can be guaranteed by proper maintenance of the catalyst system.

The US EPA identified ammonia as the single largest precursor of fine particulatedthbs
in size and smaller) air pollution in the coun{r{28, Heide 2011 ]

In 2014, 33 facilities in the Thermal power stations and other combustion installations' sector
emitted a total of 99%nnes of NH emissions to air, representing @bof the total amount
emitted by all installations covered by the-ERTR (the bulk of ammonia emissions is
associated with the rearing of pigs and poulfrgl7, EPRTR 2014 ]

1.3.2.10 Volatile organic compounds (VOCSs)

The emission sources of volatile organic compounds due to industrial activities are numerous,
but the combustion of fuels is one of the most significant.

Non-methane volatile organic compounds (NMVOC) emissions to air are shokiguire 1.28

by industry sector. In 2014, 95 facilities in the 'Thermal power stations and other combustion
installations' sector emitted a total of 40K4of NMVOC to air, representing 10% of the

total amount emitted by dlhstallations covered by the ERTR.
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'. 1.(a) Mineral oil and gas refineries
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including continuous casting
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@ 2.(d) Ferrous metal foundries

@ 2.(e) Production of non-ferrous
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@ 4.(e) Industrial scale production o. ..
@ 4.(f) Industrial scale production of ...
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1.(c) Thermal power stations and other combustion installations indfills...
40,236,000 (10.4%) vatment.

w @ 5.(g) Independently operated ind...

@ 6.(a) Production of pulp from timb. ..
@ 6.(b) Production of paper and boa...
© 6.(c) Preservation of wood and w...
@ 5.(b) Treatment and processing o. ..
@ 9.(c) Surface treatment of substa. ..

@ 9.(e) Building of, painting or remo. .
Other

Source 227, EPRTR 2014 ]

Figure 1.28 Emissions of NMVOC to air by industry sector/activity in the EU-28 in 2014

1.3.211 Persistent organic pollutants (POPs): polycyclic aromatic
hydrocarbons (PAHSs), dioxins and furans

Among the persistent organic compounds liable to be endiiedg the combustion of fuels,
polycyclic aromatic hydrocarbons (PAHSs), polychlorinated dibeatiegins (PCDD) and
polychlorinated dibenzéurans (PCDF) should be mentioned.

Three general mechanisms have been postulated to account for the emissiors @fofAH
combustion processg429, Sloss et al. 1993 ]

i PAHs present in feed material such as fossil fuel or waste can pass through the
combustion system without being destrayed

1 reformation of ring structures from fragments and precursors can lead to formation in the
combustion zone, or downstream, at temperatures arourftC7@@d

1 carbon chains may form aromatic rings and further on PAths novasynthesis.

The de novosynttesis of PAHs is thought to occur via oligomerisation and cyclisation of
acetylenes which are formed as a consequence of incomplete combustion. The reactions take
place in the gas phase.
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Besides the combustion of coal, combustion installations using woatth@r solid biomass are

also mentioned as a possible source of PCDD/F emissions. The main process involved is the
recycling of wood for power production, for example in the form of chipboard or of waste from
wood that has been treated or that includéarittated organic compounds (PCP, lindane, PVC,
NH,4CI, etc.). Moreover, the introduction of a combined combustion of waste (sewage sludge,
plastics and others) in certain conventional combustion installations could also lead to
significant emissions of digns [ 125, OSPAR 1997.]PCDD/F may also form in catalytic
reactions of carbon or carbon compounds with inorganic chlorine compounds over metal oxides,
e.g. copper. These reamts will occur especially on fly ash or filter dust at temperatures
between 200C and 450C.

PCDD/F are not very volatile molecules and, when adsorbed on particles produced by
combustion, they have a high thermal and chemical stability in the envirarifiley can only

be destroyed above temperatures 6DQ°C. In this context, it should be noted that PCDD/F

are not only found in the stack gases but also in the solid residues from any combustion process,
such as in bottom ashes, slags, and fly ash.

1.3.3 Emissions to water

Besides the generation of air pollution, LCPs are also a significant source of water discharge
(cooling and waste water) into rivers, lakes and the marine environment. These discharges may
cause water quality problems, which can varyeliddepending on the type of fuel used, the
abatement technique applied, the cooling technique and consequently the amount of water used,
and the chemical and biological treatment reagents added for cleaning and maintenance
purposes. The main sources @ifueent streams in a fossitiel-fired combustion plant are shown

in Figure1.29.

4" Cooling water

Waste water from the
desulphurisation plant

A 4

Waste water from slag
flushing and ash
transport

A 4

Waste water from
Large regeneration of de-

combustion mineralisers and
condensate polishers
plant

v

Waste water from

»| washing of boilers, air
preheater and ash
precipitator

Waste water from boiler
acid washing

Surface run-off water
including water from fuel
storage areas

A 4

Figure 1.29: Effluents from fossil-fuel-fired large combustion plants
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The thermal efficiency of a combustion cycle is restricted by the thermodynamic limits of the
6Carnot cycled, which is the theoretical cornm
bound @ergy of a fossil fuel can be transformed into mechanical energy, and hence into
electrical energy. The result is that a significant proportion of the energy provided by
combustion must be dissipated at the condenser level and transferred to the sugroundin
environment as heat. Many combustion plants use large amounts of cooling water as a cooling
medium, which they take either from rivers, lakes, groundwater bodies or the sea.

The waste heat is transferred (using cooling techniques such athomogh sgtems or wet
cooling towers) into the cooling water and, further, to the aquatic environment. The
environmental impact of industrial cooling, and thus also of cooling techniques used in LCPs
are described in the BREF on industrial cooling systems (ICS).

The waste water streams mentioned above can be contaminated by a variety of different water
polluting substances.

Table 1.7 shows the generally relevant wapmiluting parameters from LCPs. However, the
significarce of each parameter depends on the quality of the raw water, the specific plant
configuration and the processes applied, which also determines the type and amount of pollutant
present in waste water prior to treatment. The contentalolie 1.7 do not fully apply to gas

and liquidfired power plants.

