PAUL SCHERRER INSTITUT

PSI Bericht Nr. 08-05
— B — December 2008
ISSN 1019-0643

Technology Assessment / GaBE

Life Cycle Assessment of Fossil and
Biomass Power Generation Chains

An analysis carried out for ALSTOM Power Services

Christian Bauer







PAUL SCHERRER INSTITUT
PSI Bericht Nr. 08-05

— —_— December 2008
ISSN 1019-0643

Technology Assessment / GaBE

Life Cycle Assessment of Fossil and
Biomass Power Generation Chains

An analysis carried out for ALSTOM Power Services

Laboratory for Energy Systems Analysis (LEA),
Technology Assessment group

Email: christian.bauer@psi.ch

Internet: http:/gabe.web.psi.ch/

Christian Bauer

Paul Scherrer Institut
5232 Villigen PSI
Switzerland

Tel. +41 (0)56 310 21 11
Fax +41 (0)56 310 21 99
www.psi.ch






Table of contents

Table of contents

T ABLE OF CONTENTS .. tuuittueittettteete et e et e et e e et e e et e et e e e e an e et e e an e ea e ean e aneenneesneaenneesnaaens 1
INDEX OF FIGURES. .. ctuitueiteetieeet et e et e e et e et e e st e et e et e eaa e sa e et e esneeaneetnaesneeaneesnaarnnaennns 2
LN T ] e 7= I =3 TP 5
F N =] Y ] £ 7
A CKNOWLEDGEMENT ..ittetttettt et e et e e ete e et e et e e et e et e et e et eeaa e et e eaa e eaeeaneeaneeaneesneeenernnns 8
N 2 S 127V PP 8
I [N =TT 016 o 1T ] P 10
2 (GOAL AND SCOPE ..uuuiiitieitteeetieeetiaesetuaeeeta e eeta e eeta e etaeeesaaestaaeetneeesnaeeesnaersnnaares 11

3 CHARACTERIZATION OF POWER PLANT TECHNOLOGIES AND THE ASSOCIATED ENERGY

CHAINS -ttt ettt ettt e ettt ettt e et e ettt et et e e et e e E e e e e e e e e e e e an e ern e e eanaeee 13
3.1 Power plant teChNOIOGIES: OVEIVIEW............ccummmmeeeeeeiiiiiiiiiiieeeee e e s a e e e 13
A 1 1= I o] = 11 14
R 70200 R o - 1o oo Y- | P UPRRRR 14
K 772 1 o | o V1 = PSSR 15
1T V1Yo T To PRSP PRRTP 15
3.2.4 Co-combustion: hard coal/wood and lIgNIte/WOOd e ..oooeiieiiiiiiiiiiiiiieeeeeee e 16
T ST - L0 = Lo = 1 PP U PP PPTPOPPPPPPTN 18
3.2.6  Synthetic Natural Gas (SNG) .........uuuuuriiimeememeereerieeeeeeeeeeseesas s ssssneeerrrrrrrreeaeeaseeesans 18
3.2.7 Co-combustion: natural gas/SNG............cieeimeieiiiiiiiieeieee e 19
3.3 Energy conversion (power plant Operation) ................ieiiieiiiieeseeeeeees e 20
R I A [0 = ) 1 (1 (o (1] = PSPPSR 25
4 LCA RESULTS AND CONCLUSIONS ..euuituiitiitetneetiereeneetesnsetieseensetiesnesneesassneeneesnnens 32
o R o = o [ oo - | TP 32
4.2 Wood and co-combustion hard coal/lignite/ W00 -.........cevvreeereeriieiiiiriiiniiirrveeene 38
R N\ E= LU= Lo = 1 T PP PP PPPPPPP 44
4.4  Synthetic natural gas (SNG) and co-combustion BEGaS/SNG............ccccceeeviiiiiiiinnnnn.
4.5 Overall comparison and CONCIUSIONS...........coiiiiiiiiiiiiiiie e e 54
I AN =1 =] = N ] ) P PPRPPRN 60
REFERENCES. ... ciettt ettt ettt ettt e ettt e e et et e e et e e e e e e e st e e e e ee b e e e eenn e e e eenneeeas 67




Index of figures

Index of figures

Figure 2.1  Simplified schematic overview of the modelled heo@dl chains as an illustration of the
[ OF N oo a[0]=T o] FA PSPPI 11

Figure 3.1  Schematic overview of the modelled hard coal ch&nslectricity production; * the
so-called upstream chain (coal mining and transjoothe power plant) is modelled specifically
for the considered mining regions (Australia, Chi@alombia, Germany, Poland, Russia, South

FN o= T 1S 2 TR 14
Figure 3.2  Schematic overview of the modelled lignite chain..............cccccocoee e, 15
Figure 3.3  Schematic overview of the modelled wood energy rechaiWood transport either by

lorry (25 km), train, or barge (1000 KM €aCh)...cccc.cviiiiiiiiiiiiie e 16
Figure 3.4  Schematic overview of the modelled co-combustioairth (hard coal/wood and lignite

or wood). * Wood transport either by lorry (25 krtrgin, or barge (1000 km each). ................. 17

Figure 3.5 Schematic overview of the modelled natural gasnshdi specifically modelled for the
considered production regions (Algeria, Germanys$y Norway, Nigeria, The Netherlands,
UK); ** gas transport via pipeline and/or as LNGldAria, Nigeria). ..............eeeeeeeieeieeeeeeee, 18

Figure 3.6  Schematic overview of the modelled SNG chain. * Wdwansport either by lorry
(25 km), train, or barge (1000 KM €acCh). ..o 19

Figure 3.7  Schematic overview of the modelled natural gas/Si&in. * Wood transport either
by lorry (25 km), train, or barge (1000 km eachdsdransport either via pipeline or as LNG
(depending on the production region); *** naturakgEU import miX.............ooeevvveviiiininnn. 19

Figure 4.1  Breakdown of GHG emissions from hard coal chains. (hard coal supply from
different MINING FEQIONS). ... e et e et e e e e e e e e e e e e e s s ssbbb b e e e e e e e e e aaannnes 33

Figure 4.2 Breakdown of CQ@ emissions from hard coal chains (i.e. hard coadplu from
different MIiNING rEOIONS). .....ccuuiii i e e e e e e e e e e e re e et e e e e e e eeraaneees 33

Figure 4.3 Breakdown of NQ@ emissions from hard coal chains (i.e. hard coadplu from
different MINING FEGIONS). ... ee et e e e e e s s e e e e e e s et b e e e e e e e e e aannnnes 34

Figure 4.4  Breakdown of S@emissions from hard coal chains (i.e. hard copplufrom different
[T Te TR <o (0] £ 1) 34

Figure 4.5 Breakdown of PMs emissions from hard coal chains (i.e. hard cogpbufrom
different MINING FEQIONS). ... e et e e e e e s s e e e e e e s st n e e e e e e e e e e annnnes 35

Figure 4.6  Comparison of different hard coal chains (i.e. haodl supply from different mining
regions) based on Eco-INdicator99 (H, A). ..o e e 36

Figure 4.7 Comparison of different hard coal chains (i.e. heodl supply from different mining
regions) based on Eco-INdicator'99 (E, E). ..arreieriiiieiiiiiiiiieeeee e 36

Figure 4.8 Comparison of different hard coal chains (i.e. haodl supply from different mining
regions) based on Eco-INdicator99 (I, ). ..vcee e 37

Figure 4.9 Comparison of different hard coal chains (i.e. heodl supply from different mining
regions) based 0N eXterNal COSES. ........ii i 38

Figure 4.10 Breakdown of GHG emissions from wood, hard coghite and hard coal/lignite/wood
co-combustion chains; (A) refers to emission dedenfAlstom, (B) refers to power plant emission
data after (BAUET 2007). ... ... uuueeuueeeee et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeemaeeeeaaeeeeeeaeeeeaeeeeeeeeaeeeeees 39

Figure 4.11 Breakdown of C® emissions from wood, hard coal, lignite and havdlftignite/wood
co-combustion chains; (A) refers to emission dedenfAlstom, (B) refers to power plant emission
data after (BAUEK 2007). ......cceuuuuu e e e ettt s s e eeeeeeettsan s eeeeeeeeesssanaseeeeeeesrsnnnareeeeeeennes 39




Index of figures

Figure 4.12 Breakdown of N@ emissions from wood, hard coal, lignite and hasdlftignite/wood
co-combustion chains; (A) refers to emission dedenfAlstom, (B) refers to power plant emission
data after (BAUET 2007). ....uuuueuueeuueeees e s eeeeeeeeeeseeeseeesaeesseeesssesassseareeeaaeettetteerterrtrrrrrrerree 40

Figure 4.13 Breakdown of PMs emissions from wood, hard coal, lignite and hardl/tignite/wood
co-combustion chains; (A) refers to emission dedgenfAlstom, (B) refers to power plant emission
data after (BAUEK 2007). ......coiiiuiietees sttt e e e e e ettt et e e e e s s s bbb e e e e e s s aasnbbe e e e e e e eeeeeeannbreees 40

Figure 4.14 Breakdown of S@emissions from wood, hard coal, lignite and hara/ftignite/wood co-
combustion chains; (A) refers to emission data fAdstom, (B) refers to power plant emission data
oS (== TU =T 2 0 T 41

Figure 4.15 Comparison of wood, hard coal, lignite, hard camalite/wood co-combustion chains
based on Eco-Indicator'99 (H, A); (A) refers to esin data from Alstom, (B) refers to power plant
emission data after (Bauer 2007).........uuuceeerer e et e e e e s e e e e e e ereaaara e e e e e e ara s 42

Figure 4.16 Comparison of wood, hard coal, lignite, hard cmalite/wood co-combustion chains
based on Eco-Indicator'99 (E, E); (A) refers to &sitn data from Alstom, (B) refers to power plant
emission data after (Bauer 2007). .........cooeeeeeeeieee e 42

Figure 4.17 Comparison of wood, hard coal, lignite, hard capalite/wood co-combustion chains
based on Eco-Indicator'99 (1, I); (A) refers to esidn data from Alstom, (B) refers to power plant
emission data after (BAUET 2007).........uuueereeeeiiiiiieieee e e e s e e e e e snnr e e e e aae e 43

Figure 4.18 Comparison of wood, hard coal, lignite, hard caalite/wood co-combustion chains
based on external costs; (A) refers to emissioa flain Alstom, (B) refers to power plant emission

data after (BAUET 2007). ... ..uuuuueuuueeeee et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesaeeeeaeeeeeeeaeaeeeeeeeeeeeaeeeeees 43
Figure 4.19 Breakdown of GHG emissions from natural gas chéiies gas supply from different
[o]goTe (81 o] s =T [To] 1<) TR 44

Figure 4.20 Breakdown of C@ emissions from natural gas chains (i.e. gas sufspiy different
1o e [ o i o) g I {=To [ To] 4 1) TR 45

Figure 4.21 Breakdown of N@ emissions from natural gas chains (i.e. gas sufypin different
o] goTe (¥ o1 o) g I =To [o] 1<) TR 45

Figure 4.22 Breakdown of S@ emissions from natural gas chains (i.e. gas sufiply different
1o e [ o1 o) g I £=T o [To] 415 TR 46

Figure 4.23 Breakdown of PMs emissions from natural gas chains (i.e. gas sufpiy different
[o]goTe (Wi o] g =T [To] 1<) TR 46

Figure 4.24 Comparison of different natural gas chains (i.es gapply from different production
regions) based on Eco-Indicator'99 (H, A). ... 47

Figure 4.25 Comparison of different natural gas chains (i.es gapply from different production
regions) based on Eco-INdicator'99 (E, E). ..o eieeiiiiiiiiiiiiieeieeeeeeeeeeeteieeeeee e 47

Figure 4.26 Comparison of different natural gas chains (i.es gapply from different production
regions) based on Eco-INdicator'99 (I, 1). ... 48

Figure 4.27 Comparison of different natural gas chains (i.es gapply from different production
regions) based 0n external COSES. ........ooiviiiiiiiiiiecceeeeeeeeeeeeee e aeeaas 48

Figure 4.28 Breakdown of GHG emissions from natural gas, SN@&@ aatural gas/SNG co-
combustion chains; reference power plant: 400 MWF@QGII chains...............cooeeeeeeeeeeeeeen 49

Figure 4.29 Breakdown of C® emissions from natural gas, SNG and natural gaS/SMN-
combustion chains; reference power plant: 400 MWF@GI chains..................cooeeeeeeeeeee. 50

Figure 4.30 Breakdown of N emissions from natural gas, SNG and natural gas/SM-
combustion chains; reference power plant: 400 MWF@QGI chains...............ooeeeeeeeeeeeeeeee. 50




Index of figures

Figure 4.31 Breakdown of PMs emissions from natural gas, SNG and natural gaS/QMN-

combustion chains; reference power plant: 400 MWI@QGII chains. ..........ccccccoviiiiiiiiieeenn. 51
Figure 4.32 Breakdown of S@ emissions from natural gas, SNG and natural gas/SN-
combustion chains; reference power plant: 400 MWF@QII chains...............ccevevviviiineenn. 51
Figure 4.33 Comparison of natural gas, SNG and natural gas/8d€ombustion chains based on
Eco-Indicator'99 (H, A); reference power plant: 488V CC for all chains........................... 52
Figure 4.34 Comparison of natural gas, SNG and natural gas/Sd€ombustion chains based on
Eco-Indicator'99 (E, E); reference power plant: 400/ CC for all chains............................ 52
Figure 4.35 Comparison of natural gas, SNG and natural gas/8dGombustion chains based on
Eco-Indicator'99 (I, I); reference power plant: 4010V CC for all chains.................oooeeeee. 53
Figure 4.36 Comparison of natural gas, SNG and natural gas/Sd€ombustion chains based on
external costs; reference power plant: 400 MW QGafiochains...........cccooooeiiiiiieiiiies 53
Figure 4.37 Breakdown of GHG emissions from selected energyneha..............ccccceeeeeiniiiinnne. 55
Figure 4.38 Breakdown of C@emissions from selected energy chains. ........c...cccoecvvviieennnn. 55
Figure 4.39 Breakdown of NQ emissions from selected energy chains. ........cccccccvvvvvevvveennnne. 56
Figure 4.40 Breakdown of PMs emissions from selected energy chains. .........ccccccoceeeieiiins 56
Figure 4.41 Breakdown of S@emissions from selected energy chains............cccccceeeeeiiieiinnnns 57
Figure 4.42 Comparison of selected energy chains based onrtetoakor'99 (H, A).......cceeevvnnee 57
Figure 4.43 Comparison of selected energy chains based onriticator'99 (E, E). ................... 58
Figure 4.44 Comparison of selected energy chains based onrietioator'99 (I, ). 58
Figure 4.45 Comparison of selected energy chains based om@kiswsts. ............ccceeevviiienneenn. 59




Index of tables

Index of tables
Table 3.1 Technology characteristics of the power plants @skeld in this study. ...........cccccceeeee. 14
Table 3.2 Characteristics of the hard coal used for modeltihthe hard coal chains in this study. 15

Table 3.3 Key characteristics of the wood fuel used in thigdg (wood chips, mixed, u=120%, at
forest). 16

Table 3.4 Overview of the modelled wood chains (wood andidag power plants). ................... 17

Table 3.5 Transport distances and energy content of the alagiais delivered to the power plant at
the referenCe Site GEIMIANY. ......ci i i e e e e e et rree e e e e e e e e e e aennaaeeeaeeeennes 18

Table 3.6 Natural gas import shares to EU-15 in year 200@s{fEBEnmenegger et al. 2004). ......... 19

Table 3.7 LCI data of the hard coal power plant operatiompdied with coal from Australia
(representative for all modelled hard coal chaiims,hard coal supply from the different mining

regions; data are identical if not stated othenbislew the table)................iiiceeeee 21
Table 3.8 LCI data of the lignite power plant Operation. ...............ceeeeriiiiiiiieeeeeeee e 22
Table 3.9 LCI data of the wood power plant operation, altBKEBA. ............cccvvvveeeeeeeeiiiiiiieem 23
Table 3.10 LCI data of the wood power plant operation, altéu@eB. .............ccccceeeeeiiieiiierieennnn. 24
Table 3.11 LCI data of the natural gas and SNG power plantaifi...............cc.ooeevvveeiicinneeennn. 25