Table 1.7:  List of water pollutants from LCPs

Parameter/pollutant Parameter/pollutant*
pH N (total)
Temperature P (total)

Colour As

TSS Cd

TDS Cr

BOD Cu

COD Hg

Mineral oils Ni

Free chlorine Pb

NH; Zn

Sh AOX

As PCDD+PCDF (as EQ)
Co Phenols (as total C)
Mn PAHs

T TOC

V Chloride (as total Cl)
Sn Fluoride(as total F)
CN Fluoranthene

S

SO

SO,

EOX

Phenol

PCDD/PCDF

* According to Appendix 5 of the guidance document
the implementation of the European PRTR (31 may 2006
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Because of their chemical, biological and/or physical behaviour, such compounds may have a
high impact on the aquati&Environment. These substances can cause changes in the receiving
water, such as increasing its acidity or alkalinity thereby changing its pH value, salinity, or
reducing its oxygen content and increasing plant growth due to the emission of plant nutrients.
For instance, water from slag flushing and ash transport has an alkaline character due to the
composition of the ash, whereas water from boiler washing is acidic. Waste water from the wet
desulphurisation plant contains salts such as chlorides and sslphat

1.34 Combustion residues

The combustion of fuels is associated with the generation of a variety of residues (wastes and/or
by-products). Substances or objects resulting from a production process, the primary aim of
which is not the production of thatih, may be regarded as not waste but gsrbglucts if the
proper requirements for them to be sold on the market are met (e.g. fly ash, gypsum from flue
gas desulphurisation). According to their origin, residues from a combustion plant can be
divided into those directly related to the process of combustion or those generated by the
operation of the plant and its equipment, such as coal mills or water treatment facilities.
Residues directly related to the combustion of fuels are ashes (fly and bottomdasidimes

that are generated by the desulphurisation ofdases. Within the EU (EW5) about 4800kt

of residues were produced from coal combustion in 2010, of which aba®8025 were
utilised in construction (51.%), 19500kt in reclamation (486) and about DOOkt was
disposed of (6.46).[ 64, ECOBA 2010 ]

The main residues generated by LCPs are as follows:

1 Bottom ash and/or boiler slag:Bottom ash is a nenombustible material that settles to
the bottom of the boiler and remains in the form of unconsolidated ash. If combustion
temperatures exceed the ash fusion temperature, the ash remains as slag in a molten state
until it is drained from the bottom of the bailes boiler slag.

1 Fluidised bed ash:The operation of a fluidised bed combustion installation with a solid
fuel, such as coal, lignite, biomass or peat, results in the generation of ash, which is a
composition of spent bed material and fuel ash. Bed ashmsved from the bottom of
the fluidised bed combustion chamber.

1 Fly ash: Fly ash represents the part of the fwombustible material that is carried out of
the boiler along with the flugas. Fly ash is collected from the particulate control
equipment, gch as from the electrostatic precipitator or bag filter, and also from different
parts of the boiler, such as the economiser and the air preheater. The largest amount of
ash is generated by the combustion of coal and lignite, followed by the combustion of
peat and biomass, whereas fjeesd facilities generate very low quantities of ash. The
amount of ash generated from a ligfiel-fired facility is much higher than from a gas
fired boiler, but, compared with the amount of ash from coal combustionu#rgitips
are relatively small.

1 Flue-gas desulphurisation residuesfuels such as coal, peat and oil contain varying
amounts of sulphur. To avoid high emissions of sulphur dioxide to the atmosphere, LCPs
(in particular plants over 10dW,,) are usually egpped with fluegas desulphurisation
(FGD) systems. The different desulphurisation techniques currently in use result in the
generation of a number of residues. Wet lime/limestone scrubbers, for instance, generate
gypsum as a bproduct, whereas dry scrulibsystems generate a mixture of unreacted
sorbent (e.g. lime, limestone, sodium carbonates, calcium carbonates), sulphur salts and
fly ash as residue.

Ash and fluegas desulphurisation residues are by far the largest quantities of residues from
LCPs. Thee residues may be disposed of as wastes to a landfill or can be usegr@dubys

for different purposes, such as in cement and concrete production; as aggregate in concrete and
asphalt, for mine reclamation or waste stabilisation; and as an ingredienany other
products.
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Gypsum, a byroduct from the desulphurisation plant, is widely used in the cement and
gypsum industry, e.g. for the production of plasterboard, and makes a significant and increasing
contribution to meeting the demand for gypsum.

Beside the residues that are directly related to the combustion process and which arise in large
volumes, lower volume residues are generated as a result of the plant and equipment operation.
Typical examples of such residues are as follows:

1 Residues fran boiler cleaning: Residues generated during the maintenance of the gas
and water sides of the boiler, including the air preheater, economiser, superheater, stack,
condenser and ancillary equipment. On the gas side, combustion residues such as soot and
fly ash build up on the surface of the equipment and must be removed periodically. On
the water side, scale and corrosion products build up in the boiler and need to be removed
from time to time, using acid or alkaline solutions.

| Rejects from solid fuel milling: Solid fuels such as coal and lignite are normally reduced
in size in order to be able to blow them into the boiler. During the milling of coal, any
rocks and pyrites (an iremased mineral) need to be separated from the fuel stream. This
solid residuamay be discharged together with the bottom ash.

1 Make-up water treatment sludge: Residues resulting from the treatment of make
water for the steam cycle. The treatment of boiler mgkaevater may include different
processes such as settling, flocculatieoftening, filtration and osmosis. These treatment
methods result in the generation of a treatment sludge.

1 Spent ion exchange resinslon exchange resins are used for the treatment of boiler
makeup water.

1 Spent catalysts from SCR processeSCR catalyst are used to reduce nitrogen oxide
emissions to the atmosphere. Due to deactivation, these catalysts have to be replaced
periodically (after several years of service). Today, different processes exist for the
regeneration of such catalytic materials. Usathlyst elements are usually sent back to
the catalyst manufacturer for preparation for their reuse.

1 Waste water treatment sludge:Sludge generated by treating the different waste water
streams from a LCP.

1 Laboratory waste: Small amounts of waste genta in the laboratory, for instance by
analysing fuel samples, intake water;fgrgducts, residues, etc.

1 Other residues: Other residues include those resulting from the purging of plant
equipment for maintenance, used oil and equipment containing oibneei containing
PCBs, and waste from the treatment of fuel (e.g. coal washing).

Most of the abovanentioned residues, from both the combustion process (e.g. ash) and from
the desulphurisation process (e.g. gypsum), and any other residue from the compblasii

may represent a potential environmental risk. Ash from afieal boiler, for instance, contains
elements such as silicon, aluminium, iron, calcium, magnesium, potassium, sodium and
titanium, as well as metals such as antimony, arsenic, badadmium, chromium, lead,
mercury, selenium, strontium, zinc and others.

Current EU legislation regards many of the abmentioned residues from combustion plants

as wastes. However, for many decades, industry has put great effort into developing ways to
minimise the generation of residues and/or to reuse them in various industrial sectors, such as in
the cement and construction industry, such that the quantities of waste disposed of to landfill
have actually been reduced. According to Directive 2008/98fHERe European Parliament and

of the Council, this is beneficial to the environment because the utilisation of residues as raw
materials helps to conserve natural resources and to minimise the total amount of wastes to be
landfilled. As an example, these of coal ash has been shown to reduce the overall amount of
CO, emitted in the production of cement, due to the reduced amount of limestone to be
calcined] 85, Eurelectric 202 ]

With respect to bottom and fly ash from coal combustion, both are composed of various
elements from soil associated with the coal. One of their most distinctive characteristics is that
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the bulk of this material is in a powdered or sintered staté, mitst of the elements contained

within a glassy matrix, and this basically determines their legal classification in national and

international waste lists as an inert, inactive or-hamardous residue (e.g. nrbazardous

wastes in the European list of stas- Decision 2001/118/EC amending Decision 2000/532/EC,

and also in the o6greend | ist of the OECD Decision

It is also well known that some iproducts, such as gypsum from the desulphurisation plant,
have a strong commercial share a& typsum market and are used as the most important raw
material in the production of gypsum boards. These efforts made by industry help to reduce
crossmedia effects and the risk of environmental damegyevell as reducing the need to mine
natural gypsum.