Table 3.12 LCI data for the construction of the 400 MWiard coal power plant, based on (Bauer
€1 Al 20088). ...t e e e e e e e e e e e e e aaeeas 26

Table 3.13 LCI data for the construction of the 800 MW ard coal power plant after (Bauer et al.
2008a). 27

Table 3.14 LCI data for the dismantling of the 400 MWMard coal power plant, based on (Bauer et
Al 2008@). ...ttt ettt e e e e _—r et et e e e r e e e e e e e e e nne s 28

Table 3.15 LCI data for the dismantling of the 800 MWard coal power plant after (Bauer et al.
2008a). 28

Table 3.16 LCI data for the construction and dismantling ¢ 400 MW, natural gas/SNG power
plant (Faist Emmenegger et al. 2004)........cooceeiiiiiiiiieeee e 28

Table 3.17 LCI data for the construction of the 950 MMignite power plant after (Bauer et al.
2008a). 29

Table 3.18 LCI data for the dismantling of the 950 MWignite power plant after (Bauer et al.
2008a). 29

Table 3.19 LCI data for the construction of the 400 MWard coal/wood co-firing power plant

after (Bauer €t @l. 2008@). ...........cc.uuuummmmmmeeeeeeettntareeeeeeeeetta e eeeeeeesrenaeaeeeeearnr i aaaraennes 30
Table 3.20 LCI data for the dismantling of the 400 MWhard coal/wood co-firing power plant
after (Bauer €t @l. 2008@). .........coouiuuummmmmme e e ettt e e e e e e e e e e e e e ae s 30
Table 4.1 Monetized damage factors for air pollutants (Dogteal. 2005).............cceeeeeeieeeeeeeennn. 7.3

Table 5.1 Selected LCA results for wood chains, incl. breatdoof different steps in the entire
chains. 60

Table 5.2 Selected LCA results for hard coal/wood co-firingdahard coal chains, incl.
breakdown of different steps in the entire ChaiNS............cccciiiiiiiicc s 61

Table 5.3 Selected LCA results for lignite and lignite/wood-@ombustion chains, incl.
breakdown of different steps in the entire ChaiNS. ... 62




Index of tables

Table 5.4 Selected LCA results for natural gas and SNG chamts breakdown of different steps
.............................................................................................................. 63

in the entire chains
Selected LCA results for natural gas/SNG co-combnsthains, incl. breakdown of

Table 5.5
different steps in the entire ChaiNS. .......comeume e eeiiieiiiiii e e 64
Table 5.6 Selected LCA results for hard coal chains with hemdl supply from different mining
regions, incl. breakdown of different steps in @méire chains. ..........ccccoiiiiiiiiiineeee s 65
Table 5.7 Selected LCA results for natural gas chains witturzd gas from different production
regions, incl. breakdown of different steps in @méire chains. ..........cccccccveiiii e revicccee e, 66




Abbreviations

Abbreviations

AU
BAT
CcC
CH
CHP
CN
CO
D

E, E
EIA
GHG
H, A

LCA
LCI
LCIA
LNG
PL
RER
RU
SNG
ZA

Australia

Best Available Technology

Combined Cycle

Switzerland

Combined Heat and Power

China

Colombia

Germany

Egalitarian perspective, Egalitarian weigdptin
Environmental Impact Assessment
Greenhouse Gas

Hierarchist perspective, Average weighting
Individualist perspective, Individualist wéiting
Life Cycle Assessment

Life Cycle Inventory

Life Cycle Impact Assessment

Liquid Natural Gas

Poland

Europe

Russia

Synthetic Natural Gas

South Africa




Acknowledgement and abstract

Acknowledgement

The author sincerely thanks Andreas Bogli, DireGbategy at Alstom power service, for the fruitful
co-operation within this project and for the vallgaata provided. Very much appreciated were also
the continuous discussions during the whole projgitt Stefan Hirschberg, Head of the Laboratory of
Energy Systems Analysis at the Paul Scherrer instit

Abstract

On behalf of Alstom Power Services the Paul Schénsgitut carried out a comprehensive Life Cycle

Assessment (LCA) of various fossil (hard coal, ilignand natural gas) and biomass (wood and
Synthetic Natural gas (SNG) made from wood) eneatygins for power generation. Pure fossil and

biomass chains as well as co-combustion power plareé assessed. The general objective of this
analysis is an evaluation of specific as well asrall environmental burdens resulting from these
different options for electricity production. Thesults provide insights into the energy chains by
quantifying the contributions of single steps o tthains to cumulative environmental burdens per
kWh electricity.

The assessment covers fossil fuel production imuarEuropean regions as well as fuel imports to
Europe from the most important export regions waitte. In the case of biomass the scope is limited
to average European forestry analyzing effectsief fransport distance and mode of transport on the
environmental performance of the systems. Statbefart power plant technologies, based on data
partly provided by Alstom, are used for modellingtioe fuel conversion steps. Background Life
Cycle Inventories from the LCA database ecoinvemet ased for performing the calculations of
cumulative burdens.

The LCA results show that the so-called “upstredairt’, i.e. the part of the energy chain before the
power plant operation (mainly fuel production ar@nsport), can contribute significantly to
cumulative environmental burdens per kWh eleciripitoduced for all fuels included in this analysis.
In case of the important air pollutants NGO, and particulates, these processes can even deminat
overall results, if power plants are equipped withhly efficient pollution control systems as it is
assumed in this analysis. Such an importance ofufistream processes can result in significant
differences in terms of environmental performaneéMeen energy chains with fuels of different
origin. The cleaner the power plants (i.e. the bigtheir thermal efficiencies and the more effitien
their flue gas cleaning systems), the higher thative contributions from the rest of the energygiols

to cumulative emissions per kWh electricity — dapeg on the type of pollutant optimization of the
upstream chain can result in much higher reductbrenvironmental impacts than power plant
optimization. Therefore, not only LCl data for powglant operation, but also for the upstream
processes are of high importance for the qualitgroE. CA assessments and have to be established and
used on a country-specific basis to the extentiplass

Among the assessed hard coal chains, fuel suppiy €hina leads to the worst environmental
performance for all indicators (i.e. highest enussi to air, water and soil as well as resource
consumption) due to inefficient and “dirty” poweupply in the Chinese coal mining sector. Among
the natural gas chains, electricity generation it supply from Russia and from Nigeria (as LNG)

produces the highest total environmental burderstdisignificant leakage in the pipelines and high
energy demand for LNG production and transporipeetvely. Short fuel transport distances are in
general beneficial for both fossil fuels, but whatthe overall impact in terms of cumulative burglen

per kWh electricity is important or not dependstioe species of emission.

Compared to fossil fuels, the use of biomass (maibd and SNG) clearly reduces Greenhouse Gas
(GHG) emissions. However, the overall environmeptformance of wood chains strongly depends
on the efficiencies of emission control technolggiestalled at the power plants: direct power plant
emissions from wood combustion can be much highan tfrom coal plants, which may result —

depending on the method for aggregating differempacts on human health and ecosystems — in
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higher overall impacts on human health and ecosystd wood chains. In this case co-combustion of
wood together with coal in big units with highefigéncies and state-of-the-art pollution control
devices is beneficial. Also the use of SNG is napesior to natural gas in any case, since the
contributions from forestry and SNG production tonulative emissions can be significant and can
lead to higher environmental burdens. Similarlyfdesil chains, short distances for wood transport
reduce impacts on human health and ecosystemsada af most burdens, co-combustion chains
perform better than pure hard coal and lignite mhaialso with long-distance import of wood
(1000 km). In general, co-firing of wood in largeak hard coal and lignite power plants reduces
direct power plant emissions compared to small wir@ty units, since thermal efficiencies as wedl a
pollution control systems of these smaller powentd are worse.

Comparing the different fuel chains in terms of r@leenvironmental performance only allows few

clear conclusions. The use of coal for electrigtpduction results in the highest GHG emissions
followed by natural gas. GHG emissions of wood &M chains are about 85%-95% (compared to
coal) and 70%-90% (compared to natural gas) lowke results are diverse for other pollutants,
depending on emission control at the power plaigjn of the fossil fuels, and transport mode and
distance of the biomass. Except of GHG emissioN$; Shains for electricity generation produce less
environmental burdens than direct wood combustion.

Aggregation of environmental burdens based on Ciele Impact Assessment methods, which aims
at allowing evaluation of total environmental perfi@nce of different power generation chains, shows
differing results, depending on the method, i.einfgaon the weighting of different environmental
impact categories (impacts on human health, ecasyssand consumption of resources) contributing
to total LCIA scores. Assigning high importancestarcity of fossil fuels (i.e. higher weighting of
natural gas versus coal consumption) results id baal (with “clean” upstream chains) and lignite
including co-firing with wood as best environmenparformers in terms of overall impacts on the
environment (including human beings). The reductiorair pollution and C@ emissions due to
(natural and synthetic) gas instead of coal conmmusis more than compensated by the high
contribution of natural gas consumption (as a nsogece resource than coal) to total LCIA-cores per
kWh. In case of SNG land use due to forestry irm@egworsens) the LCIA score. Equal weighting of
fossil resources and assignment of higher weightisnpacts on human health results in the lowest
(best) LCIA scores for (synthetic and natural) ghains, mainly due to a significant reduction ia th
emission of air pollutants. Independently of thégling scheme of the impact categories, pure wood
chains with power plants with comparatively lowigf#ncy and high emissions of air pollutants are
among the systems with the highest (worst) LCIAr@s0




Introduction

1 Introduction

Almost 70% of electricity worldwide is produced kitfossil power plants today. Coal is the
dominating fuel (40% in 2004) and while the shafenatural gas is continuously growing (20% in
2004), oil (7% in 2004) is expected to become legsortant for power generation (WEO 2006).
Considering the quickly growing electricity demaofddeveloping economies, coal and natural gas are
expected to remain the dominating fuels for largales electricity production at affordable costshia
next decades.

Fossil fuel based electricity production is onetled major anthropogenic sources of agnissions
today and responsible for the ongoing climate ckattga great extent. The combustion of coal,
natural gas and oil for electricity production aimites about 41% to total energy-related ,CO
emissions worldwide (WEO 2006). However, £éhnissions are not the only environmental burden:
fossil and particularly coal power plants can benajor source of air pollution: NO SG and
particulate emission lead to negative impacts andiuhealth and ecosystem quality.

Additionally to direct power plants emissions, aitis in the associated so-called “upstream” pafts
complete energy chains — coal mining and extraafamatural gas and oil as well as transport of¢he
fuels to the power plant sites — contribute to ltefavironmental burdens of electricity production.
Depending on the species of pollutant, these dmrtidns per kWh power generation can be
significant. Therefore, measures for reductionhafse burdens cannot be limited to direct powertplan
emissions, but also reducing impacts due to fuglplsuhave to be taken into account. Such a
comprehensive approach requires the applicatiobifef Cycle Analysis (LCA), which includes all
processes directly and indirectly associated with groduction of electricity and therefore allows a
consistent evaluation of complete energy chainse TICA methodology applied allows fair
comparison of different electricity generation teclogies using various fuels — hard coal, lignite,
natural gas, wood and Synthetic Natural Gas (SN&Jerout of wood) are in focus of this particular
analysis. Furthermore, application of Life Cycleplmst Assessment (LCIA) methods as well as the
calculation of external costs associated with thadpction of electricity allows comparing complete
environmental profiles (i.e. the full spectrum afveonmental burdens per kWh of electricity) by
weighting the different impacts on human healtlosgstems, etc. against each other.
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Goal and scope

2 Goal and scope

The main goals of this study, based on the analysintire energy chains by application of Life
Cycle Analysis (LCA), are the following:

* The environmental assessment and comparison @felift fuel chains for electricity production,
particularly hard coal, lignite and natural gasassl as wood and Synthetic Natural Gas (SNG:
CH,; made of wood). Wood and SNG are both assessedgs &iels and co-combustion fuels (in
combination with coal and natural gas, respectivalie different energy chains are compared in
terms of cumulative environmental burdens per k\ctecity produced at the power plant. Not
only specific burdens — Greenhouse gas (GHG) eonissiCQ, NO,, SO and particulates (P}

— but also full environmental profiles are analysdx latter based on several Life Cycle Impact
Assessment (LCIA) methods as well as external costs

e The identification of the most relevant steps (@mnis of environmental burdens per kWh
electricity production) in the complete energy cisaior power generation.

e The analysis of region- or country-specific fuepply and its effect on cumulative emissions per
kWh electricity, in particular hard coal and natugas supply from specific mining and
production regions around the world. Also the dfeaf different transport modes and distances
for wood (for direct (co-)combustion and SNG pradiitut) are analysed.

Figure 2.1 shows — as a representative exampleedaralysed energy chains — the various step®of th
modelled hard coal chains together with the congiompof goods and services as inputs to the
processes of the energy chain in order to illusttae concept of cumulative environmental burdens
per kWh of electricity using LCA. The so-called @tional unit is 1 kWh of electricity produced aeth
busbar of the power plants (losses in distributhmigl transmission of electricity are not taken into
account), i.e. all cumulative environmental burdesier to this unit.

Boundary of the LCA

Boundary of the energy chain

: > Electricity
: [ Coal mining & Coal transport | Coal power plant, [1 kWh]
processing (by ship & train) operation

S _I__ ___T_____i______I_____ direct

fuels| | | materials | |transport| |waste disposal Environmental

services | |services burdens
(emissions etc.)

indirect

Figure 2.1 Simplified schematic overview of the mod  elled hard coal chains as an illustration of the LC A concept.
This study addresses electricity production onlptiahs for Combined Heat and Power generation
(CHP) are not analysed.

State-of-the-art power plant technologies with eleristics based on data from Alstoane used for
modelling of the fuel conversion steps (i.e. foe #lectricity production at the power plants) df al

1 As a result of iterated personal communication emeil exchange with Andreas Bogli, Director StygteALSTOM Power
Service, between January and April 2008.
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Goal and scope

energy chains. These power plant characteristicwiged by Alstom include net efficiencies,
capacities, load factors and lifetimes of the poplants as well as emission data for key airborne
pollutants. Modelling of the fuel chains are in gead based on (Dones et al. 2004, 2007), while data
from the ecoinvent LCA database (v1.3) are usedG& background data (ecoinvent 2004), i.e. for
the quantification of energy and material flowsatif processes not directly being part of the energy
chains in focus. The LCA calculations are perforrasithg the LCA software SimaPro v7.1.5.

12



Characterization of power plant technologies and the associated energy chains

3 Characterization of power plant technologies
and the associated energy chains
3.1 Power plant technologies: overview

The following power plant technologies with thegsaciated fuel chains have been analysed in this
LCA study:

e Hard coal power plant, supercritical, 800 MW

e Hard coal power plant, subcritical, 400 MW

» Lignite power plant, supercritical, 950 MWV

« Natural gas power plant, Combined Cycle (CC), 400/

« SNG power plant, Combined Cycle (CC), 400 MW

* Natural gas/SNG co-firing power plant, Combined IEYE€C), 400 MW,
* Wood power plant, subcritical, 20 M\V

« Hard coal/wood co-firing power plant, supercriticgd0 MW

e Hard coal/wood co-firing power plant, subcriticéQ0 MW,

» Lignite/wood co-firing power plant, subcritical, @0AW,,

Table 3.1 provides an overview of the technologwrabteristics of these power plants. These
technology characteristics are based on speciicaitof state-of-the-art power plants today provided
by Alstonf and data from the NEEDS project on advanced fgesiter technologies (Bauer et al.
2008a). While hard coal and lignite plants are emsiito be provide base-load electricity, natural ga
and SNG (co-combustion) plants are operated in lodd- mode also in order to meet peaks in
demand. The power plants are assumed to be opénatettral Europe, i.e. Germany is used as the
generic reference location. Since the LCIA methoded for the evaluation of the cumulative
environmental burdens in general do not take intooant site-specific health or environmental
damages, this choice only plays a role for modgltif the fuel chains, i.e. for transport of theléue
burned in the power plants. Also the power plantafficiencies would slightly differ at significagt
higher or lower ambient temperatures. Contraryammonly used LCIA methods, the evaluation of
burdens on human health and the environment basexkternal costs could take into account site-
specific factors like weather conditions and popaia density, but employment of this so-called
Environmental Impact Assessment (EIA) was out afpgcof this study. Average European damage
factors have been used for external cost calcuisitio

2 personal communication and email exchange withréaml Bogli, Director Strategy, ALSTOM Power Seryibetween
January and April 2008.
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Characterization of power plant technologies and the associated energy chains

Table 3.1 Technology characteristics of the power p

lants address

ed in this study.

hard coal, hard coal,
type of power plant supercritical subcritical lignite, supercritical |natural gas, CC SNG, CC
capacity (net) MW 800 400 950 400 400
electric efficiency (net) % 46 40 43.2 59 59
lifetime a 40 40 40 30 30
full load hours per year h/a 8200 8000 8400 4500 4500

synthetic natural

fuel type hard coal hard coal lignite natural gas gas (SNG)
fuel share
(based on energy input - LHV) 100% hard coal 100% hard coal |100% lignite 100% nat gas 100% SNG

natural gas/SNG

hard coal/wood co-

hard coal/wood co-

lignite/wood co-

type of power plant co-firing, CC wood, subcritical|firing, supercritical |firing, subcritical firing, supercritical

capacity (net) MW 400 20 800 400 950

electric efficiency (net) % 59 32 46 40 43.2

lifetime a 30 40| 40 40 40

full load hours per year h/a 4500 7000 8200 8000 8400
natural gas/SNG hard coal/wood hard coal/wood lignite/wood

fuel type co-combustion wood co-combustion co-combustion co-combustion

fuel share 90% nat gas 100% wood 90% coal 90% coal 90% lignite

(based on energy input - LHV) 10% SNG chips 10% wood chips 10% wood chips 10% wood chips

LHV = Low Heating Value.

3.2
3.2.1

Hard coal based electricity production differerggabetween various hard coal mining regions in the
so-called upstream chdirmining and processing of the coal is specificatipdelled for Australia,
Colombia, Germany, Poland, Russia, South Africa,WsA (Rdder et al. 2004) and China (Réder et
al. 2007). This worldwide produced hard coal fop@ is transported by train (and to a small extent
by lorry) in the mining region to the next suitablgrbour, shipped by big freight ships to a harbour
the vicinity of the consumption (in this study: Gemy) and transported again by railway to the power
plant. Usually the coal is stored in an interinrage in the harbour of the exporting region.

Fuel chains
Hard coal

Figure 3.1 shows a schematic overview of the medéilard coal chains with the different steps of the
energy chain and the associated main environmbeatdkens from each step.

Emissions to
groundwater

T

.| Hard coal, at
"| regional storage

CH, and air
pollutants (NO,, PM,,)

T

Hard coal mining &
processing *

Air pollutants
(NO,, PM,;) and CO,

T

Hard coal transport
(by ship & train) *

CO, and air pollutants
(NO,, PM, ¢, SO,....)

.| Hard coal power

Electricity
"I plant, operation —

[1 KWh]

coal chains for electricity production; * the so-ca lled upstream

g

Figure 3.1 Schematic overview of the modelled hard
chain (coal mining and transport to the power plant
regions (Australia, China, Colombia, Germany, Polan

) is modelled specifically for the considered minin
d, Russia, South Africa, USA).

% In case of electricity production based on fofisills the “upstream” part of the energy chains esents all steps of the
energy chain before the operation of the powertplan production and processing of the fuel @adransport to the power
plant, including intermediate storage (if applicgbl
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Characterization of power plant technologies and the associated energy chains

The characteristics of the hard coal used for etgtyt production depend on the origin of the fuel.

Table 3.2 summarizes the main characteristics r@ingiregion and the associated transport distances
and transport modes.

Table 3.2 Characteristics of the hard coal used for modelling of the hard coal chains in this study.

origin of the fuel Australia China olombia Germany Poland Ryssia USA South A fica
train (within AU): |train (within CN): [train (within CO): train (within RU): |train (within US): [train (within ZA):
200 km 650 km 200 km train (within D):  |train (within PL): |4000 km 800 km 600 km
ship: 23000 km  |ship: 20000 km  |ship: 8500 km 200 km 500 km ship: 3000 km ship: 7400 km ship: 13500 km
train (within EU): [train (within EU): |train (within EU): |train (within EU): [train (within EU): [train (within EU): |train (within EU): |train (within EU):
transport distance 500 km 500 km 500 km 300 km 500 km 500 km 500 km 500 km
means of transport train & ship train & ship train & ship train train train & ship train & ship train & ship
LHV
hard coal|MJ/kg 25.1] 20.1] 20 25.7] 23.7] 22.3] 24 23.7]
Water content
hard coall% 9.1 10 8.7] 8.5 7.2 12.2 14.6| 10.44
3.2.2 Lignite

Figure 3.2 shows a schematic overview of the medelignite chain with the different steps of the
energy chain and the associated main environmbuatdens from each step. Lignite power plants are
operated as “mine-mouth” plants, i.e. the ligniter®d in the power plant is mined in its vicinity o
vice versa, therefore no transport step is takenaocount. LCI data for the lignite mining process
based on German lignite mining (Roder et al. 200he energy content of the lignite is 8.8 MJ/kg
(LHV), its water content 58%.

Air pollutants  Emissions to CO, and air pollutants

(NO,, PM,;)  groundwater (NO,, PM, ., SO,,...)
Lignite mining & Lignite power N Electricity
processing plant, operation [1 KWh]

Figure 3.2 Schematic overview of the modelled ligni  te chain.

3.2.3 Woaod

Figure 3.3 shows a schematic overview of the medellood chain with the different steps of the
energy chain and the associated main environmdntedens from each step. Modelling of the
production of wood chips — used either as inputdioect combustion in wood power plants and for
co-firing with hard coal and lignite or as feed ctofor SNG production — is based on central
European forestry (Werner et al. 2004, Bauer 200&), representative German conditions. This
analysis covers sustainable management of natunestk: only the naturally growing amount of wood
is harvested and used — not only as fuel, but falsfurniture or as base material for constructign
buildings, etc. Neither clear cutting of dedicafetest areas, nor fast rotation forestry (with gtyic
growing trees like poplar) is taken into account.
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Characterization of power plant technologies and the associated energy chains

Air pollutants Air pollutants Air pollutants
(CO,, NO,, PM,,) (NO,, PM, 5, SO,,...)  (NO,, PM, ., SO,,...)

T T T

Forestry & Wood Wood power Electricity
wood harvesting transport * plant, operation _'[1 kWh]

Figure 3.3 Schematic overview of the modelled wood energy chain. * Wood transport either by lorry (25 km), train, or
barge (1000 km each).

Table 3.3 gives an overview about the key charesties of the wood chips used in this analysis.

Table 3.3 Key characteristics of the wood fuel used in this study (wood chips, mixed —*, u=120%°, at forest).

Lower heating Density (wet) Density (wet) Water content
value (LHV)
MJ/m® kg/MJ kg/m® %
3298.5 0.1258 415 54.6

The wood chips usually produced within the forgsivithin short distance to the place where thestree
are cut are directly transported to the point &f,use. the power plant for combustion or the SNG
production plant for gasification and methanationorder to evaluate the effects of different tyzors
modes (lorry, ship, and railway) and distances (ise of wood from the vicinity of the power plants
vs. long-distance supply) on cumulative environrakmiurdens per kWh electricity, several wood
chains are analysed, differing for “wood only” pavpéants and co-firing plants, respectively.

3.2.4 Co-combustion: hard coal/wood and lignite/woo d

Figure 3.4 shows a schematic overview of the medelNood/coal chains with the different steps of
the energy chains and the associated main envinaieurdens from each step. Either hard coal or
lignite (both from Germany) are burned togethehwibod chips in co-combustion power plants. The
assumed fuel share is 90% hard coal or lignite 0% wood, based on the energy content (LHV).
The different fuel chains are presented in cha@e&td, 3.2.2, and 3.2.3.

The assessed combinations of different transpodesm@nd distances with power plant technologies
are shown in Table 3.4.

4 “Mixed” represents a mixture of hardwood and softa (72% vs. 28%), representative for Swiss comtiti

® The humidity or water content u of the wood isiedl with respect to the dry matter content in &eohmass of the wood.
I.e. a humidity u=100% means that 50% of the totass of the wood (including water) is water and S%matter (mostly
cellulose, hemicelluloses, and lignin).
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Characterization of power plant technologies and the associated energy chains

CO, & air pollutants

Air pollutants

CO, & air pollutants

(NO,, PM,() (NO,, PM, 5, SO,,...) (NO,, PM, 5, SO,,...)
Forestry & Wood .| Co-combustion Y Electricity
wood harvesting transport * "| power plant, operation [1 kWh]
Emissions to
groundwater €| Lignite mining &
Airpollutants | processing
(NO,, PM,)
Hard coal mining &| | Hard coal, at N Hard coal transport

processing

"| regional storage

(by train)

CH, and air

pollutants (NO,, PM, )

!

Emissions to
groundwater

Air pollutants
(NO,, PM,;) and CO,

Figure 3.4 Schematic overview of the modelled co-co  mbustion chains (hard coal/wood and lignite or wood ). * Wood
transport either by lorry (25 km), train, or barge (1000 km each).
Table 3.4 Overview of the modelled wood chains (woo  d and co-firing power plants).
fuel share
capacity (based on energy transport means of
power plant type (net) [MW] [fuel type input - LHV) fuel source distance transport
wood: local (central
wood, subcritical 20|wood 100% wood chips  |European wood chain) |wood: 25 km wood: lorry
wood: Europe (central
wood, subcritical 20{wood 100% wood chips  |European wood chain) [wood: 1000 km wood: train
wood: Europe (central
wood, subcritical 20lwood 100% wood chips  |European wood chain) |wood: 1000 km wood: barge
hard coal: Germany
hard coal/wood co- hard coal/wood [90% coal wood: local (central hard coal: 500 km |hard coal: train
firing, subcritical 400{co-combustion |10% wood chips European wood chain) |wood: 50 km wood: lorry
hard coal: Germany
hard coal/wood co- hard coal/wood |90% coal wood: Europe (central  |hard coal: 500 km [hard coal: train
firing, subcritical 400{co-combustion |10% wood chips European wood chain) |wood: 1000 km wood: train
hard coal: Germany
hard coal/wood co- hard coal/wood [90% coal wood: Europe (central  |hard coal: 500 km |hard coal: train
firing, subcritical 400|co-combustion |10% wood chips European wood chain) |wood: 1000 km wood: barge
hard coal: Germany
hard coal/wood co- hard coal/wood |90% coal wood: Europe (central  |hard coal: 500 km [hard coal: train
firing, supercritical 800|co-combustion |10% wood chips European wood chain) |wood: 50 km wood: lorry
hard coal: Germany
hard coal/wood co- hard coal/wood [90% coal wood: Europe (central  |hard coal: 500 km |hard coal: train
firing, supercritical 800|co-combustion [10% wood chips European wood chain) |wood: 1000 km wood: train
hard coal: Germany
hard coal/wood co- hard coal/wood |90% coal wood: Europe (central  |hard coal: 500 km [hard coal: train
firing, supercritical 800|co-combustion |10% wood chips European wood chain) |wood: 1000 km wood: barge
lignite: no
lignite: Germany transport (mine-
lignite/wood co-firing, lignite/wood 90% lignite wood: Europe (central  |mouth)
supercritical 950|co-combustion [10% wood chips European wood chain) |wood: 50 km wood: lorry
lignite: no
lignite: Germany transport (mine-
lignite/wood co-firing, lignite/wood 90% lignite wood: Europe (central  |mouth)
supercritical 950|co-combustion |10% wood chips European wood chain) |wood: 1000 km wood: train
lignite: no
lignite: Germany transport (mine-
lignite/wood co-firing, lignite/wood 90% lignite wood: Europe (central  |mouth)
supercritical 950|co-combustion |10% wood chips European wood chain) |wood: 1000 km wood: barge
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Characterization of power plant technologies and the associated energy chains

3.2.5 Natural gas

Figure 3.5 shows a schematic overview of the medetiatural gas chain with the different steps of
the energy chain and the associated main envirctaindrmrdens from each step. Natural gas
production is specifically modelled for seven regqAlgeria, Germany, Russia, Norway, Nigeria,
Netherlands, UK) based on (Faist Emmenegger e20f}4). Natural gas from Algeria, Germany,
Russia, Norway, The Netherlands and UK is trangplotd the reference site (Germany) via pipeline.
Additionally, transport as LNG from Algeria and Niga is modelled. Due to lack of data, gas
exploration and production in Algeria is used fagé&tian conditions as well in first approximation.
Table 3.5 shows the energy content and transpetardies of the natural gas from the different
regions included in this study. Further charactiegof the gas can be found in (Faist Emmenegger e
al. 2004).

CH, &airpollutants 50, (depending  CH, (leakage)
(NO,, PM, ) ongas quality) & NO,, PM, 5 CH, (leakage) CO, &NO,

T ! ! !

Natural gas exploration | | Natural gas N Long-distance Regional gas Natural gas power L Electricity
& production * processing gas fransport ** | | distribution plant, operation [1 kWh]

Figure 3.5 Schematic overview of the modelled natur al gas chains. * specifically modelled for the cons idered
production regions (Algeria, Germany, Russia, Norwa vy, Nigeria, The Netherlands, UK); ** gas transport  via
pipeline and/or as LNG (Algeria, Nigeria).

Table 3.5 Transport distances and energy content of the natural gas delivered to the power plant atth e reference site

Germany.

origin of the fuel Russia Algeria Algeria (LNG) UK Netherlands _[Norway Germany Nigeria (LNG)
LNG: 926 km LNG: 7000 km
(500 seamiles) pipeline: 300

transport distance 6000 km 2100 km pipeline: 300 km 500 700 1400 600/ km

means of transport pipeline pipeline ship/pipeline pipeline pipeline pipeline pipeline ship/pipeline

LHV

natural gas/SNG{MJ/Nm3 36.4 38.5 38.5 37 34.9 40.8 35 38.5

3.2.6  Synthetic Natural Gas (SNG)

Figure 3.6 shows a schematic overview of the medeBynthetic Natural Gas (SNG) chain with the

different steps of the energy chain and the aswatimain environmental burdens from each step. LCI
data for the SNG production are based on (FeldBrofes 2007). Three different scenarios for wood

transport are modelled: over 25 km by lorry andrad@00 km by train or barge. More details about

modelling of forestry can be found in chapter 3.2:8e produced SNG is assumed to be fed into the
natural gas network and burned in conventionalrahgas CC power plants.
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Air pollutants Air pollutants Air pollutants Air pollutants

(CO,, NO,, PM,;) (NO,, PM,., SO,,...) (NO,, PM,.) (NO,,...)

Forestry & Wood SNG SNG power . Electricity
wood harvesting transport * production plant, operation [1 kWh]

Figure 3.6 Schematic overview of the modelled SNG ¢  hain. * Wood transport either by lorry (25 km), tra  in, or barge
(1000 km each).

3.2.7 Co-combustion: natural gas/SNG

Figure 3.7 shows a schematic overview of the medatb-combustion chains with the different steps

of the energy chains and the associated main emaigatal burdens from each step. Natural gas and
SNG are assumed to be mixed with shares of 90%4.@%q respectively. The SNG chain is described

in chapter 3.2.6, the natural gas chains in cha®&6. The natural gas supply of the co-combustion
plants is modelled with the European import mix@ar 2000, import shares shown in Table 3.6. The
SNG/natural gas mix is burned in conventional redtgas CC power plants.

Air pollutants Air pollutants Air pollutants CO, & air pollutants

(CO,,NO,, PM,;) (NO,, PM,., SO,,...) (NO,, PM,.) (NO,....)

Forestry & Wood SNG Co-combustion — Electricity
wood harvesting transport * production power plant, operation [1 KWh]

Natural gas exploration | | Natural gas| _,f Long-distance Regibnal gas
& production *** processing gas transport ** distribution

! ! ! !

CH, & air pollutants SO, (depending CH, (leakage) CH, (leakage)
(NO,, PM, ;) on gas quality) &NO,, PM, ,

A4

Figure 3.7 Schematic overview of the modelled natur  al gas/SNG chain. * Wood transport either by lorry (25 km), train,
or barge (1000 km each); gas transport either via p  ipeline or as LNG (depending on the production regi on);
*** natural gas: EU import mix.

Table 3.6 Natural gas import shares to EU-15 inyea r 2000 (Faist Emmenegger et al. 2004).