1.35 Noise and vibration

Noise and vibration are common issues arising from the operation of LCPs; turbines in
particular have the potential for high noise emissions. Process noise emitted from an installation
into the surrounding environment is a factortthas caused many complaints in the past and
some information needs to be given about causes and approaches to prevent and minimise noise
and vibration.

The most significant sources of noise are from the transport and handling of fuels and residues
(wasteand byproducts); the use of large pumps and fans; safety valves; the cooling technique;
and from boilers, steam and gas turbines or other stationary engines. Noise and vibration can be
measured in a number of ways, but often the specific method-spsitéic and takes account

of the frequency of the sound and the location of residential areas (sensitive receptors).

The impact of noise emitted from a combustion plant is limited to a relatively small area
surrounding the installation. Accordingly, thesh frequent problem, especially at night, can be
noise nuisance for people living in the area close to the plant. For this reason, in some gountries
plants are subject to more stringent permissible noise levels at night than during the day.

1.3.6 Emissions of radioactive substances

Natural radioactive substances are not covered by the IED, according to IED Article 3.1 (a).
However, it has been agreed within the technical working group on LCPs to include some
information on the emission of natural radioactstédstances released by the combustion of
fossil fuels in the general part of this document.

Emissions of radioactive substances naturally present in most fossil fuels are not considered to
be a key environmental issue LCPs. Over recent years, Europeeaty despecially people

living close to LCPs) has become increasingly wary of radiation releases from the utilisation of
fossil fuels, in particular the combustion of large amounts of coal. In practice, emissions to air
of radioactive substances from atpailar power plant or stack have been found to be close to
undetectable in comparison with natural background radiation.

An examination of the radioactivity of solid material passing through power plants has shown
that more than 9% of the radioactivit in coal is retained in the ash. Only a small percentage of
the radioactivity can be found in flkgas desulphurisation products such as FGD gypsum.
Radionuclide concentration in ash is determined by the radionuclide concentration of the coal,
the ash cotent of the coal and the conditions at the power station. Because of the ash content,
natural radioactive nuclide concentrations in fly ash exceed those in coal by a factor of 2 to 15.
International measurement results of radioactivity in the fly ash gitkby coal burning range
between 6@Bqg/kg and 1000Bg/kg. Mean data values range fromBykg to 180Bg/kg, with

peak values of up to @00Bg/kg for the uranium series, and fromB@/kg to 150Bq/kg, with

peak values of up to 2%q/kg for the thorim series.
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Peat ash is used as a landfill, for landscaping, in concrete, and as a bulk material for road
construction. It may also be taken to dumps or mounded. The radiation exposure from the
handling and utilisation of peat ash has been estimated withtyagtdices. In peat ash, the
activity concentrations of radionuclides arei2Btimes higher than in peat itself. The
concentrations of radium and thorium are of the same magnitude as those in soil and rock. The
concentration of uranium (up toODOBg/kg) is on average about #fes higher than that in

sand and gravel.

1.3.7 Mitigation of environmental impacts

The preceding sections set out the range and magnitude of the potential environmental impacts
from LCPs ifabatementechniques are not applied.

The actual impacts can be managed by the selection of appropriate techniques according to the
principles of BAT. The following chaptersf this document set out the techniques that are
available to mitigate the potential environmental impacts.

Consequentlythe actual impacts of a given LCP will depend on the total package of mitigating
measures that are applied during the plant design, operation, and decommissioning.

1.3.8 Introduction to the integrated approach of protecting the
environment as a whole

Below, the integrated approach is discussed from three points of i@, Finland 2000:]

1 mutual influence of the emission reduction techniques for different pollutants through the
inherent characteristics of the LCP process in question;

1 dependence on the performance of a given pollutant emission abatement technigque on
other environmental aspects and on the use of energy and consumables as well as on
economics;

1 the need to find anpgropriate balance between environmental benefits (reduction of
different pollutant emissions), cressedia effects and economics.

An example of mutual influence in LCP pollution is the interdependence between the emissions
of NOyx from a lowNOx burner, he unburnt carbon, CO and hydrocarbons. Attempts to
minimise the NQ formation at some point cause the unburnt fraction of the fuel to increase
rapidly. This not only reduces combustion efficiency, but also creates new pollutants, CO and
unburnt hydrocarbws. Furthermore, EN 19% defines a limit for loss on ignition (method to
measure unburnt carbon, determined in accordance with E2)1&#he fly ash, beyond which

the fly ash is no longer recyclable in cement or in the construction industry, créeginged

for fly ash disposal in landfill.

Another example is the dependence ofyN@d NO formation on the fluidised bed combustion
temperature. NQformation can be minimised by decreasing the bed temperature of the FBC
boiler, but, at some point, thate of NO formation starts to increase. A compromise has to be
found between combustion temperatures and a judgement on which one will achieve the best
overall balance. In addition to the oxides of nitrogen, sulphur capture in the bed of a FBC boiler
by limestone addition is also influenced by the bed temperature.

Yet another example is the catalytic reduction ofyN@hile it provides an effective means to
reduce NQ emissions, it introduces a tiny ammonia emission (ammonia slip) into the
environment. Meeover, the transportation, handling and storage of ammonia itself create an
environmental hazard. The risk is less severe at smaller plants where an aqueous solution of
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ammonia is customarily used but at large plants where pure ammonia is used theermesequ
of an accident may be severe.

When considering the performance of a pollution abatement technique versus the economic cost
of applying that technique, as well as the requirements for energy and consumables and the need
to handle any waste substancesated, the general rule of thumb in many techniques is that
better results can be achieved by investing more money. An example is sulphur reduction in
FBC boilers. The degree of sulphur capture by limestone addition into the FBC bed improves as
more exess limestone is used. Therefore, a high sulphur reduction simultaneously demands an
increased use of limestone. This in turn means higher amounts of ash to deposit somewhere.
Both the use of limestone and the increased amount of ash are environmenlediyalohe side

effects of improved sulphur capture in a FBC boiler. Another result of a high calcium content in
the ash may be that it renders the ash unusable. The situation with respect to calcium
consumption is qualitatively similar in sewhiy flue-gasdesulphurisation.

In wet scrubbing desulphurisation, excess calcium is not needed. Moreover, it cannot be used if
commercialquality gypsum is the desired epbduct. However, to achieve a higher reduction
efficiency, a larger scrubbing reactor is reqdi and more electric energy is used in the
scrubbing suspension circulation pumps, the induced draught fans associated with the scrubber
and in the associated heat exchangers. When high sulphur reduction is desired, the increase in
calcium consumption ahgypsum production is small, but more electric energy is consumed
and thus more CQs released to the air.

The particle removal efficiency of both the electrostatic precipitator and the bag filter can be
increased almost indefinitely by increasing #iee, and hence also the cost of the equipment.
The conditions with respect to the selective catalytic reduction gfad®analogous: by adding
more catalyst elements, better reduction and lower ammonia slip can be achieved.