Share of natural gas imports (year 2000)
Switzerland Europe
Germany 0.10 0.05
Algeria 0.04 0.16
UK 0.05 0.04
Netherlands 0.28 0.24
Norway 0.17 0.17
Russia 0.36 0.34
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3.3  Energy conversion (power plant operation)

The main characteristics and key operational datheodifferent power plant technologies employed
in the modelling of the various energy chains &@g in Table 3.1.

Table 3.7 through Table 3.11 provide the compleié data for the operation of the different power
plants with the associated fuel chains, i.e. emwissi waste flows and consumption of water,
chemicals, etc. per MJ fuel burned, or kWh eleityriproduced. In order to convert data from MJ fuel
burned to one kWh of electricity generation, thevpoplant efficiencies in Table 3.1 have to be used

Emission data of hard coal as well as lignite poplants are based on (Réder et al. 2007, Baudr et a
2008a, b). Due to the fact that natural gas and &MG&he same in terms of quality (energy content,
composition, etc.) and power plant technology s $ame, emission data of natural gas as well as
SNG power plants are identical and based on (FEaignhenegger et al. 2007). Two different cases
(options) for wood power plants are modelled, diffg@ in NQ,, PM,s and SQ emissions. In case A
emission data for these pollutants are based arnwdtion from Alstory option B is based on
emission data of the 6.4 M\vood-fuelled CHP plant in (Bauer 2007). All otleenission parameters
are identical for both options, taken from (Bau@®?). In case of co-combustion of wood at hard coal
and lignite power plants, the overall emissionsambination of pure hard coal/lignite and wood
chips combustion, calculated with the shares off ifygut of 90% and 10% (based on energy input),
respectively. Due to the installation of highlyieint pollution control systems at the co-combarsti
plants, NQ and particle emissions of the wood combustionaasimed to be reduced to the level of
pure coal combustion. SCemissions from wood combustion are already lowamtfrom coal
combustion (wood option B) and therefore not adjdsiKey emission parameters for all power plant
technologies are cross-checked with Alstom.

® Personal communication and email exchange withréami Bogli, Director Strategy, ALSTOM Power Seryibetween
January and April 2008.

" Personal communication and email exchange withréaml Bogli, Director Strategy, ALSTOM Power Seryibetween
January and April 2008.
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Table 3.7 LCI data of the hard coal power plant ope

*%

*k%k

ration, supplied with coal from Australia (represen

tative for all

modelled hard coal chains, i.e. hard coal supply fr  om the different mining regions; data are identical if not

stated otherwise below the table).

hard coal AU, burned in power

plant 800 MW (BAT) * MJ
Resources
Water, cooling, nspecified natural origin/m3 3.50E-03|m3
Materials/fuels
Chlorine, liquid, production mix, at plant/RER 1.00E-05[kg
construction, hard coal power plant 800 MW 1.06E-12|p
dismantling, hard coal power plant 800 MW 1.06E-12|p
NOXx retained, in SCR/GLO 1.26E-04]kg
SOx retained, in hard coal flue gas desulphurisation/RER 6.14E-04|kg
Hard coal AU, at regional storage Germany ** 3.98E-02|kg
Light fuel oil, at regional storage/RER 1.70E-05]kg
Transport, freight, rail/RER *** 1.19E-02|tkm
Water, completely softened, at plant/RER 6.00E-03|kg
Water, decarbonised, at plant/RER 1.50E-01[kg
Emissions to air
Antimony 8.65E-11|kg
Arsenic 1.29E-09]kg
Barium 5.71E-09|kg
Benzene 2.17E-07]kg
Benzo(a)pyrene 2.00E-13|kg
Boron 1.23E-07]kg
Bromine 6.36E-08|kg
Butane 1.90E-08]kg
Cadmium 5.76E-11]kg
Carbon dioxide, fossil 9.22E-02]|kg
Carbon monoxide, fossil 8.00E-06]|kg
Chromium 6.56E-10|kg
Chromium VI 8.11E-11]kg
Cobalt 3.26E-10]|kg
Copper 1.65E-09]kg
Dinitrogen monoxide 3.97E-06]|kg
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 7.00E-15]|kg
Ethane 4.10E-08]kg
Formaldehyde 5.80E-08|kg
Heat, waste 5.47E-01|MJ
Hydrocarbons, aliphatic, alkanes, nspecified 2.19E-07]|kg
Hydrocarbons, aliphatic, nsaturated 2.16E-07|kg
Hydrogen chloride 2.08E-06]kg
Hydrogen fluoride 1.30E-06]kg
lodine 2.37E-08|kg
Lead 5.53E-09|kg
Lead-210 1.61E-06]kBq
Manganese 1.22E-09]kg
Mercury 4.10E-09|kg
Methane, fossil 1.00E-06]kg
Molybdenum 3.62E-10|kg
Nickel 2.49E-09]kg
Nitrogen oxides 5.61E-05|kg
PAH, polycyclic aromatic hydrocarbons 1.00E-09]kg
Particulates, < 2.5 um 4.76E-06]kg
Particulates, > 10 ym 5.28E-06]kg
Particulates, > 2.5 ym, and < 10 ym 5.61E-07|kg
Pentane 1.47E-07]kg
Polonium-210 2.95E-06|kBqg
Potassium-40 2.12E-06|kBq
Propane 3.50E-08]kg
Propene 1.60E-08]kg
Radium-226 4.16E-07]kBq
Radium-228 2.12E-07|kBq
Selenium 5.45E-09|kg
Strontium 7.14E-10]kg
Sulfur dioxide 4.38E-05|kg
Thorium-228 1.14E-07]kBq
Thorium-232 1.79E-07]kBq
Toluene 1.09E-07]kg
Uranium-238 3.47E-07|kBq
Vanadium 6.53E-10/kg
Xylene 9.22E-07]|kg
Zinc 4.11E-09|kg
Waste to treatment
Disposal, residue from cooling tower, 30% water, to sanitary landfil/CH 5.00E-06]kg

“AU" indicates the origin of the fuel; the stuayntains specific datasets for power plant opematitth hard coal

supply from all addressed mining regions (not ideldiin this report).

Mass of coal input depends on the region-spedafiergy content of the coal.
Mass of coal to be transported depends on #gan-specific energy content of the coal.
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Table 3.8 LClI data of the lignite power plant opera  tion.

operation, lignite power

plant 950 MW (BAT) kWh
Resources
Water, cooling, nspecified natural origin/m3 2.92E-02|m3
Materials/fuels
Chlorine, liquid, production mix, at plant/RER 8.33E-05/kg
Water, completely softened, at plant/RER 5.00E-02{kg
Water, decarbonised, at plant/RER 1.25E+00]kg
SOx retained, in lignite flue gas desulphurisation/GLO 8.27E-03|kg
NOXx retained, in SCR/GLO 1.68E-03|kg
Transport, freight, rail/RER 6.25E-05|tkm
Emissions to air
Heat, waste 5.60E+00|MJ
Antimony 1.09E-10|kg
Arsenic 6.15E-09(kg
Barium 3.64E-08(kg
Benzene 1.81E-06|kg
Benzo(a)pyrene 1.67E-12|kg
Boron 1.72E-05|kg
Bromine 2.30E-07|kg
Butane 1.58E-07|kg
Cadmium 1.27E-10|kg
Carbon dioxide, fossil 9.02E-01|kg
Carbon monoxide, fossil 1.67E-04|kg
Chromium 1.62E-09|kg
Chromium VI 2.00E-10{kg
Cobalt 7.27E-10{kg
Copper 1.67E-09|kg
Dinitrogen monoxide 2.16E-05|kg
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 5.83E-14|kg
Ethane 3.42E-07|kg
Formaldehyde 4.83E-07]kg
Hydrocarbons, aliphatic, alkanes, nspecified 1.83E-06|kg
Hydrocarbons, aliphatic, nsaturated 1.80E-06|kg
Hydrogen chloride 2.44E-05(kg
Hydrogen fluoride 6.81E-06|kg
lodine 2.16E-07|kg
Lead 4.36E-09]kg
Lead-210 1.05E-05|kBq
Manganese 9.09E-09(kg
Mercury 1.92E-08|kg
Methane, fossil 8.33E-06|kg
Molybdenum 7.27E-10{kg
Nickel 3.60E-09(kg
Nitrogen oxides 6.97E-04|kg
PAH, polycyclic aromatic hydrocarbons 8.33E-09(kg
Particulates, < 2.5 um 5.91E-05|kg
Particulates, > 10 ym 4.51E-05]kg
Particulates, > 2.5 ym, and < 10 ym 6.96E-06|kg
Pentane 1.22E-06|kg
Polonium-210 1.91E-05|kBq
Potassium-40 6.77E-06{kBg
Propane 2.92E-07|kg
Propene 1.33E-07]kg
Radium-226 2.70E-06{kBg
Radium-228 2.63E-06[kBqg
Selenium 2.49E-08|kg
Strontium 3.82E-09|kg
Sulfur dioxide 1.22E-04|kg
Thorium-228 1.42E-06|kBq
Thorium-232 2.23E-06{kBg
Toluene 9.08E-07|kg
Uranium-238 2.25E-06|kBg
Vanadium 9.09E-10{kg
Xylene 7.68E-06|kg
Zinc 6.36E-09(kg
Waste to treatment
Disposal, lignite ash, 0% water, to opencast refill/DE 5.94E-02|kg
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Table 3.9 LCI data of the wood power plant operatio  n, alternative A.

wood chips, burned in wood power plant

20 MW (A) (wood transport: truck, 25km) * MJ
Materials/fuels
Ammonia, liquid, at regional storehouse/CH 8.20E-09|kg
Chlorine, liguid, production mix, at plant/RER 3.28E-07|kg
Sodium chloride, powder, at plant/RER 4.10E-06|kg
Chemicals organic, at plant/GLO 5.74E-06|kg
Lubricating oil, at plant/RER 3.28E-06|kg
Transport, lorry 3.5-20t, fleet average/CH ** 3.15E-03|tkm
Water, decarbonised, at plant/RER 7.87E-04]kg
Wood chips, mixed, =120%, at forest/RER 3.03E-04|m3
Wood combustion power plant 20 MW 4.96E-11|p
Emissions to air
Acetaldehyde 6.10E-08]|kg
Ammonia 1.74E-06]kg
Arsenic 1.00E-09]kg
Benzene 9.10E-07|kg
Benzene, ethyl- 3.00E-08|kg
Benzene, hexachloro- 7.20E-15]kg
Benzo(a)pyrene 5.00E-10]kg
Bromine 6.00E-08]kg
Cadmium 7.00E-10|kg
Calcium 5.85E-06|kg
Carbon dioxide, biogenic 1.04E-01]kg
Carbon monoxide, biogenic 7.00E-06]kg
Chlorine 1.80E-07]|kg
Chromium 3.96E-09|kg
Chromium VI 4.00E-11]|kg
Copper 2.20E-08]kg
Dinitrogen monoxide 2.30E-06]kg
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 3.10E-14|kg
Fluorine 5.00E-08|kg
Formaldehyde 1.30E-07]kg
Heat, waste 9.87E-01|MJ
Hydrocarbons, aliphatic, alkanes, unspecified 9.10E-07|kg
Hydrocarbons, aliphatic, unsaturated 3.10E-06|kg
Lead 2.49E-08|kg
Magnesium 3.61E-07|kg
Manganese 1.71E-07]kg
Mercury 3.00E-10{kg
Methane, biogenic 4.34E-07|kg
m-Xylene 1.20E-07]kg
Nickel 6.00E-09]kg
Nitrogen oxides *** 4.29E-04|kg
NMVOC, non-methane volatile organic compounds, unspecified origin 6.10E-07]|kg
PAH, polycyclic aromatic hydrocarbons 1.10E-08]kg
Particulates, < 2.5 um *** 2.53E-05[kg
Phenol, pentachloro- 8.10E-12|kg
Phosphorus 3.00E-07|kg
Potassium 2.34E-05]kg
Sodium 1.30E-06]|kg
Sulfur dioxide 2.02E-04]kg
Toluene 3.00E-07]kg
Zinc 3.00E-07|kg
Waste to treatment
Disposal, sed mineral oil, 10% water, to hazardous waste incineration/CH 3.28E-06|kg
Treatment, sewage, to wastewater treatment, class 2/CH 7.87E-07|m3
Disposal, municipal solid waste, 22.9% water, to municipal incineration/CH 3.28E-06|kg
Disposal, wood ash mixture, pure, 0% water, to landfarming/CH 1.36E-04|kg
Disposal, wood ash mixture, pure, 0% water, to municipal incineration/CH 1.36E-04]kg
Disposal, wood ash mixture, pure, 0% water, to sanitary landfill/CH 2.72E-04]kg

* (A) indicated emission data for NOPM, s and SQ from Alstom; three different cases for wood traors@mre modelled:
25 km by truck, 1000 km by barge and train.

** Datasets used for wood transport by train andypa“Transport, freight, rail/RER” and “Transpdsarge/RER”.

*** Specific emission data from Alstom.
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Table 3.10 LCI data of the wood power plant operati  on, alternative B.

wood chips, burned in wood power plant

20 MW (B) (wood transport: truck, 25km) * MJ
Materials/fuels
Ammonia, liquid, at regional storehouse/CH 8.20E-09]|kg
Chlorine, liquid, production mix, at plant/RER 3.28E-07|kg
Sodium chloride, powder, at plant/RER 4.10E-06|kg
Chemicals organic, at plant/GLO 5.74E-06|kg
Lubricating oil, at plant/RER 3.28E-06]kg
Transport, lorry 3.5-20t, fleet average/CH ** 3.15E-03|tkm
Water, decarbonised, at plant/RER 7.87E-04]kg
Wood chips, mixed, =120%, at forest/RER 3.03E-04{m3
Wood combustion power plant 20 MW 4.96E-11|p
Emissions to air
Acetaldehyde 6.10E-08]kg
Ammonia 1.74E-06]kg
Arsenic 1.00E-09]kg
Benzene 9.10E-07|kg
Benzene, ethyl- 3.00E-08|kg
Benzene, hexachloro- 7.20E-15]kg
Benzo(a)pyrene 5.00E-10{kg
Bromine 6.00E-08|kg
Cadmium 7.00E-10]kg
Calcium 5.85E-06]kg
Carbon dioxide, biogenic 1.04E-01|kg
Carbon monoxide, biogenic 7.00E-06]kg
Chlorine 1.80E-07]kg
Chromium 3.96E-09|kg
Chromium VI 4.00E-11|kg
Copper 2.20E-08]kg
Dinitrogen monoxide 2.30E-06]kg
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 3.10E-14|kg
Fluorine 5.00E-08|kg
Formaldehyde 1.30E-07]kg
Heat, waste 9.87E-01|MJ
Hydrocarbons, aliphatic, alkanes, unspecified 9.10E-07|kg
Hydrocarbons, aliphatic, unsaturated 3.10E-06|kg
Lead 2.49E-08]kg
Magnesium 3.61E-07|kg
Manganese 1.71E-07]|kg
Mercury 3.00E-10{kg
Methane, biogenic 4.34E-07]|kg
m-Xylene 1.20E-07]kg
Nickel 6.00E-09]|kg
Nitrogen oxides *** 8.80E-05|kg
NMVOC, non-methane volatile organic compounds, unspecified origin 6.10E-07]kg
PAH, polycyclic aromatic hydrocarbons 1.10E-08]kg
Particulates, < 2.5 ym *** 4.49E-05|kg
Phenol, pentachloro- 8.10E-12|kg
Phosphorus 3.00E-07|kg
Potassium 2.34E-05]|kg
Sodium 1.30E-06]kg
Sulfur dioxide *** 2.49E-06]kg
Toluene 3.00E-07|kg
Zinc 3.00E-07|kg
Waste to treatment
Disposal, sed mineral oil, 10% water, to hazardous waste incineration/CH 3.28E-06]kg
Treatment, sewage, to wastewater treatment, class 2/CH 7.87E-07|m3
Disposal, municipal solid waste, 22.9% water, to municipal incineration/CH 3.28E-06|kg
Disposal, wood ash mixture, pure, 0% water, to landfarming/CH 1.36E-04]kg
Disposal, wood ash mixture, pure, 0% water, to municipal incineration/CH 1.36E-04]kg
Disposal, wood ash mixture, pure, 0% water, to sanitary landfill/CH 2.72E-04]kg

* (B) indicated emission data for NOPM, s and SQ after (Bauer 2007); three different cases for weradhsport are
modelled: 25 km by truck, 1000 km by barge andhtrai

** Datasets used for wood transport by train andypa“Transport, freight, rail/RER” and “Transpdsarge/RER”.

*** Emission data after (Bauer 2007).
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Table 3.11 LClI data of the natural gas and SNG powe r plant operation.