1.3.9 Plant-specific data collection for the LCP sector

Information and data on environmental performances of large combustion plants were collected
at European level, among other ways, by means of-pfaettific questionnaires in 2012. The
purpose of the questionnaires was to obtain tgarel information and data regarding the
environmental performance of existing combustion plants/installations.

Each questionnaire/LCP was assigned a specific individual code (e-),548ich is used in
the rest of this document to identify each LE®Br the assessment, the codes were completed by
coupling the number identifying the plant, with the following characters:

1 V for validated questionnaires (questionnaire filled in and sent by the operator, checked
by the relevant Member State, doubleedked by the EIPPCB, updated and sent again by
the operator via the Member State.g. 5431V).

1 NV for not completely validated (questionnaire filled in and sent by the operator, checked
by the relevant Member State, doubleecked by the EIPPCB, but notdated by the
operatori e.g. 432NV).

1 No character added (questionnaire filled in and sent by the operator, checked by the
relevant Member State, doultbecked by the EIPPCB, without a reply from the
operatofi e.g. 536).

1 C for 'corrected' questionnairaghen the uncertainty of measurement related to the
reported data was 4a&dded to these data in order to make all the submitted data
comparable (i.e. without subtraction of the uncertainty). The ‘correction' was done by re
adding the absolute value, or agentage, depending on the type of information provided
in the questionnaire. Where no information on uncertainty was provided;deféyit'
uncertainty corresponding ta%2 for CO emissions, % for NO and SQ emissions, and
4 % for dust emissions was-added.
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The collected data and information have been extensively used in the BREF and the combustion
plants' performances shown in tables or graphs are flagged by means of thenabtiwaed

codes. In the case of graphs for emissions to water, theoecisrrection of the uncertainty. The

list of codes and plant names can be found in Anne&,ILCP TWG 2012 ]

The reported air emission data used for the analysis are wihbtraction of the measurement
uncertainty. Information on the averaged uncertainty assigned to measured results from
European combustion plants, derived from data collected at plant level through the
guestionnaires is given in Annex IV.
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2 PROCESSES FOR ENERGY GENERATION

2.1 Combustion principles

A boiler requires a source of heat at a sufficient temperature to produce steam. Fuels, when used
for the generation of steam, are generally burnt in the furnace or combustion chamber of the
boiler. Steam generawmight also use thermal energy in the form of waste heat from another
process.

Combustion can be defined as the rapid chemical combination of oxygen with the combustible
elements of a fuel. There are just three combustible chemical elements of giggificarbon,
hydrogen and sulphur. Sulphur is usually of minor significance as a source of heat.

Carbon and hydrogen, when burnt to completion with oxygen, are transformed am@0O
according to the following reactions:

C+0,- CO
2H, + O, - 2H,0

Air is the usual source of oxygen for boiler furnaces. These combustion reactions are
exothermic and the heat released is abouB(BkJ/kg of carbon burnt and 14B0kJ/kg of

hydrogen burnt. The energy of fuels cannot be calculated by the sum of érmrgyhe

hydrogen and carbon content alone, as the chemical energy of molecular formation also needs to
be taken into account. Also sulphur and other elements in the fuels contribute to the energy
release. As water is released in a gaseous form duringustion, the heat transferable to the

steam generator is the theoretical heat of combustion minus the latent heat of the water vapour
of the flueg a s . This energy is expressed as the 06l
value'. The LHVcanbecompr ed t o t he O6higher heating valu
which is defined for all the combustion products at environmental conditidrer (25°C) and

takes into account the latent heat of vaporisation of water in the combustion. Most of the
additional energy is only available with the condensation of gasegidrbim the fluegas to

liquid H,O at temperatures below the water dew point.

The objective of good combustion is to release all of this heat, whilst minimising losses from
combustion finperfections and superfluous airflows. Proper combustion requires a temperature
high enough to ignite the constituents, good mixing or turbulence, and sufficient time for
complete combustion.

In a boiler furnace (where no mechanical work is carried thé)heat energy derived from the
reaction of the combustible elements with oxygen depends on the ultimate products of
combustion and not on any intermediate combinations that may occur in reaching the final
result.

A simple demonstration of this law isetlieaction of kg of carbon with oxygen to produce a
specific amount of heat. The reaction may occur in just one step to fogrorCnder certain
conditions, it may occur in two steps: firstly forming CO, which produces a much smaller
amount of heat, ahsecondly through the reaction of the CO to form.G@wever, the sum of

the heat released in the two steps is the same as 8®R2/kg generated when carbon is burnt

in the single step to form GO

The fact that carbon can react in these two walfs exygen is of the utmost importance in the
design of combustion equipment. Firing methods must assure complete mixture of the fuel and
oxygen to be certain that all of the carbon burns tg @@l not to CO. Failure to meet this
requirement will resultni appreciable losses in combustion efficiency and in the amount of heat
released by the fuel, since only aboutt2®f the available heat in the carbon is released if CO

is formed rather than GO
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2.2 Common technical combustion processes

The chapter is inteted for those interested in gaining a general understanding of the industry
and for those interested in the interrelationship between industrial processes and the topics
described in subsequent sections.

221 General fuel heat conversion

In this section, irdrmation is only given as a summary to provide an overview of different
combustion techniques. Where necessary, the specific combustion processes are given in more
detail in the relevant fuel chapters. Combustion techniques are generally applied at about
atmospheric pressure, but can be developed for higher pressure. In all combustion systems,

almost 1006 o f fuel energy is converted to heat.

utilisationo.

Generally in most applications, this released net fudlibdeansferred to, and applied in, steam
processes, gas turbines or reciprocating engines. The unburnt -gadsin CO, and VOCs
contains the losses of fuel energy during the combustion process.

In gasification processes for solid or liquid fuels, thieareleased in two steps: in a first step
when the fuel is gasified, and in a second step when the product gas is burnt.

The choice of system employed at a facility is based on the loads, the availability of the fuels,
and the energy requirements. Hiies using these systems also need other ancillary processes.
These ancillary processes include supporting operations such as coal processing and pollution
control.[ 131, EPA B97 ]

2.2.2 Pulverised and atomised firing

Boiler types
There are two types of furnaces/boilers where the solid fuels are pulverised or the liquid fuels
are atomised before combustion:

1 Dry bottom ash furnace/dry-bottom boiler (DBB): This type of boiler is perated at
temperatures far below the melting point of the ash. To avoid slagging, the ash
temperature is low enough not to stick to the walls, and ash collected at the bottom is
solid. In the centre of the flame, temperatures are often higher than tiregrpeint of
the ash particles and the temperature at the furnace outlets is much lower compared to the
flame temperature, ensuring a solid, sticky state of the particles. Fron¥®to 20% of
the ash is transferred to the drgttom of the boiler ant extracted as bottom ash, the
remaining 80100% of the ash is transported with the fig@s and then removed
downstream. The DBB technique has the highest installed capacity of coal combustion in
the world. New plants using this technique with singlg cepacities of up to 100MW,
are in operation for lignite combustion in Europe. In the US and Japan, units have been
built with even higher capacities for coal combustion.

1 Slag tap furnace/wetbottom boiler (WBB): This type of boiler is operated at
tenperatures above the melting point of the ash to ensure a liquid ash with sufficient
fluidity to flow down the protected walls. The liquid ash is quenched in a Afibeer
collector. These furnaces need special ceramic lining to withstand the molten ash
temperatures and higlemperature chemical attack. A large amount of ash is transported
to the walls and flows in a liquid form down the walls and through the bottom outlet. Fly
ash in this type of combustion system can be recycled to the combustion cttamber
produce boiler slag as a residue instead of fly ash. Théaetetm boiler is mainly used
for the combustion of coal (e.g. anthracite), where the amount of volatiles is relatively
low. Waste cancineration is often relatively easy in slag tap furnaces.
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Firing systems

In pulverised/atomised fuel firing, the fuel gas mixture is injected via nozzles into the
combustion chamber and burnt with combustion air. Separate ignition/pilot burners are used
during starup, for unstable combustion situations andimr shutdown. These burners are
supplied with fuel oil ignition/support feed in most cases, but can also use natural gas or finely
ground dry lignite. Different coal burner configurations for coal and lignite boilers are shown in
Figure2.1.

L

Tangential-fired
{corner-fired)

Wall-fired Wall-fired
single (front) wall opposed

Source] 132, Rentz et al. 1999 ]

Figure 2.1:. Different coal burner configurations (main systems applied)

1 Wall- or front -fired systems:In horizontally walifired systems the burners are located
in rows, eithe on the front wall only or on both the front and rear walls. Therlast
called 6opposed firingo.

1 Tangential- or corner-fired systems:In tangential or corneffired systems, the burners
are located in each of the four corners of the furnace. Therbuozeles are directed so
that the streams of coal and air are projected along a line tangent to a small circle, lying in
a horizontal plane, at the centre of the furnace. A rotative motion, similar to that of a
cyclone, is imparted to the flame body, whigpreads out and fills the furnace area. The
ignition at each burner is aided by the flame from the preceding one. In many cases, the
windbox nozzles can be automatically tilted to control the furnacegagitemperature,
to maintain the heated or rehedtsteam at the system design temperature. A corner
firing system is always a tangentfaing system, but a wafliring arrangement can also
be built as tangentidiring system.Figure 2.2 shows an example of tangentiaffired
combustion chamber.
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Source[ 114, Khan et al. 2014 ]

Figure 2.2: Tangential-fired combustion chamber

1 Vertically fired systems: The first pulverised coal systems had a configuration called
vertical or arch. They are noprincipally used to fire coals with volatile matter of
between 86 and 13% (dry basis). The firing system produces a long, looping flame in
the lower furnace with the hot gases discharging up the centre.

Boilers designed for burningquid and gaseousfuels are very similar to boilers that are used

for the combustion of coal. While gaseous fuel is directly combusted with air, liquid fuels are
sprayed into the furnace via nozzles, generating very small droplets atomised -pyelsigjire

steam or air angroducing a high amount of volatiles. Only heavy fuel oils produce significant
amounts of ash. All clean gaseous and liquid fuels can be fired by burners at the bottom of the
furnace.

A typical heavy fuel oil boiler is shown Figure2.3.
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Figure 2.3: Heavy fuel oil boiler

All burner designs are supetl directly with air.

When designed fogas burning only, the combustion chamber is slightly smaller but, in most
cases, these boilers are desigtee@lsoburn liquid fuel in emergency situations or for multi
fuel firing.

2.2.3 Fluidised bed combustion

Fluidised bed combustion takes place with the injection of fuel into a hot turbulefurirezt
of inert material and ash, where primary combustion air has also been injected from the bottom
of the fluidised bed boildor fluidisation of the bed.

Sand is nanally used in the first bed materifdr the first stadup of the boiler. The bed of
particles, including fuel (between% and 3% of the bed material), ash and sorbents, is
fluidised by upwards flowing air and flegas in a furnace. Due to the combustiemperatures

of about 850C and the long residence time, the burnout of the fuel is very high and, therefore,
the related emissions of combustion products are relatively low.

For this FBC type of furnace, solid fuel generally has to be coarsely nali€iihe particulates
would be blown out of the fluidised bed, and excessively large particulates would stop
fluidisation.

Small units operate at static fluidisation. With growing boiler sizes and with low reactive fuels,
the application of circulating didised bed combustion is preferred. To utilise the whole
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furnace, volume particulate extraction, cyclone separation and the recycling of coarse particles
to the bed are integral to the concept. A few pilot FBC plants are operated at higher pressures,
integrating a gas turbine for flugas expansion. These systemsaaied pressurised fluidised

bed combustiofPFBC) systems. Despite technical problems faced in the development period
of this system, a few plants are operating today.

Currently two differentypes of fluidised bed boilers exist: bubbling fluidised bed combustion
(BFBC) and circulating fluidised bed combustion (CFBEjure 2.4 shows a scheme of both
types of fluidised bed boilers. Fluidised bed caostibn is used for industrial and power
applications where different solid fuels such as coal, lignite, peat and particularly biomass are
burnt.
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Source] 130, Finland 2000 ]

Figure 2.4: Schematic of the bubbling fluidised bed boiler andhe circulating fluidised bed boiler

Fluidised bed combustion is not very different from other combustion techniques. Bubbling
fluidised bed combustion resembles spreader stoker grate firing in many respects. The main
benefit for combustion is the batteemperature control. Circulating fluidised bed combustion
resembles pulverised fuel combustion or burner combustion. One difference though is the
comprehensive temperature control of the furnace, which ensures ignition of the fuel without the
need for ehigh-temperature flame.

The temperature of a fluidised bed is typically i78R0°C. The lower limit comes from the
combustion reactivity of the fuels, and the upper limit from the starting point of the fuel ash
sintering.

Fuel does not need to be puhserl or dried for use in fluidised bed boilers. Mechanical
crushing of the fuel is sufficient to facilitate its feeding into the bed. Fluidised beds can tolerate
high moisture content because of the stabilising effect of the bed. Some size limitations are
connected with the rotary fuel feeders. On the other hand, thergpecessing of reactive fuels is
safer if they contain a moderate amount of moisture. The risks of explosive dust formation and
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fires in fuel processing and transportation are normally clhedrdy keeping the fuel moisture
content above 4%.

As far as environmental considerations are concerned, FBC systems are able to reduce SO
emissions by limestone injection and can achieve a relatively low level of thermal NO
formation because of thew combustion temperature. This is one of the reasons why this
combustion technique is being intensively developed more and more nowadays. Moreover, a
wide range of fuels can be combusted in the same facility because these boilers are not very
sensitive ¢ the fuel specifications.

In the bubbling bed freeboard above the bed itself, the combustion of the pyrolysis gases can
produce temperatures in excess @00 °C and this can promote the formation of thermakNO

As a general rule, Nformation in a poperly designed fluidised bed can be kept below the
NOy formation in PC boilers.