Natural gas from Germany*, burned

in combined cycle plant, BAT MJ
Materials/fuels
Hydrochloric acid, 30% in H20, at plant/RER 2.50E-06|kg
Sodium hydroxide, 50% in H2O, production mix, at plant/RER 2.00E-06]kg
Natural gas from Germany, high pressure, at consumer ** 1.00E+00{MJ
Water, decarbonised, at plant/RER 5.00E-01]kg
Gas combined cycle power plant, 400MWe/RER/I 5.14E-12|p
Emissions to air
Acenaphthene 7.93E-13]kg
Acetaldehyde 8.00E-10{kg
Acetic acid 1.21E-07]kg
Benzene 9.26E-10|kg
Benzo(a)pyrene 5.29E-13|kg
Butane 9.26E-07]kg
Carbon dioxide, fossil 5.60E-02]kg
Carbon monoxide, fossil 2.20E-06]kg
Dinitrogen monoxide 1.00E-06{kg
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 2.90E-17|kg
Ethane 1.37E-06]kg
Formaldehyde 3.31E-08|kg
Heat, waste 5.25E-01|MJ
Hexane 7.93E-07]kg
Mercury 3.00E-11]kg
Methane, fossil 1.00E-06{kg
Nitrogen oxides 2.55E-05]kg
PAH, polycyclic aromatic hydrocarbons 8.00E-09|kg
Particulates, < 2.5 um 5.00E-07|kg
Pentane 1.15E-06{kg
Propane 7.05E-07]kg
Propionic acid 1.60E-08|kg
Sulfur dioxide 5.00E-07|kg
Toluene 1.50E-09]kg
Waste to treatment
Disposal, residue from cooling tower, 30% water, to sanitary landfill/CH 1.00E-06{kg

* Modelled for natural gas supply from Germany, Netherlands, UK, Norway, Russia, Algeria, and Kigevith

identical emission data.

**  Specifically modelled for the considered prodoctregions for natural gas Germany, The NethedabiK, Norway,
Russia, Algeria, and Nigeria taking into accoumtefine and LNG gas transport; alternatively modeligth SNG

supply.

3.3.1 Infrastructure

Material and energy consumption for the constructas well as disposal of the power plant
infrastructure are modelled in a simplified way acah be regarded as approximate accounting of
material and energy demand based on existing soBaer et al. 2008a, Dones et al. 2004, 2007).
The available data are either directly used (ifliggple), or used for extrapolations reflecting the
actual power plant technologies in focus of thseasment. This approximate modelling is justifigd b
the small contributions of infrastructure to cuntivia environmental burdens per kWh electricity (see

chapter 4).

Table 3.12 through Table 3.20 show selected datadehe power plant infrastructure as modelled in

this study.
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Table 3.12 LCI data for the construction of the 400 MW, hard coal power plant, based on (Bauer et al. 2008  a)®.

construction, hard coal power plant 400 MW
Resources
Transformation, fromnknown 4.00E+04|m2
Transformation, to industrial area 2.81E+04|m2
Transformation, to traffic area, road network 1.20E+04|m2
Occupation, industrial area 9.82E+05|m2a
Occupation, construction site 1.61E+05|m2a
Occupation, traffic area, road network 4.21E+05|m2a
Materials/fuels
Concrete, normal, at plant/CH 9.49E+04|m3
Reinforcing steel, at plant/RER 7.13E+06]kg
Reinforcing steel, at plant/RER 2.87E+06]kg
Steel, low-alloyed, at plant/RER 6.04E+06]kg
Chromium steel 18/8, at plant/RER 1.64E+07|kg
Steel, electric,n- and low-alloyed, at plant/RER 2.42E+05]kg
Building, multi-storey/RER/I 1.73E+04|m3
Aluminium, primary, at plant/RER 8.89E+05]kg
Aluminium, secondary, from new scrap, at plant/RER 1.05E+05|kg
Aluminium, secondary, from old scrap, at plant/RER 5.24E+04]kg
Copper, at regional storage/RER 3.08E+05]kg
Brass, at plant/CH 1.08E+05]kg
Zinc, primary, at regional storage/RER 4.62E+04|kg
Lead, at regional storage/RER 3.08E+04]kg
Bitumen, at refinery/RER 1.47E+05]kg
Rock wool, at plant/CH 1.73E+06]kg
Polyvinylchloride, at regional storage/RER 5.65E+05|kg
Polyvinylchloride, at regional storage/RER 2.42E+05]kg
Glass fibre, at plant/RER 2.42E+05]kg
Polyethylene, HDPE, granulate, at plant/RER 6.93E+04|kg
Polypropylene, granulate, at plant/RER 3.47E+04|kg
Styrene-acrylonitrile copolymer, SAN, at plant/RER 1.16E+04|kg
Flat glass,ncoated, at plant/RER 1.17E+04]kg
Glued laminated timber, outdoorse, at plant/RER 3.37E+00|{m3
Cast iron, at plant/RER 4.35E+05(|kg
Epoxy resin, liquid, at plant/RER 9.17E+04]kg
Lubricating oil, at plant/RER 3.84E+05]kg
Ceramic tiles, at regional storage/CH 1.74E+05]kg
Synthetic rubber, at plant/RER 5.26E+04|kg
Electricity, medium voltage, productionCTE, at grid/UCTE 1.31E+07|kWh
Electricity, medium voltage, production CENTREL, at grid/CENTREL 1.78E+06]kWh
Light fuel oil, burned in industrial furnace 1MW, non-modulating/RER 2.26E+08|MJ
Transport, lorry >16t, fleet average/RER 4.38E+06|tkm
Transport, freight, rail/RER 1.18E+07|tkm
Emissions to air
Heat, waste 5.35E+07|MJ

8 The original dataset of a state-of-the-art haral power plant with a capacity of 350 Myih (Bauer et al. 2008) is scaled up
with a factor of 1.1.
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Table 3.13 LCI data for the construction of the 800 MW, hard coal power plant after (Bauer et al. 2008a).

construction, hard coal power plant 800 MW

Resources

Transformation, fromnknown 8.33E+04|m2
Transformation, to industrial area 5.83E+04|m2
Transformation, to traffic area, road network 2.50E+04|m2
Occupation, industrial area 2.04E+06|m2a
Occupation, construction site 3.33E+05|m2a
Occupation, traffic area, road network 8.75E+05|m2a
Materials/fuels

Concrete, normal, at plant/CH 1.59E+05|m3
Reinforcing steel, at plant/RER 1.29E+07]kg
Reinforcing steel, at plant/RER 5.18E+06|kg
Steel, low-alloyed, at plant/RER 1.09E+07]kg
Chromium steel 18/8, at plant/RER 2.97E+07]kg
Steel, electric,n- and low-alloyed, at plant/RER 4.37E+05(kg
Building, multi-storey/RER/I 3.12E+04|m3
Aluminium, primary, at plant/RER 1.61E+06|kg
Aluminium, secondary, from new scrap, at plant/RER 1.89E+05|kg
Aluminium, secondary, from old scrap, at plant/RER 9.45E+04]kg
Copper, at regional storage/RER 5.56E+05]kg
Brass, at plant/CH 1.94E+05]kg
Zinc, primary, at regional storage/RER 8.33E+04|kg
Lead, at regional storage/RER 5.56E+04|kg
Bitumen, at refinery/RER 2.67E+05|kg
Rock wool, at plant/CH 3.13E+06]kg
Polyvinylchloride, at regional storage/RER 1.02E+06]kg
Polyvinylchloride, at regional storage/RER 4.38E+05]kg
Glass fibre, at plant/RER 4.38E+05]kg
Polyethylene, HDPE, granulate, at plant/RER 1.25E+05]kg
Polypropylene, granulate, at plant/RER 6.26E+04|kg
Styrene-acrylonitrile copolymer, SAN, at plant/RER 2.09E+04]kg
Flat glass,ncoated, at plant/RER 2.11E+04]kg
Glued laminated timber, outdoorse, at plant/RER 6.08E+00|m3
Cast iron, at plant/RER 7.85E+05|kg
Epoxy resin, liquid, at plant/RER 1.66E+05|kg
Lubricating oil, at plant/RER 6.94E+05]kg
Ceramic tiles, at regional storage/CH 3.13E+05]kg
Synthetic rubber, at plant/RER 9.49E+04|kg
Electricity, medium voltage, productionCTE, at grid/UCTE 2.36E+07|kWh
Electricity, medium voltage, production CENTREL, at grid/CENTREL 3.22E+06|kWh
Light fuel oil, burned in industrial furnace 1MW, non-modulating/RER 4.06E+08|MJ
Transport, lorry >16t, fleet average/RER 7.90E+06|tkm
Transport, freight, rail/RER 2.12E+07|tkm
Emissions to air

Heat, waste 9.66E+07|MJ
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Table 3.14 LCI data for the dismantling of the 400 MW, hard coal power plant, based on (Bauer et al. 2008  a)°.

dismantling, hard coal power plant 400 MW
Disposal, building, concrete, not reinforced, to sorting plant/CH 2.26E+08|kg
Disposal, building, reinforcement steel, to sorting plant/CH 7.13E+06|kg
Disposal, building, bitumen sheet, to final disposal/CH 1.47E+05|kg
Disposal, building, mineral wool, to sorting plant/CH 1.73E+06|kg
Disposal, building, polyvinylchloride products, to final disposal/CH 5.65E+05(kg
Disposal, polyvinylchloride, 0.2% water, to municipal incineration/CH 2.42E+05(kg
Disposal, building, mineral wool, to sorting plant/CH 2.42E+05(kg
Disposal, building, polyethylene/polypropylene products, to final disposal/CH 1.16E+05|kg
Disposal, building, glass sheet, to sorting plant/CH 1.17E+04|kg
Disposal, building, waste wood, ntreated, to final disposal/CH 3.37E+00|kg
Disposal, building, emulsion paint remains, to final disposal/CH 9.17E+04|kg
Disposal, sed mineral oil, 10% water, to hazardous waste incineration/CH 3.84E+05|kg
Disposal, inert waste, 5% water, to inert material landfill/CH 1.74E+05|kg
Disposal, rubber, nspecified, 0% water, to municipal incineration/CH 5.26E+04|kg

Table 3.15 LCI data for the dismantling of the 800 MW, hard coal power plant after (Bauer et al. 2008a).

dismantling, hard coal power plant 800 MW
Disposal, building, concrete, not reinforced, to sorting plant/CH 3.79E+08(kg
Disposal, building, reinforcement steel, to sorting plant/CH 1.29E+07]kg
Disposal, building, bitumen sheet, to final disposal/CH 2.67E+05(kg
Disposal, building, mineral wool, to sorting plant/CH 3.13E+06(kg
Disposal, building, polyvinylchloride products, to final disposal/CH 1.02E+06|kg
Disposal, polyvinylchloride, 0.2% water, to municipal incineration/CH 4.38E+05]kg
Disposal, building, mineral wool, to sorting plant/CH 4.38E+05]kg
Disposal, building, polyethylene/polypropylene products, to final disposal/CH 2.09E+05|kg
Disposal, building, glass sheet, to sorting plant/CH 2.11E+04|kg
Disposal, building, waste wood,ntreated, to final disposal/CH 6.08E+00(kg
Disposal, building, emulsion paint remains, to final disposal/CH 1.66E+05|kg
Disposal,sed mineral oil, 10% water, to hazardous waste incineration/CH 6.94E+05(kg
Disposal, inert waste, 5% water, to inert material landfill/CH 3.13E+05(kg
Disposal, rubber,nspecified, 0% water, to municipal incineration/CH 9.49E+04 (kg

Table 3.16 LCI data for the construction and disman tling ™ of the 400 MW, natural gas/SNG power plant (Faist
Emmenegger et al. 2004).

gas combined cycle power plant, 400MW
Transformation, from unknown 4.00E+04|m2
Transformation, to industrial area 4.00E+04|m2
Occupation, industrial area 1.44E+06|m2a
Materials/fuels
Aluminium, production mix, at plant/RER 4.40E+05]kg
Concrete, normal, at plant/CH 6.00E+03[m3
Copper, at regional storage/RER 4.40E+05]kg
Rock wool, packed, at plant/CH 6.60E+05|kg
Polyethylene, LDPE, granulate, at plant/RER 1.30E+06|kg
Chromium steel 18/8, at plant/RER 1.80E+06]kg
Reinforcing steel, at plant/RER 8.80E+06]kg
Nickel, 99.5%, at plant/GLO 6.30E+03|kg
Chromium, at regional storage/RER 9.76E+02|kg
Cobalt, at plant/GLO 7.20E+02|kg
Ceramic tiles, at regional storage/CH 4.20E+03]kg
Diesel, burned in building machine/GLO 1.48E+08|MJ
Heavy fuel oil, burned in industrial furnace 1MW, non-modulating/RER 1.48E+08|MJ
Electricity, medium voltage, production UCTE, at grid/UCTE 3.02E+06{kWh
Emissions to air
Heat, waste 1.09E+07|MJ

° The original dataset of a state-of-the-art haral power plant with a capacity of 350 Myih (Bauer et al. 2008) is scaled up
with a factor of 1.1.

91n this case dismantling of the power plant is maidelled with a specific dataset, but the enemgyahd for dismantling is
included in the general infrastructure datasetuNdtgas and SNG are burned in the same power, filatit as single fuels
and as co-combustion fuels.
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Table 3.17 LCI data for the construction of the 950 MW, lignite power plant after (Bauer et al. 2008a).

construction, lignite power plant 950 MW

Resources

Transformation, fromnknown 1.34E+05|m2
Transformation, to industrial area 9.38E+04|m2
Transformation, to traffic area, road network 4.02E+04[m2
Occupation, industrial area 3.28E+06|m2a
Occupation, traffic area, road network 1.41E+06{m2a
Materials/fuels

Concrete, normal, at plant/CH 1.83E+05|m3
Cast iron, at plant/RER 1.34E+06(kg
Steel, low-alloyed, at plant/RER 7.00E+07]kg
Reinforcing steel, at plant/RER 5.91E+07|kg
Chromium steel 18/8, at plant/RER 7.78E+06|kg
Aluminium, production mix, at plant/RER 3.34E+06|kg
Brass, at plant/CH 3.43E+05]kg
Copper, at regional storage/RER 9.81E+05]kg
Lead, at regional storage/RER 9.81E+04|kg
Zinc, primary, at regional storage/RER 1.19E+05]kg
Polyethylene, HDPE, granulate, at plant/RER 2.20E+06]kg
Rock wool, at plant/CH 1.70E+06|kg
Lubricating oil, at plant/RER 8.96E+05|kg
Flat glass,ncoated, at plant/RER 2.30E+04|kg
Brick, at plant/RER 1.61E+07[kg
Gravel,nspecified, at mine/CH 1.90E+07|kg
Sand, at mine/CH 1.62E+08|kg
Bitumen, at refinery/RER 6.59E+05|kg
Sanitary ceramics, at regional storage/CH 3.00E+04|kg
Plywood, outdoorse, at plant/RER 5.75E+03|m3
Electricity, medium voltage, productionCTE, at grid/UCTE 3.96E+07|kWh
Electricity, medium voltage, production CENTREL, at grid/CENTREL 5.40E+06|kWh
Light fuel oil, burned in industrial furnace 1MW, non-modulating/RER 2.53E+08|MJ
Transport, lorry >16t, fleet average/RER 4.75E+07 [tkm
Transport, freight, rail/RER 3.18E+07|tkm
Emissions to air

Heat, waste 1.62E+08|MJ

Table 3.18 LCI data for the dismantling of the 950 MWy, lignite power plant after (Bauer et al. 2008a).

dismantling, lignite power plant 950 MW
Disposal, building, concrete, not reinforced, to sorting plant/CH 4.56E+08|kg
Disposal, building, reinforcement steel, to sorting plant/CH 1.16E+08|kg
Disposal, building, polyethylene/polypropylene products, to final disposal/CH 2.20E+06|kg
Disposal, building, mineral wool, to sorting plant/CH 1.70E+06]kg
Disposal,sed mineral oil, 10% water, to hazardous waste incineration/CH 8.96E+05|kg
Disposal, building, glass sheet, to sorting plant/CH 2.30E+04|kg
Disposal, building, brick, to sorting plant/CH 1.61E+07]kg
Disposal, building, bitumen sheet, to final disposal/CH 6.59E+05]kg
Disposal, building, waste wood,ntreated, to final disposal/CH 4.48E+06|kg
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Table 3.19 LCI data for the construction of the 400 MW, hard coal/wood co-firing power plant after (Bauer et al.

2008a)™.

construction, hard coal/wood co-firing power plant 400 MW

Resources
Transformation, from unknown 6.25E+04|m2
Transformation, to industrial area 4.37E+04|m2
Transformation, to traffic area, road network 1.87E+04[m2
Occupation, industrial area 1.53E+06{m2a
Occupation, construction site 2.50E+05|m2a
Occupation, traffic area, road network 6.56E+05|m2a
Materials/fuels
Concrete, normal, at plant/CH 1.29E+05[{m3
Reinforcing steel, at plant/RER 9.65E+06|kg
Reinforcing steel, at plant/RER 3.88E+06]kg
Steel, low-alloyed, at plant/RER 8.18E+06|kg
Chromium steel 18/8, at plant/RER 2.23E+07]kg
Steel, electric,n- and low-alloyed, at plant/RER 3.28E+05|kg
Building, multi-storey/RER/I 2.34E+04|m3
Aluminium, primary, at plant/RER 1.20E+06|kg
Aluminium, secondary, from new scrap, at plant/RER 1.42E+05[kg
Aluminium, secondary, from old scrap, at plant/RER 7.08E+04]kg
Copper, at regional storage/RER 4.17E+05|kg
Brass, at plant/CH 1.46E+05|kg
Zinc, primary, at regional storage/RER 6.25E+04|kg
Lead, at regional storage/RER 4.17E+04]kg
Bitumen, at refinery/RER 2.00E+05]kg
Rock wool, at plant/CH 2.34E+06]kg
Polyvinylchloride, at regional storage/RER 7.66E+05]kg
Polyvinylchloride, at regional storage/RER 3.28E+05|kg
Glass fibre, at plant/RER 3.28E+05]kg
Polyethylene, HDPE, granulate, at plant/RER 9.38E+04|kg
Polypropylene, granulate, at plant/RER 4.69E+04|kg
Styrene-actrylonitrile copolymer, SAN, at plant/RER 1.56E+04|kg
Flat glass,ncoated, at plant/RER 1.58E+04|kg
Glued laminated timber, outdoorse, at plant/RER 4.56E+00|m3
Cast iron, at plant/RER 5.88E+05|kg
Epoxy resin, liquid, at plant/RER 1.24E+05[kg
Lubricating oil, at plant/RER 5.21E+05]kg
Ceramic tiles, at regional storage/CH 2.35E+05|kg
Synthetic rubber, at plant/RER 7.11E+04]kg
Electricity, medium voltage, production UCTE, at grid/UCTE 1.77E+07]kWh
Electricity, medium voltage, production CENTREL, at grid/CENTREL 2.41E+06]kWh
Light fuel oil, burned in industrial furnace 1MW, non-modulating/RER 3.05E+08|MJ
Transport, lorry >16t, fleet average/RER 5.93E+06]|tkm
Transport, freight, rail/RER 1.59E+07[tkm
Emissions to air
Heat, waste 7.24E+07{MJ

Table 3.20 LCI data for the dismantling of the 400 MW, hard coal/wood co-firing power plant after (Bauer et al. 2008a) ™.

dismantling, hard coal/wood co-firing power plant 4 00 MW
Disposal, building, concrete, not reinforced, to sorting plant/CH 3.06E+08|kg
Disposal, building, reinforcement steel, to sorting plant/CH 9.65E+06|kg
Disposal, building, bitumen sheet, to final disposal/CH 2.00E+05]kg
Disposal, building, mineral wool, to sorting plant/CH 2.34E+06]kg
Disposal, building, polyvinylchloride products, to final disposal/CH 7.66E+05|kg
Disposal, polyvinylchloride, 0.2% water, to municipal incineration/CH 3.28E+05|kg
Disposal, building, mineral wool, to sorting plant/CH 3.28E+05]kg
Disposal, building, polyethylene/polypropylene products, to final disposal/CH 1.56E+05(kg
Disposal, building, glass sheet, to sorting plant/CH 1.58E+04 (kg
Disposal, building, waste wood,ntreated, to final disposal/CH 4.56E+00|kg
Disposal, building, emulsion paint remains, to final disposal/CH 1.24E+05(|kg
Disposal, used mineral oil, 10% water, to hazardous waste incineration/CH 5.21E+05|kg
Disposal, inert waste, 5% water, to inert material landfill/CH 2.35E+05]kg
Disposal, rubber,nspecified, 0% water, to municipal incineration/CH 7.11E+04|kg

1 LClI data for construction of a 600 Mywhard coal power plant have been used as firstoappation, reflecting the
somewhat more complex infrastructure of a co-firimf.

2 LClI data for dismantling of a 600 MyVhard coal power plant have been used as firstoappation, reflecting the
somewhat more complex infrastructure of a co-finimif.
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The construction and dismantling datasets of tfeeMW hard coal/wood co-firing plant are scaled up
with a factor of 1.8 for the modelling of the 800Mco-firing plant. Construction and dismantling of
the 950 MW lignite/wood co-firing plant are modellby scaling up the 950 MW lignite power plant
by a factor of 1.2 taking somehow into account tiiere complex infrastructure for handling two
different fuels. The modelling of construction asidmantling of the 20 MW wood-fired power plant
is based in LCI data in (Bauer 2007): the datasfktise 6.4 MW wood-fired combined heat and power
plant are scaled up with a factor of 3.
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4 LCA results and conclusions

This chapter presents cumulative LCA and LCIA resoff the various energy chains analyzed for
electricity production, allowing comparison of teavironmental performances of these options for
power generation. Chapters 4.1 through 4.4 prothidenost important findings from this analysis. All

results are shown per one kWh of electricity praduat the busbar of the power plant, i.e.
transmission and distribution of electricity ard imzluded.

The author is aware of the fact that the givenrpretation of results might not answer all question
from the reader. Therefore, all readers are engedr@o contact the author directly in case of open
questions.

The evaluation focuses on few selected environréotas, i.e. the main air pollutants representing
the highest burden to human health and the envieotim

* Total Greenhouse Gas (GHG) emissions in terms gf&ivalents

e CO
e NOy
. S()2

« Particulates (Plvk)

Additionally to these specific emissions, Life Gydmpact Assessment (LCIA) methods as well as
calculation of external costs due to air pollutaoe used to evaluate the environmental performahce
the systems analyzed in a more comprehensive wanng the numerous LCIA methods available,
Eco-Indicator 99 (Goedkoop & Spriensma 2000) wisithree different weighting schemes (*H, A” —
Hierarchist, “E, E” — Egalitarian, “I, I" — Individalist) as the most commonly used in the LCA
community has been chosen for this analysis. Dutheoaggregation of the impacts of all relevant
environmental flows (i.e. emission of pollutants aw, water and soil as well as consumption of
energy, non energy and land resources — charaadeiiz so-called impact categories) into one
number, LCIA in general allows a comprehensive @atidn of the environmental performance of
human activities, in this case electricity prodotiand user-friendly comparison of different opsio
However, all available LCIA methods are somehowebasn value judgement and the results
therefore require careful interpretation. Exteroabts, representing the monetized impacts of air
pollution on human health, are calculated baseédwarage European damage factors (Dones et al.
2005), which are shown in Table 4.1.

In general, this assessment shows the importanctuedf supply for the overall evaluation of
environmental burdens from electricity productioithwfossil and biomass fuels. Therefore, not only
LCI data for power plant operation, but also fog tipstream processes are of high importance for the
quality of LCA results and have to be established ased on a country-specific basis to the extent
possible.

4.1 Hard coal

Figure 4.1 through Figure 4.5 show the selectedrenmental burdens from different hard coal
chains: the 800 MW reference power plant is sugpligth hard coal from various mining regions,
which can have a significant effect on cumulatimgissions per kWh electricity produced, especially
for burdens mainly originating from the upstreamaioh(i.e. from coal mining and transport).
Contributions from the infrastructure of the povant (i.e. its construction and decommissioning)
are negligible for the burdens shown here.

With the exception of the case of coal supply fronma, GHG and C©Oare mainly emitted at the
power plant. Mining in China is relatively G@ntensive (Figure 4.2) due to uncontrolled coetdi
and power supply with small and inefficient coalygo plants, also responsible for (relatively) high
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SO, and particle emissions (Figure 4.4 and Figure. A8litionally, relatively much Cldis emitted at
Chinese underground coal mines (Figure 4.1). Owasrskipping of coal is primarily responsible for
high NQ, emissions and to a smaller extent for, 8Missions.

1.2
Ofuel production coal / gas @ fuel transportation coal / gas

Opower plant infrastructure B power pl. operation (& others)

1.0

0.8 1
0.6 1
0.4
0.2
0.0 ‘ ‘ ‘ ‘ ‘ ‘

coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW
(AV) (CN) (CO) (D) (PL) (RU) (USs) (zA)

kg(CO,-eq)/kWh

Figure 4.1 Breakdown of GHG emissions from hard coa | chains (i.e. hard coal supply from different mini ng regions).

1.2

Ofuel production coal / gas @ fuel transportation coal / gas

Opower plant infrastructure B power pl. operation (& others)
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coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW
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Figure 4.2 Breakdown of CO , emissions from hard coal chains (i.e. hard coal su pply from different mining regions).

33



LCA results and conclusions

2.0E-03

1.8E-03 7

1.6E-03 7

1.4E-03 7

1.2E-03 A

1.0E-03 A

8.0E-04

kg(NO,)/kWh

6.0E-04

4.0E-04 -

2.0E-04 -

0.0E+00

Ofuel production coal / gas

O power plant infrastructure

@ fuel transportation coal / gas

B power pl. operation (& others)

1

coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW coal 800 MW

(AU)

(CN)

(CO) (®) (PL)

Figure 4.3 Breakdown of NO , emissions from hard coal chains (i.e. hard coal su
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Figure 4.4 Breakdown of SO , emissions from hard coal chains (i.e. hard coal su
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Figure 4.5 Breakdown of PM ;s emissions from hard coal chains (i.e. hard coal su pply from different mining regions).

The fact that direct emissions from the power pket smaller than contributions from the rest ef th
energy chain for selected environmental burdemsvalithe conclusion that optimizing the fuel supply
chain can be more beneficial for the environmeantbptimization of the power plants.

The general pattern of the LCIA results is simflar all three Eco-Indicator 99 perspectives (Figure
4.6 through Figure 4.8): electricity production kvihard coal import from China causes the highest
environmental burdens, mainly due to air pollutieith SO, and particulates (Figure 4.4 and Figure
4.5). However, contributions of different impacteggories to the total scores are different: wHile t
Individualist perspective does not consider thescomption of fossil resources (i.e. mainly coaltiist
case) as an environmental burden, this impact ogters an important factor for the other two
categories.
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Figure 4.6 Comparison of different hard coal chains
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Figure 4.7 Comparison of different hard coal chains
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Figure 4.8 Comparison of different hard coal chains (i.e. hard coal supply from different mining regio ns) based on Eco-
Indicator'99 (I, I).

Due to the comparably high emissions of air potitdeat Chinese coal mines, electricity production
with hard coal import from China also causes tlighést external costs (Figure 4.9). Otherwise, GHG
emissions (corresponding to “IPCC GWP 100a”) doneirthe total external costs. However, it must
be noted that a broad range of damage factors fé& @missions between -3 $/t(&€g.) and
+95 $/t(CQ-eq.) is available in current literature (Kleinat 2007) and therefore the results are in
general afflicted with relatively high uncertairgie

Table 4.1 Monetized damage factors for air pollutan  ts (Dones et al. 2005).

Species Damage factor
€,5000 / tONNE
Greenhouse Gases (CO,-eq.) 19
SO, 2'939
NO, 2'908
PM, 5 19'539
Arsenic 80'000
Cadmium 39'000
Chromium-VI 240'000
Lead 1'600'000
Nickel 3'800
Formaldehyde 120
NMVOC 1'124
Radioactive Emissions 50'000
[€2000 / DALY]
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Figure 4.9 Comparison of different hard coal chains (i.e. hard coal supply from different mining regio ns) based on
external costs.

4.2  Wood and co-combustion hard coal/lignite/wood

Figure 4.10 through Figure 4.14 show the selectedirenmental burdens from different wood,
wood/hard coal and wood/lignite co-combustion chais well as hard coal and lignite chains for
comparison. The reference power plants — 20 MWasef wood, 400 MW and 800 MW in case of
hard coal and hard coal/wood co-combustion, andM¥0in case of lignite and lignite/wood co-
combustion (both co-combustion cases with 90%/108bihput based on energy input) — are assumed
to be supplied with wood chips from central Europdarestry, hard coal, or lignite, both from
German coal mining. Furthermore, three differeah$port modes and distances for the wood supply
of the power plants are differentiated.

While the use of wood as fuel significantly redunes GHG and C@emissions (during the growth of
trees, wood absorbs about the same amount off©@@® the atmosphere, which is emitted during its
combustion) per kWh electricity production, it ceause higher air pollution compared to coal and
lignite chains with sophisticated pollution contatlthe power plant. The environmental performance
of the wood chains highly depends on direct emissiaf air pollutants at the power plant, which can
vary within relatively wide ranges, depending onwpo plant and installed pollution control
technologies, characteristics of the wood burnm,”eUsually co-combustion in combination with
hard coal or lignite in state-of-the-art power péawith high capacities has advantages in terms of
efficiency and pollution control compared to smallood power plants. Short-distance transport of
wood is beneficial in terms of GHG emissions ad aglair pollution, but the three different assumed
cases for wood supply are for most burdens nosilecin terms of environmental performance of the
entire wood (and co-combustion) chains. Comparepute coal chains, co-firing of wood together
with hard coal or lignite results in a slightly teetenvironmental performance of the co-combustion
systems assessed in this study, not significarglyedding on the transport distance of the wood.
Contributions from the infrastructure of the povpdant (i.e. its construction and decommissioning)
are negligible for the burdens shown here.

13 In order to take these ranges somehow into acctwatsets of data for direct power plant emissioage been used for the
20 MW wood power plant: emission data provided bgtém — identified as option (A) — and emissionadafter (Bauer
2007) — identified as option (B).
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Figure 4.10 Breakdown of GHG emissions from wood, h  ard coal, lignite and hard coal/lignite/wood co-com bustion
chains; (A) refers to emission data from Alstom ', (B) refers to power plant emission data after (Ba  uer 2007).
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Figure 4.11 Breakdown of CO , emissions from wood, hard coal, lignite and hard c oal/lignite/lwood co-combustion chains;
(A) refers to emission data from Alstom, (B) refers to power plant emission data after (Bauer 2007).

14 As a result of iterated personal communication email exchange with Andreas Bégli, Director StygteALSTOM Power
Service, between January and April 2008.
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Ofuel production coal / gas @ fuel production wood @ fuel transportation coal / gas
@ fuel transportation wood Opower plant infrastructure B power pl. operation (& others)
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Figure 4.12 Breakdown of NO , emissions from wood, hard coal, lignite and hard c oal/lignite/lwood co-combustion chains;
(A) refers to emission data from Alstom, (B) refers to power plant emission data after (Bauer 2007).
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Figure 4.13 Breakdown of PM s emissions from wood, hard coal, lignite and hard c oal/lignite/wood co-combustion
chains; (A) refers to emission data from Alstom, (B ) refers to power plant emission data after (Bauer 2007).
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Figure 4.14 Breakdown of SO , emissions from wood, hard coal, lignite and hard c oal/lignite/wood co-combustion chains;
(A) refers to emission data from Alstom, (B) refers to power plant emission data after (Bauer 2007).