The fluidised bed combustion option is a balancing act between the partially conflicting
requirements of NQ N,O, and SQ@control, and the control of unburnt hydrocarbon®, @nd
char.

Fuels with a low ash melting point cannot be burnt in a fluidised bed, because the fluidisation
will be disturbed quite rapidly by the accumulation of melted ash. Heavy physical impurities
such as metal particles in domestic waste cannotuiised either, as they sink onto the air
distribution plate, disturb the fluidisation, and are difficult to remove from the furnace.
However, new solutions for keeping the bed operational with these fuels have been successfully
implemented.

2.2.31 Bubbling fluidised bed combustion (BFBC)

Bubbling fluidised bed combustion (BFBC) is a modern combustion technology, especially
suited for burning inhomogeneous biofuels. In BFBC, the fuel is fed into the bed. Biofuels
pyrolyse instantly once in contact with thet lbed. Of the combustion air, B80 % is used as

the fluidising air and the rest is used for the combustion of pyrolysis gases in-¢théeso
freeboard above the bubbling bed. Most of the finest particles also burn in the freeboard. The
combustion tempature in the freeboard can be up t@QD' 1 200°C, or even higher locally.

The bubbling bed actually operates as an adiabatic combustor of fuel, and the low combustion
temperature is a result of using a substoichiometric air ratio in the primary comtugiie

BFBC consists of a 0i3.5m high bed on a fluidising air distribution plate. The fluidising
velocity is about In/s. The density of the bubbling bed is abo@0@kg/m®. Typical bed
materials used are sand, fuel ash, dolomite, limestone, etcpdrticle size distribution in the
fluidising bed material is typically within Gi8.5mm, as smaller particles are carried out with
the fluidising gas flow, and larger particles sink onto the distribution plate. The |Eftyafe

2.5 shows how the furnace of a BFB boiler, marked light blue, with the fluidised bed at the
bottom, is wide to keep the gas velocities low enough for the fluidised material to stay in the
furnace.

In the freeboard of the BFBC furnaceher burners can be located and operated simultaneously
with the bed. For example gas, oil and coal burners have been used.

2.2.3.2 Circulating fluidised bed combustion (CFBC)

Circulating fluidised bed combustion (CFBC) differs from BFBC in two ways. The la¢elrial
particle size is smaller, i.e. Q.6 mm, and the fluidising velocity is faster, i.€64n/s. These
changes affect the fluidising conditions so that part of the bed material is carried out from the
bed, transiting through the furnace to the sdquass of the boiler. These particles are separated
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from the fluegas flow by a cyclone or by other separation methods and recirculated back to the
fluidised bed. The separation can be carried out in the middle of the second pass and, in part, at
the outle of the boiler pass, where electrostatic precipitators and bag filters can also be used.

In CFBC, air is blown into the bottom of the furnace, partly as primary air injected through a
grid and partly as secondary air some metres above the grid. Théyelothe air is high
enough to carry the bed solids along with it, thereby filling the entire combustion chamber. The
hot combustion gases carry the particles to the top of the combustion systems and into heavy
duty cyclones or other separation unitsevehthey are separated and recirculated back into the
bottom of the main combustion chamber as is represented on the right Sideiref2.5. To

enable S@removal, crushed limestone or dolomite is added to tlde Bee circulating bed
systems increase the reaction time and the level of gas mixing, therefore generally leading to a
more efficient combustion and fixation of sulphur.
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Source [ 115, NOVOX 2013 ]

Figure 2.5: BFBC boiler (left) and CFBC boiler (right) schemes

CFBC includes a bubbling fluidised bed at the bottom of the furnace. The suspension density
above the bed decreases with furnace height, as the bed material is recycled in the furnace along
the furnace walls. This high share ofccitating inert material smoothes the temperature profile
throughout the furnace. The heat transfer surfaces therefore can be located at different places in
the furnace or in the bed material circulation loop. In the furnace, heat is transferred very evenly

to all heat transfer surfaces, because the heat radiation of the dense suspension is not dependent
on the radiation properties of the flgases.

A cyclone is the most common solids separation method used in CFBC boilers. Experience
from existing CFBC m@nts have shown that cyclone efficiency is a crucial parameter for the
proper functioning of the whole CFBC system. The cyclone efficiency has a major impact on
the carbon burnout, limestone consumption, &@ CO emissions, and the temperature profile.
The cyclone efficiency is mainly important for fuels such as low reactive fuels and fine grain
fuels (coal slurry), because the better the cyclone efficiency, the longer the char particles are
kept in the furnace and less furnace inventory is lost viayitierte.

The increase in cyclone efficiency greatly enhances the solid circulation rate, thus ensuring a
constantly high heat transfer in the furnace. Thus, the most favourable conditions for jow NO
and low SQ emissions can be reached for a wide fuefjeaand load range. Optimisation of the
cyclone design is a key issue for good performance of a CFBC boiler.
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Supercritical CFB boilers have exceeded MBO. since 2009and 600MW, since 2014
(Baima, China). Most boiler suppliers are able to develop g&is up td@00MW .

The latest developments of CFBC plants have been focusing on teerission combustion of

a broad range of coals, including poor quality bituminous coal with high sulphur and high ash
contents, but also loash anthracites and legalcium lignite. Other objectives have been to cut
operatng costs (mainly limestone and ash disposaists) Furthermore, different steps to
increase plant efficiency and to reduce ,@&missions have been developed, e.g. introducing
supercritical CFB technimgy (Figure 2.6) and further expanding the capabilitiet® combust
difficult coals Figure2.7).

Source:FosterWheeler in 327, EPPSA 2011 ]

Figure 2.6: CFBC plant for high efficiency Figure 2.7: CFBC plant for low-quality lignite

(Lagisza, 966MWith, (Turow, 3 X 557 MWth,
361/306kg/s, 275/5Mar, 195/181kg/s, 170/3%ar,
560/580 °C) 568/568°C)
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2233 Pressurised fluidised bed combustion (PFBC)

Based on the experience gathered with atmospheric fluidised bed combustion systems, the
development of pressurised fluidised combustion (PFBC) started in thd9Ts$. The
technology is a combitian of the Rankine steam cycle and Brayton gas turbine cycle. PFBC
systems offer the advantage of smaller plant sizes than conventional FBC plants for the same
output. Because of the low combustion temperature, no thermalidNformed, and fuel N©

can ke reduced during combustion by the introduction of ammonia into the freeboard or into the
flue-gas duct. As in the case of atmospheric FBC, it is possible to differentiate between
bubbling and circulating bed systems. PFBC plants were commissioned i8@90g dnd the

early 2000s.