Figure 4.15 through Figure 4.17 show the LCIA resdibr the wood, hard coal, lignite, and co-
combustion chains — depending on the perspecterdnking of technologies can change. While
aggregation with the (H, A) perspective with itdatively low weighting of hard coal and lignite
consumption shows a clear advantage of coal andmal co-combustion compared to wood chains
due to their comparably higher emissions of aitytahts (characterized as “Respiratory inorganics”)
the consumption of coal compensates the advantddhe fossil chains in terms of lower air pollutio
using the (E, E) perspective. Application of thelllperspective leads to relatively small diffecea

in the overall environmental performance of wood fessil chains: air pollutants (characterized as
“Respiratory inorganics”) dominate the results afod chains and GHG emissions (characterized as
“Climate change”) the results of fossil and co-castipn chains.
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Figure 4.15 Comparison of wood, hard coal, lignite, hard coal/llignite/wood co-combustion chains based on Eco-Indi-
cator'99 (H, A); (A) refers to emission data from A Istom, (B) refers to power plant emission data afte  r (Bauer
2007).
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Figure 4.16 Comparison of wood, hard coal, lignite, hard coal/lignite/wood co-combustion chains based on Eco-Indi-
cator'99 (E, E); (A) refers to emission data from A Istom, (B) refers to power plant emission data afte  r (Bauer

2007).
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Figure 4.17 Comparison of wood, hard coal, lignite, hard coal/lignite/wood co-combustion chains based on Eco-Indi-
cator'99 (I, 1); (A) refers to emission data from A Istom, (B) refers to power plant emission data afte  r (Bauer
2007).

Depending on the environmental performance of tlhedvpower plant (i.e. direct emission of air

pollutants), external costs of wood chains canoweet than those of fossil and co-combustion chains
(Figure 4.18). In general, air pollution dominatege external costs of wood chains, while GHG

emissions (i.e. “IPCC GWP”) dominate the exterraats of fossil and co-combustion chains.

B IPCC GWP 100a ENMVOC
3.5E-02 O Radioactive Emissions M Other air pollutants

Figure 4.18 Comparison of wood, hard coal, lignite, hard coal/lignite/wood co-combustion chains based on external
costs; (A) refers to emission data from Alstom, (B) refers to power plant emission data after (Bauer 2  007).
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4.3  Natural gas

Figure 4.19 through Figure 4.23 show the selectegr@ymental burdens from different natural gas
chains: the 400 MW Combined Cycle (CC) referencergroplant is supplied with natural gas from
various production regions, which can have a sicgitt effect on cumulative emissions per kWh
electricity produced, especially for burdens orging from the upstream chain (i.e. from gas
production, processing and transport). Contribitsom the infrastructure of the power plant (itg.
construction and decommissioning) are negligiblettie burdens shown here. Total GHG as well as
CO; emissions are highest with natural gas supply fRamsia and Nigeria (shipped as LNG) due to
the relatively high leakage rates in the pipelifemn Russia and the relatively high energy
consumption (mostly supplied by natural gas conibostfor the long distance LNG transport from
Nigeria. Gas transport as LNG in general causelenignvironmental burdens than gas transport in
pipelines, if the leakage rates do not exceed icelitaits. Emissions of S©primarily depend on the
quality of the natural gas resources and the napggpsocessing after extraction.
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Figure 4.19 Breakdown of GHG emissions from natural gas chains (i.e. gas supply from different product ion regions).
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Figure 4.20 Breakdown of CO , emissions from natural gas chains (i.e. gas supply from different production regions).
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Figure 4.21 Breakdown of NO  emissions from natural gas chains (i.e. gas supply from different production regions).
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Figure 4.22 Breakdown of SO , emissions from natural gas chains (i.e. gas supply from different production regions).
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Figure 4.23 Breakdown of PM s emissions from natural gas chains (i.e. gas supply from different production regions).

Figure 4.24 through Figure 4.26 show the LCIA ressof the different natural gas chains. Fossil fuel
(i.e. primarily gas) consumption dominates the ltestor the two perspectives Hierarchist and
Egalitarian, which means that the least efficiehtioc (LNG from Nigeria) scores worst. The

Individualist perspective is dominated by climakeawege and therefore the results are similar to GHG
emissions.
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Figure 4.24 Comparison of different natural gas cha ins (i.e. gas supply from different production regi ons) based on
Eco-Indicator'99 (H, A).
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Figure 4.25 Comparison of different natural gas cha ins (i.e. gas supply from different production regi ons) based on
Eco-Indicator'99 (E, E).
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Figure 4.26 Comparison of different natural gas cha ins (i.e. gas supply from different production regi ons) based on

Eco-Indicator'99 (I, I).

In general, GHG emissions (corresponding to “IPC@R5100a”) dominate the total external costs
(Figure 4.27) and therefore natural gas supply fRussia and Nigeria is associated with the highest

external costs.
Q
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Figure 4.27 Comparison of different natural gas cha ins (i.e. gas supply from different production regi ons) based on
external costs.
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4.4  Synthetic natural gas (SNG) and co-combustion n  atural
gas/SNG

Figure 4.28 through Figure 4.32 show the selectadr@enmental burdens from different SNG and

natural gas/SNG co-combustion as well as purelyrahas (for comparison) chains: the 400 MW

Combined Cycle (CC) reference power plant is sepplith either the Swiss or the European natural
gas mix (Table 3.6), 100% SNG through the natuasl metwork, or a mixture of natural gas and SNG
(90%/10%, based on energy content). Furthermoregttifferent transport modes and distances for
the wood supply of the SNG production facility drferentiated.

While for GHG and C®@ emissions the combustion of natural gas domintitesresults per kWh
electricity production and therefore the pure SN@ie is clearly performing better, the other air
pollutants show very differing sources within theelf chains: wood transport, forestry (“fuel
production wood”) and SNG production partly showghiemissions and therefore, the pure SNG
chain (partly) performs worse than natural gas ead€ombustion chains. Contributions from the
infrastructure of the 400 MW CC power plants (censtruction and decommissioning) are negligible
for the burdens shown here. Short distance woapart is clearly beneficial from the environmental
point of view and for selected burdens the effadte change in the wood supply (i.e. in terms of
distance and mode of transport) are decisive, simeairect emissions from the gas power plants are
smaller compared to other fossil fuels.

LCIA results (Figure 4.33 through Figure 4.35) shawliverse pattern, depending on the perspective
chosen: while pure SNG chains perform better basedco-Indicator'99 (H, A) and (E, E) due to the
high weighting of fossil fuel consumption (i.e. riigsnatural gas in this case), these SNG chains
perform worse in the Individualist (I, 1) perspeetj which does not give any weight to fossil fuel
consumption, but depletion of mineral reserves.iportant contribution in all three perspectives
comes from land use due to forestry.
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Figure 4.28 Breakdown of GHG emissions from natural gas, SNG and natural gas/SNG co-combustion chains;

reference power plant: 400 MW CC for all chains.
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Figure 4.29 Breakdown of CO , emissions from natural gas, SNG and natural gas/SN G co-combustion chains;
reference power plant: 400 MW CC for all chains.
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Figure 4.30 Breakdown of NO . emissions from natural gas, SNG and natural gas/SN G co-combustion chains;
reference power plant: 400 MW CC for all chains.
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Figure 4.31 Breakdown of PM ,s emissions from natural gas, SNG and natural gas/SN G co-combustion chains;
reference power plant: 400 MW CC for all chains.
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Figure 4.32 Breakdown of SO , emissions from natural gas, SNG and natural gas/SN G co-combustion chains;
reference power plant: 400 MW CC for all chains.
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Figure 4.35 Comparison of natural gas, SNG and natu  ral gas/SNG co-combustion chains based on Eco-Indic  ator'99 (I,
1); reference power plant: 400 MW CC for all chains

The evaluation based on external costs shows lieabénefit of reduced GHG emissions (= IPCC

GWP) can be outweighed by the increase in air pohuin case of pre SNG chains due to long-
distance wood transport for SNG production (Figh&6).
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Figure 4.36 Comparison of natural gas, SNG and natu ral gas/SNG co-combustion chains based on external

costs;
reference power plant: 400 MW CC for all chains.
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4.5  Overall comparison and conclusions

Figure 4.37 through Figure 4.45 show the envirortaldsurdens, LCIA results and external costs of a
selection of the analyzed power generation chagresa the different fuel classes (i.e. biomass,
natural gas, hard coal and lignite) in order towla comparison of the environmental performance of
the different fuels.

Biomass fuel chains (i.e. wood and SNG) show delaantages concerning ¢é&nd GHG emissions.
Depending on the contributions from the upstreawmcgsses, GHG emissions of wood and SNG
chains per kWh electricity are in a range of ab&#100 g(CG-eq.)/kWh, while natural gas chains
reach levels of about 380-500 g(&€X.)/kWh and coal about 800-1200 g((=%.)/kwWh. Concerning
NO, emissions, natural gas shows the best performahe#l ohains. Since NQemissions can be
significant in some upstream processes of the kdenchains and also directly at the wood power
plant, biomass performs worse. State-of-the-art poaer plants (as included in this assessment hav
relatively low direct NQ@ emissions, but depending on the origin of the cdal,transport can
significantly worsen the overall emissions of thmio per kWh electricity. PWs emissions show a
similar pattern with wood chains as the systemd highest emissions and natural gas with the
lowest. SQ emissions of hard coal and natural gas chains Iynaepend on contributions from
upstream processes — coal chains perform wordralagjas chains best. The differences between
lignite and “clean” (i.e without oversea shippirigrd coal chains in terms of environmental impacts
are in general small. However, contributions froarchcoal mining and transport can significantly
increase cumulative emissions per kWh electricity.

Aggregated LCIA results significantly depend on tieighting of the single damage categories: in
case of high weighting of natural gas as energgureg (Eco-Indicator 99 H, A), “clean” hard coal
and lignite chains (i.e. with state-of-the-art poyéant technology as well as upstream chains with
low environmental impacts) show the best overalifggenance. This evaluation demonstrates the
importance of the consideration of the whole lijele of power generation: while the total score for
the hard coal chain with fuel supply from Polandamong the best systems, hard coal supply from
China leads to the worst result of all energy chaiompared. In such cases, optimizing the fuel
supply allows clearly higher reduction of enviraemtal burdens than optimizing the power plant. In
case of equally high weighting of fossil energyotgses (Eco-Indicator 99 E, E), natural gas slightl
performs better than coal (except of Chinese agaply with its high environmental burdens). Scores
of wood chains are in the same range and SNG pesfdrest. If no weight is attributed to fossil
energy resources, but higher weights to human thealpacts (Eco-Indicator 99 |, 1), natural gas
chains show the best results. The higher the wiaighdf damages to human health and the lower
weighting of fossil resources, the better the pennce of pure “clean” hard coal and lignite chains
compared to small-scale biomass chains (Eco-lnati®&® H, A and I, 1). Only in case of high
weighting of coal resources (Eco-Indicator 99 Eré&3ults for small-scale biomass chains are in the
same range as those of co-combustion chains. O#erwo-combustion systems produce less
environmental burdens due to their lower direct @oplant emissions. Natural gas as well as SNG
chains are also associated with the lowest extarosis due low emissions of air pollutants and
(compared to coal) relatively low GHG emissions.
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Figure 4.37 Breakdown of GHG emissions from selecte  d energy chains.
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Figure 4.38 Breakdown of CO , emissions from selected energy chains.
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Figure 4.39 Breakdown of NO  emissions from selected energy chains.
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Figure 4.40 Breakdown of PM s emissions from selected energy chains.
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Figure 4.42Comparison of selected energy chains ba  sed on Eco-Indicator'99 (H, A).
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Figure 4.43 Comparison of selected energy chains ba  sed on Eco-Indicator'99 (E, E).
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Figure 4.44 Comparison of selected energy chains ba  sed on Eco-Indicator'99 (I, I).
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Figure 4.45 Comparison of selected energy chains ba  sed on external costs.
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5  Appendix

The Appendix provides the numerical results of thigject (Table 5.1 through Table 5.7; only the
selected indicators for the interpretation of residee chapter 4, are shown).

Table 5.1 Selected LCA results for wood chains, inc  |. breakdown of different steps in the entire chain S.

wood, 20 MW (B) wood, 20 MW (B) wood, 20 MW (B) wood, 20 MW (A) wood, 20 MW (A) wood, 20 MW (A)

(wood transp: (wood transp: (wood transp: (wood transp: (wood transp: (wood transp:
25km lorry) 1000km train) 1000km barge) 25km lorry) 1000km train) 1000km barge)
GHG total kg CO2-eq / kWh 3.82E-02 7.95E-02 9.16E-02 3.82E-02 7.95E-02 9.16E-02
fuel production coal / gas
fuel production wood 1.82E-02 1.82E-02 1.82E-02 1.82E-02 1.82E-02 1.82E-02
fuel transportation coal / gas
fuel transportation wood 1.13E-02 5.23E-02 6.46E-02 1.13E-02 5.23E-02 6.46E-02
power plant infrastructure 6.43E-04 6.43E-04 6.43E-04 6.43E-04 6.43E-04 6.43E-04
power pl. operation (& others) 8.12E-03 8.39E-03 8.18E-03 8.12E-03 8.39E-03 8.18E-03
COo2 kg/kwh 2.84E-02 6.77E-02 7.97E-02 2.84E-02 6.77E-02 7.97E-02
fuel production coal / gas
fuel production wood 1.68E-02 1.68E-02 1.68E-02 1.68E-02 1.68E-02 1.68E-02
fuel transportation coal / gas
fuel transportation wood 1.07E-02 4.98E-02 6.19E-02 1.07E-02 4.98E-02 6.19E-02
power plant infrastructure 6.12E-04 6.12E-04 6.12E-04 6.12E-04 6.12E-04 6.12E-04
power pl. operation (& others) 3.18E-04 5.68E-04 3.68E-04 3.18E-04 5.68E-04 3.68E-04
NOx kg/kwWh 1.23E-03 1.41E-03 1.86E-03 5.07E-03 5.25E-03 5.70E-03
fuel production coal / gas
fuel production wood 1.49E-04 1.49E-04 1.49E-04 1.49E-04 1.49E-04 1.49E-04
fuel transportation coal / gas
fuel transportation wood 8.95E-05 2.65E-04 7.19E-04 8.95E-05 2.65E-04 7.19E-04
power plant infrastructure 1.91E-06 1.91E-06 1.91E-06 1.91E-06 1.91E-06 1.91E-06
power pl. operation (& others) 9.92E-04 9.94E-04 9.93E-04 4.83E-03 4.83E-03 4.83E-03
PM2.5 kg/kwh 5.27E-04 5.39E-04 5.40E-04 3.07E-04 3.18E-04 3.19E-04
fuel production coal / gas
fuel production wood 1.57E-05 1.57E-05 1.57E-05 1.57E-05 1.57E-05 1.57E-05
fuel transportation coal / gas
fuel transportation wood 5.73E-06 1.73E-05 1.84E-05 5.73E-06 1.73E-05 1.84E-05
power plant infrastructure 2.91E-07 2.91E-07 2.91E-07 2.91E-07 2.91E-07 2.91E-07
power pl. operation (& others) 5.05E-04 5.05E-04 5.05E-04 2.85E-04 2.85E-04 2.85E-04
S02 kg/kwh 7.78E-05 2.12E-04 1.62E-04 2.32E-03 2.46E-03 2.41E-03
fuel production coal / gas
fuel production wood 3.51E-05 3.51E-05 3.51E-05 3.51E-05 3.51E-05 3.51E-05
fuel transportation coal / gas
fuel transportation wood 1.28E-05 1.46E-04 9.68E-05 1.28E-05 1.46E-04 9.68E-05
power plant infrastructure 9.69E-07 9.69E-07 9.69E-07 9.69E-07 9.69E-07 9.69E-07
power pl. operation (& others) 2.89E-05 2.95E-05 2.90E-05 2.27E-03 2.27E-03 2.27E-03
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Table 5.2 Selected LCA results for hard coal/wood ¢

the entire chains.