The main parts of a PFBC system are: the fuel preparation and handling section; the pressurised
bubbling or fluidised bed boiler; the fligas clearup section; the gas turbine (including the gas
turbine expander and the air camgsor); and the steam/water circuit of the steam turbine.
Figure2.8 shows a schematic drawing of a bubbling bed PFBC system.
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Source 132, Rentz et al. 1999 ]

Figure 2.8: Schematic drawing of a bibbling bed PFBC system

In the scheme shown irigure 2.8, coal is crushed and then mixed with limestone (dolomite).
The mixture is fed via a pneumatic conveying system or a slurry feed pump across the pressure
boundary and is then injected into the combustor from a series of feed points. Combustion air is
first pressurised using a suitable gas turbine compressor and routed to the combustor
containment vessel through the outer annulus of a coaxial duct, while thbustion gases

return to the turbine through the central passage. Combustion takes place inside the pressure
vessel at a temperature of 8%D to 900°C and a pressure of approximately 1.6 MPa. The
combustion chamber is equipped with immersed heat exctsngkich allow for a constant
combustion temperature and which produce Jug¢Fssure steam, which is utilised in the steam
turbine. The hot flugases are first cleaned using ceramic candle filters or cyclones and then
expanded through a gas turbine carted to the air compressor and a generator. A Brayton
cycle gas turbine expander drives the air compressor supplying air required for the combustion
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process. Turbine exhaust gases are fed to a heat recovery steam generator and are used for boiler
feedwatea preheating and steam generation. The steam turbine produces aboof 8tk total
electricity produced by the utility.

Currently, PFBC systems are able to achieve thermal efficiencies of up %o E&rther
improvements are limited because of the carapively low gas turbine inlet temperature, which

is determined by the combustion temperature in the fluidised bed boiler. Several process
schemes to increase the gas turbine inlet temperature, e.g. by an additional firing using natural
gas or fuel oil, o by partial gasification of the feed coal prior to combustion and utilising the

fuel gas in the gas turbine, have been proposed and are being investigated. These process
configurations offer considerably higher efficiency values, but no pilot or demboistpant

has yet been built. As mentioned earlier, inherent emission control is one of the main features of
PFBC technology 132, Rentz et al. 1999 ]

2.2.3.4 NOx and N,O control in fluidised bed combustion

The formation of thermal NQis low in fluidised bed combustion because of the low
combustion temperature. Most N@ormed in FBC boilers is generated from the nitrogen
content of the fuel, and is efficiently controlled by stagihe combustion air. The staging in

CFBC is always quite strong because of the poor horizontal mixing of gases over a dense
suspension area. The dense suspension suppresses the turbulence, and the combustion zone of
volatile fuel components spreads upveaficbm the feeding point. Staging of combustion air can

also be implemented in BFBC.

Fuel nitrogen can also form nitrous oxidex@. NbO emissions are higher from FBC boilers

than from PC boilers. The share of fuel nitrogen that forms nitrous oxideasesr to an
insignificant value if the bed temperature is increased to ove?®@50n the other hand, a high
combustion temperature can cause an increase in the emissions of nitrogen oxides (NO and
NO,). In BFBC, the risk of nitrous oxide emissions can rhere easily avoided, as the
temperature in the freeboard can be kept much higher thefC950

2.2.4 Grate firing of solid fuels

Grate firing is the oldest firing principle used in boilers. Today diigtey systems are highly
developed and moving grates aypically used in these systems. Depending on the particular
fuel characteristics, moving grates are arranged in a horizontal position (e.g. travelling grate
systems) or in a sloped position (e.g. pudkipe grate systems or vibrating grates). Moving
grae systems burn solid fuels on the grates with air passing through the system floor. Normally
there is only limited fuel preparation needed. Large pieces of solid fuel may be reduced in size
in order to supply a more or less homogeneous particle sizébulisin into the combustion
chamber for burning on the grate. The maximum size of the fuel particles is often determined by
the feed systems for the combustion chamber and depending on the technical conditions of the
grate.

Grate or spreader stoker comtias systems burn solid fuels on the grate or stoker system with

air passing through the system floor ($egure 2.9). Most coarse solid fuels can be burnt in
these systems. On a mdsgn grate, the fuel is indlly dried and then pyrolysed as it moves
along the grate and finally the char is burnt and the ash is discharged at the end of the grate. In
spreader stoker firing, part of the fuel burns in suspension. The heavier fuel particles land on the
grate and bur more or less uniformly across the grate surface.

The combustion process in grate firing is not as well controlled as it is in pulverised fuel burners
or in fluidised beds. The combustion chemistry and the temperature can vary even for the same
kind of fuel particles, depending on their location on the grate. On a grate, all fuels will first be
dried, then pyrolysed and, finally, the char is burnt on the grate. The pyrolysing share of fuel
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energy can be about 80 with biofuels. Modern gratiring contrd enables an optimal burning
air supply and, therefore, a low content of unburnt compounds in thgdies.

Practice shows that fuel can be fed as a mixed size grading, usually fnom 8@wnwards,
including very fine particles. Grate combustion systemork with a steady reservoir of fuel in

the combustion chamber, but the fuel can be left on the grate without the fans running, and can
be rekindled quickly in the event of sudden demand for steam. If problems arise with the air
supply, a bypass operatids necessary. Grate firing is a technology applied for- caradi
biomassdfired boilers used for heat inputs up to 1@/, mainly applied in industrial and local
district heating plants.
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a) Coal hopper; b) Travelling grate; c) Gate;
d) Primary air; e) Secondary air; f) Stow; g) Ash pit

Source 134, Bell et al. 2000 ]

Figure 2.9: Travelling grate firing for coal combustion

In the spreader stoker system, the fuel can also be fed onto the grate-bgll@dsspreader
located on the furnace wall (sE@ure2.10). The spreader throws the fuel the grate against

the direction of the grate movement. Thus, the longest burning time can be achieved for the
largest particles, as they are thrown furthest from the ash discharge.
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Figure 2.10: Spreader stoker grate firing for solid fuels
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2.3 Direct conversion

231 General

The expansion of hot pressurised (flugas in gas turbines and in internal combustion engines
allows the generation of mechanical and, subsequently, electrical energysySteins have

been developed from mobile systems and are often applied in remote sites, like islands, or in gas
transmission networks. The transfer of combustion heat at a high temperature to steam with
exergetic losses caused by temperature limitatioagdiled in these processes. For this reason,
interest in direct expansion methods is increasing. These systems can be started very quickly
and so can meet peak demands. Additionally, these technologies do not necessarily need water
for cooling. Nonethelessthey can be coupled to steam processes to increase the overall
efficiency, i.e. in a combined cycle.

2.3.2 Combustion engines

Combustion or reciprocating engines have one or more cylinders in which fuel combustion
occurs. Engines convert the chemical en@fgyels into mechanical energy, in a design similar

to a marine enginéHFO and/or gas oil engine type) or automotive Otto eam gas engine
type) engine.To produce electricity, the moving piston transfers the energy from the
combustion to a genemtconnected to the rotating engine shatft.

Reciprocating engines for power plants are typically designed to operate on either towr

stroke cyclesBoth larger baseload enghaigiven power plants with an output of up to about

600MW, (formed by a mmber of single engines) and decentralised smaller simultaneous heat

and power (CHP) production plants are common worldwide. Hfibiency mediumand low

speed engines are suitable for baseload operation. Mexiaad diesel engine units with a fuel

input of upto 5MWy,0or mor e and gas di esel engines (6high p
fuel )6 types) wit MW, ardavaddble onthp madrketolLkspeedpdieselo 4 0

engine units have a fuel input of 1BW,, or more. Fowstroke spae-ignited learburn gas

type engine units have a fuel input of up to about™®,,. [ 135, Wartsila 2000 ]

Compared to gas turbines, combustion in reciprocating engines isominuous and takes

place in closed combustion chambers. During combustion, the pressure and temperature
increase is very high and this allows a high conversion efficiency for small units. Most systems
use gas oil or heavy fuel oil as liquid fuel, but gasefuel use is also possible. Often special
measures are necessary to reach current emission standards.

In Europe, few such plants exist in interconnected systems for power generation with liquid
fuels. The applications with liquids are mainly limiteml isolated systems (e.g. operated on
islands) where a natural gas grid is not available-f(eed stationary engine plants are common
today, such as mediusized CHP plants and large peaking plants for grid stabilisation.

The advantages of the recipraogt engine for this kind of application are many, e.g. high
thermal efficiency (low fuel consumption), optimum -get for matching different load
demands, short construction time, easy maintenance and robust design. The best electrical
efficiencies (at adirnator terminals) range from about %8to 48% (depending on the engine

size, and depending on whether it is a new engine and/or whether it is single or combined
cycle), calculated on the lower heating value of the fuel.

Other attractive advantages difetenginedriven combustion plant are that these combustion
plants can be located in urban areas or in industrial areas close to the consumers of the heat and
electricity. Less transmission lines are then needed and the associated energy losses and land
demand can be minimised. Engideiven CHP plants are well suited for industrial applications,

local utility companies, residential and commercial buildings, etc. Heat can be recovered as
steam, hot water, hot air, etc. Possible options for using the reddveat include:
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1 district heating/cooling;
1 desalination processes;

1 air preheating for some processes.

23.21 Diesel engines

Diesel engines are flexible in terms of fuel and can use fuels such as gas oil, heavy fuel oil, gas,
crude oil, biofuels and, in a fewases, even emulsified fuels. In a diesel engine, air is forced
into the cylinder and is compressed by the piston. Fuel is injected into the cylinder and is ignited
by the heat of the air compression.

The optimum heat to power ratio for a reciprocatingiea plant is typically about one (in a
high-grade heat plant), compared to a{gmde heat system which typically has a heat to power
ratio of 3/2 or higher.

Liquid fuel pressure can be boosted to abo@0@ 1 800bar (dependent on engine type) to
achieve a droplet distribution small enough for fast and complete combustion. The nozzle
design for the fuel inlet is one of the key factors for the combustion process. Combustion is
realised partially at constant volume with an increase in the pressureéhevitiain combustion
process occurring at constant pressure. Combustion is not continuous but occurs only during
one part of the cycle. Eraf-compression pressure and temperature are important parameters to
ensure good combustion. The maximum pressure tmeidimited to prevent damage. The
engine materials can bear temperatures of ab@@01IC, which allows a maximum cycle
temperature of 800°C. Thus the efficiency of this kind of engine is arountd>@0%.

2.3.2.2 Spark-ignited (SG-type) engines

A sparkignited gas Otto engine often works according to the-kean concept. The expression
0l dbaur n6 des cr i bemwmbusidn/buel m ¢he cylindep Whiclais a lean mixture,
i.e. there is more air present in the cylinder than needed for combustmnaler to stabilise the
ignition and combustion of the lean mixture, in larger engine types; ehpraber with a richer
air/fuel mixture is used. The ignition is initiated with a spark plug located in theharaber,
resulting in a higkenergy ignitionsource for the main fuel charge in the cylinder. This engine
type is designed for use with lepressure gas as a fuel. Spaykited engines with a fuel input
of up to 40MW, are on the market.

2.3.2.3 Low-pressure dual fuel (DF-type) engines

The dual fuel (DF engine is an engine type that recently became available on the market,
developed for countries where natural gas is available. This engine type is versatile with regards
to fuel, it can be run on lowressure natural gas liquid fuels such as gas odileavy fuel oil,

bio oils, etc., and it can operadé full load in both fuel modes. In the gas mode, the engine is
operated according to the lebarn principle, i.e. there is about twice as much air in the
cylinder compared to the minimum needed for catglcombustion of the gas. This allows a
controlled combustion and a high specific cylinder output without immediate risk of knocking
or selfignition when the process is well controlled. In gas engines, the compression of the
air/gas mixture with the pigh does not heat the gas enough to start the combustion process, and
therefore some additional energy needs to be added, which is done by injecting a small pilot fuel
stream (e.g. gas oilA liquid fuel such as gas oil has a lower ggtiition temperatw than

natural gas and the heat in the cylinder close to the top position is enough to ignite the liquid
fuel, which in turn createsnough heat to cause the air/gas mixture to burn. The amount of pilot
fuel ranges from % to 2% of the total fuel consumipn at full load. The engine works
according to the diesel process, in the liquid fuel mode, and according to the Otto process in the
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gas modg 136, EUROMOT 2001 .]In view of the different thermodynamic cycles when
operating a dual fuel engine, the engine cannot be optimised for each fuel and a level of
compromise is inherent. The DF engine is primarily optimised for gas operation. Thus the
compression ratio possible for a Dirgene will be lower than for a modern diesel engind, as

a consequence, the N@mission is higher for the Diype engine in liquid mode than for a
modern optimised diesel engine if there is noxNDatement technique.

Source] 277, Wartsila 2001 ]

Figure 2.11: Natural gasfired engine

2324 High-pressure gas diesel (GD-type) engines

High-pressure gas injection engines operate according to the diesel process in both liquid and
gas fuel modes. In the gas mode, a pilot fuel oil (e.g. HE@jcally 3/ 5% of the total fuel

heat input) and a highressure gas at about 3800bar pressure are needed. The engine can
operate at full load, both in liquid and gas fuel modes. igissure gas diesel engines up to
about 40MW, or 20MW . are avdable on the market.

2.3.3 Gas turbines

Gas turbines are used for the transformation of chemically bound fuel energy into mechanical
energy. They are applied for the production of electrical energy and to drive pumps and
compressors. The number of gas turbineed worldwide has grown significantly over the last
decades, and nowadays gas turbines are increasingly used for electricity production in base and
intermediate loads, and can also be used for emergency and peak demand, in large grids. In the
case of iands, gas turbines operate with liquid fuel, mainly gas oil in medium or baseload
operation. This increase may be explained by the abundant supply of natural gas at a favourable
price in the past and by the development of a new generation of gas tuvttinbgyher output,
efficiency, and reliability.

Stationary gas turbines are classified into three groups according to their design characteristics
and thermodynamic parameters:

1 heavyduty gas turbines;
1 aeroderivatives (gas turbines derived from &aft engines);

1 small and micregas turbines for a decentralised power supply.
[ 1, Eurelectric 2012 ]
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