GHG total
fuel production coal / gas
fuel production wood
fuel transportation coal / gas

fuel transportation wood
power plant infrastructure
power pl. operation (& others)

Co2 kg/kWh

fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)
NOx kg/kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)
PM2.5 kg/kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)
S02 kg/kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

kg CO2-eq / kWh

o-firing and hard

hard hard
coal/wood co- hard coal/wood co-
firing 400 MW coal/wood co- firing 400 MW
(wood transp: firing 400 MW (1000km

50km lorry) (1000km train) barge)
8.89E-01 8.91E-01 8.92E-01
1.10E-01 1.10E-01 1.10E-01
1.45E-03 1.45E-03 1.45E-03
6.07E-03 6.07E-03 6.07E-03
1.80E-03 4.19E-03 5.18E-03
4.88E-03 4.88E-03 4.88E-03
7.64E-01 7.64E-01 7.64E-01
7.78E-01 7.80E-01 7.81E-01
1.10E-02 1.10E-02 1.10E-02
1.34E-03 1.34E-03 1.34E-03
5.78E-03 5.78E-03 5.78E-03
1.71E-03 3.99E-03 4.96E-03
4.41E-03 4.41E-03 4.41E-03
7.54E-01 7.54E-01 7.54E-01
6.31E-04 6.38E-04 6.75E-04
4.17E-05 4.17E-05 4.17E-05
1.20E-05 1.20E-05 1.20E-05
3.08E-05 3.08E-05 3.08E-05
1.43E-05 2.13E-05 5.77E-05
1.11E-05 1.11E-05 1.11E-05
5.21E-04 5.21E-04 5.22E-04
1.26E-04 1.26E-04 1.26E-04
3.37E-06 3.37E-06 3.37E-06
1.26E-06 1.26E-06 1.26E-06
2.01E-06 2.01E-06 2.01E-06
9.16E-07 1.39E-06 1.48E-06
5.35E-06 5.35E-06 5.35E-06
1.13E-04 1.13E-04 1.13E-04
5.65E-04 5.75E-04 5.71E-04
4.84E-05 4.84E-05 4.84E-05
2.81E-06 2.81E-06 2.81E-06
1.69E-05 1.69E-05 1.69E-05
2.05E-06 1.17E-05 7.75E-06
1.43E-05 1.43E-05 1.43E-05
4.80E-04 4.80E-04 4.80E-04

coal chains, incl. breakdown of d

hard
hard hard coal/wood co-
coal/wood co- coal/wood co- firing 800 MW
firing 800 MW firing 800 MW (1000km
(50km lorry)  (1000km train) barge)
7.70E-01 7.72E-01 7.73E-01
9.60E-02 9.60E-02 9.60E-02
1.27E-03 1.27E-03 1.27E-03
5.07E-03 5.07E-03 5.07E-03
1.57E-03 3.65E-03 4.50E-03
2.76E-03 2.76E-03 2.76E-03
6.63E-01 6.63E-01 6.64E-01
6.74E-01 6.76E-01 6.77E-01
9.58E-03 9.58E-03 9.58E-03
1.17E-03 1.17E-03 1.17E-03
4.83E-03 4.83E-03 4.83E-03
1.49E-03 3.47E-03 4.32E-03
2.55E-03 2.55E-03 2.55E-03
6.54E-01 6.54E-01 6.54E-01
5.35E-04 5.42E-04 5.73E-04
3.62E-05 3.62E-05 3.62E-05
1.04E-05 1.04E-05 1.04E-05
2.58E-05 2.58E-05 2.58E-05
1.24E-05 1.85E-05 5.02E-05
6.73E-06 6.73E-06 6.73E-06
4.44E-04 4.44E-04 4.44E-04
4.76E-05 4.80E-05 4.81E-05
2.93E-06 2.93E-06 2.93E-06
1.09E-06 1.09E-06 1.09E-06
1.68E-06 1.68E-06 1.68E-06
7.97E-07 1.21E-06 1.28E-06
3.12E-06 3.12E-06 3.12E-06
3.79E-05 3.79E-05 3.79E-05
3.91E-04 3.99E-04 3.96E-04
4.21E-05 4.21E-05 4.21E-05
2.44E-06 2.44E-06 2.44E-06
1.41E-05 1.41E-05 1.41E-05
1.78E-06 1.02E-05 6.75E-06
8.22E-06 8.22E-06 8.22E-06
3.22E-04 3.22E-04 3.22E-04

ifferent steps in

hard coal

(Germany)

400 MW
9.80E-01
1.23E-01
6.75E-03

3.54E-03
8.47E-01

8.58E-01
1.22E-02

6.42E-03

3.31E-03
8.36E-01

6.00E-04
4.63E-05

3.43E-05

8.71E-06
5.11E-04

5.36E-05
3.74E-06

2.24E-06

3.97E-06
4.37E-05

4.92E-04
5.38E-05

1.88E-05

1.05E-05
4.09E-04

hard coal

(Germany)

800 MW
8.52E-01
1.07E-01
5.64E-03

2.75E-03
7.37E-01

7.46E-01
1.06E-02

5.37E-03

2.58E-03
7.28E-01

5.20E-04
4.03E-05

3.16E-05

6.75E-06
4.41E-04

4.62E-05
3.26E-06

1.87E-06

3.12E-06
3.80E-05

4.27E-04
4.68E-05

1.57E-05

8.22E-06
3.56E-04
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Table 5.3 Selected LCA results for lignite and lign

in the entire chains.

GHG total kg CO2-eq / kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)
Cco2 kg/kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)
NOx kg/kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)
PM2.5 kg/kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)
SO2 kg/kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

lignite/wood co-firing  lignite/wood co-

950 MW (wood firing 950 MW
transport: 50km lorry)  (1000km train)
8.44E-01 8.46E-01
1.43E-02 1.43E-02
1.35E-03 1.35E-03
1.67E-03 3.87E-03
1.48E-03 1.48E-03
8.25E-01 8.25E-01
8.32E-01 8.34E-01
9.32E-03 9.32E-03
1.24E-03 1.24E-03
1.59E-03 3.69E-03
1.36E-03 1.36E-03
8.18E-01 8.18E-01
7.58E-04 7.65E-04
2.95E-05 2.95E-05
1.11E-05 1.11E-05
1.32E-05 1.97E-05
4.27E-06 4.27E-06
7.00E-04 7.00E-04
6.64E-05 6.68E-05
3.53E-06 3.53E-06
1.16E-06 1.16E-06
8.48E-07 1.28E-06
1.23E-06 1.23E-06
5.96E-05 5.96E-05
1.59E-04 1.68E-04
3.46E-05 3.46E-05
2.60E-06 2.60E-06
1.89E-06 1.08E-05
4.18E-06 4.18E-06
1.16E-04 1.16E-04

ite/lwood co-combustion chains, incl. breakdown of d

lignite/wood co-

firing 950 MW

(1000km barge)
8.47E-01
1.43E-02
1.35E-03

4.78E-03
1.48E-03
8.25E-01

8.35E-01
9.32E-03
1.24E-03

4.59E-03
1.36E-03
8.18E-01

7.98E-04
2.95E-05
1.11E-05

5.33E-05
4.27E-06
7.00E-04

6.69E-05
3.53E-06
1.16E-06

1.36E-06
1.23E-06
5.96E-05

1.64E-04
3.46E-05
2.60E-06

7.17E-06
4.18E-06
1.16E-04

ifferent steps

lignite (Germany)

950 MW

9.33E-01
1.59E-02

1.24E-03
9.16E-01

9.21E-01
1.04E-02

0.00E+00

1.14E-03
9.09E-01

7.37E-04
3.28E-05

0.00E+00

3.56E-06
7.00E-04

6.46E-05
3.92E-06

0.00E+00

1.02E-06
5.97E-05

1.68E-04
3.84E-05

0.00E+00

3.47E-06
1.26E-04
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Table 5.4 Selected LCA results for natural gas and

GHG total kg CO2-eq / kWh

fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

CO2 kg/kwh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

NOx kg/kWh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

PM2.5 kg/kWh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

S0O2 kg/kwh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

natgas (CH natgas (EU
mix) 400 MW  mix) 400 MW
cC
4.14E-01 4.13E-01
1.75E-02 1.61E-02
5.07E-02 5.16E-02
1.81E-03 1.81E-03
3.44E-01 3.44E-01
3.89E-01 3.89E-01
1.37E-02 1.31E-02
3.14E-02 3.21E-02
1.70E-03 1.70E-03
3.42E-01 3.42E-01
3.13E-04 3.06E-04
4.21E-05 4.27E-05
1.06E-04 9.92E-05
8.43E-06 8.43E-06
1.57E-04 1.56E-04
8.76E-06 8.94E-06
3.32E-06 2.87E-06
6.82E-07 1.25E-06
1.69E-06 1.69E-06
3.07E-06 3.13E-06
1.79E-04 1.49E-04
1.65E-04 1.34E-04
2.91E-06 4.38E-06
7.50E-06 7.50E-06
3.20E-06 3.10E-06

(wood transp:
25km lorry)

5.72E-02
2.26E-02
1.76E-02
2.35E-03
1.09E-02
1.81E-03
1.99E-03

4.58E-02
1.64E-02
1.62E-02
1.06E-03
1.04E-02
1.70E-03
4.90E-05

7.26E-04
3.28E-04
1.45E-04
2.10E-06
8.64E-05
8.43E-06
1.56E-04

4.11E-05
1.53E-05
1.52E-05
2.40E-07
5.54E-06
1.69E-06
3.07E-06

9.94E-05
4.11E-05
3.40E-05
1.22E-06
1.24E-05
7.50E-06
3.17E-06

SNG chains, incl. breakdown of different steps in t

(wood transp:
1000km train)

9.73E-02
2.28E-02
1.76E-02
2.35E-03
5.07E-02
1.81E-03
1.99E-03

8.39E-02
1.66E-02
1.62E-02
1.06E-03
4.83E-02
1.70E-03
4.90E-05

8.98E-04
3.30E-04
1.45E-04
2.20E-06
2.57E-04
8.43E-06
1.56E-04

5.25E-05
1.54E-05
1.52E-05
2.50E-07
1.68E-05
1.69E-06
3.06E-06

2.29E-04
4.24E-05
3.40E-05
1.20E-06
1.41E-04
7.50E-06
3.20E-06

he entire chains.

SNG 400 MW CC SNG 400 MW CC SNG 400 MW CC
(wood transp:
1000km barge)

1.09E-01
2.27E-02
1.76E-02
2.30E-03
6.26E-02
1.81E-03
1.99E-03

9.55E-02
1.64E-02
1.62E-02
1.05E-03
6.01E-02
1.70E-03
4.90E-05

1.34E-03
3.29E-04
1.45E-04
3.00E-06
6.97E-04
8.43E-06
1.56E-04

5.34E-05
1.54E-05
1.52E-05
2.40E-07
1.79E-05
1.69E-06
3.07E-06

1.81E-04
4.12E-05
3.40E-05
1.20E-06
9.38E-05
7.50E-06
3.20E-06
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Table 5.5 Selected LCA results for natural gas/SNG  co-combustion chains, incl. breakdown of different steps in the
entire chains.

natural gas/SNG co-firing natural gas/SNG co-firing natural gas/SNG co-firing
400 MW CC (wood transp: 400 MW CC (wood transp: 400 MW CC (wood transp:
25km lorry) 1000km train) 1000km barge)

GHG total kg CO2-eq / kWh 3.78E-01 3.82E-01 3.83E-01
fuel production coal / gas 1.67E-02 1.68E-02 1.67E-02
fuel production wood 1.76E-03 1.76E-03 1.76E-03

fuel transportation coal / gas 4.67E-02 4.67E-02 4.67E-02

fuel transportation wood 1.09E-03 5.07E-03 6.26E-03

power plant infrastructure 1.81E-03 1.81E-03 1.81E-03
power pl. operation (& others) 3.09E-01 3.09E-01 3.09E-01

CcOo2 kg/kwh 3.54E-01 3.58E-01 3.59E-01
fuel production coal / gas 1.34E-02 1.34E-02 1.34E-02
fuel production wood 1.62E-03 1.62E-03 1.62E-03

fuel transportation coal / gas 2.90E-02 2.90E-02 2.90E-02

fuel transportation wood 1.04E-03 4.83E-03 6.01E-03

power plant infrastructure 1.70E-03 1.70E-03 1.70E-03
power pl. operation (& others) 3.07E-01 3.07E-01 3.07E-01

NOx kg/kWh 3.48E-04 3.65E-04 4.09E-04
fuel production coal / gas 7.12E-05 7.14E-05 7.13E-05
fuel production wood 1.45E-05 1.45E-05 1.45E-05

fuel transportation coal / gas 8.95E-05 8.95E-05 8.96E-05

fuel transportation wood 8.64E-06 2.57E-05 6.97E-05

power plant infrastructure 8.43E-06 8.43E-06 8.43E-06
power pl. operation (& others) 1.56E-04 1.56E-04 1.56E-04

PM2.5 kg/kwh 1.22E-05 1.33E-05 1.34E-05
fuel production coal / gas 4.12E-06 4.13E-06 4.12E-06
fuel production wood 1.52E-06 1.52E-06 1.52E-06

fuel transportation coal / gas 1.14E-06 1.15E-06 1.14E-06

fuel transportation wood 5.54E-07 1.68E-06 1.79E-06

power plant infrastructure 1.69E-06 1.69E-06 1.69E-06
power pl. operation (& others) 3.13E-06 3.13E-06 3.13E-06

S02 kg/kWh 1.44E-04 1.57E-04 1.52E-04
fuel production coal / gas 1.24E-04 1.24E-04 1.24E-04
fuel production wood 3.40E-06 3.40E-06 3.40E-06

fuel transportation coal / gas 4.06E-06 4.06E-06 4.06E-06

fuel transportation wood 1.24E-06 1.41E-05 9.38E-06

power plant infrastructure 7.50E-06 7.50E-06 7.50E-06
power pl. operation (& others) 3.11E-06 3.11E-06 3.11E-06
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Table 5.6 Selected LCA results for hard coal chains

breakdown of different steps in the entire chains.

GHG total kg CO2-eq / kWh
fuel production coal / gas
fuel production wood
fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

COo2 kg/kWh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

NOx kg/kWh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

PM2.5 kg/kwh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

S02 kg/kWh
fuel production coal / gas
fuel production wood

fuel transportation coal / gas
fuel transportation wood
power plant infrastructure
power pl. operation (& others)

hard coal

800 MW

(AV)
8.53E-01
2.80E-02
8.36E-02

2.75E-03
7.39E-01

8.20E-01
7.44E-03

8.11E-02

2.58E-03
7.29E-01

1.81E-03
2.92E-04

1.06E-03

6.75E-06
4.49E-04

8.31E-05
8.08E-06

3.36E-05

3.12E-06
3.83E-05

1.39E-03
2.56E-05

9.93E-04

8.22E-06
3.64E-04

hard coal hard coal

800 MW 800 MW
(CN) (CO)
1.20E+00 7.99E-01
3.51E-01 1.15E-02
1.01E-01 4.52E-02
2.75E-03 2.75E-03
7.43E-01 7.40E-01
1.02E+00 7.85E-01
1.85E-01 8.30E-03
9.75E-02 4.37E-02
2.58E-03 2.58E-03
7.33E-01 7.30E-01
1.93E-03 1.46E-03
2.12E-04 4.78E-04
1.24E-03 5.26E-04
6.75E-06 6.75E-06
4.69E-04 4.54E-04
4.02E-04 7.27E-05
3.03E-04 1.32E-05
5.59E-05 1.77E-05
3.12E-06 3.12E-06
3.93E-05 3.87E-05
3.29E-03 8.73E-04
1.74E-03 2.09E-05
1.14E-03 4.78E-04
8.22E-06 8.22E-06
3.96E-04 3.66E-04

hard coal

800 MW (D)
8.52E-01
1.07E-01
5.64E-03

2.75E-03
7.37E-01

7.46E-01
1.06E-02

5.37E-03

2.58E-03
7.28E-01

5.20E-04
4.03E-05

3.16E-05

6.75E-06
4.41E-04

4.62E-05
3.26E-06

1.87E-06

3.12E-06
3.80E-05

4.27E-04
4.68E-05

1.57E-05

8.22E-06
3.56E-04

hard coal

800 MW

(PL)
8.30E-01
7.65E-02
1.22E-02

2.75E-03
7.39E-01

7.57E-01
1.33E-02

1.16E-02

2.58E-03
7.29E-01

5.72E-04
5.63E-05

6.21E-05

6.75E-06
4.47E-04

4.99E-05
4.54E-06

4.05E-06

3.12E-06
3.82E-05

4.60E-04
5.64E-05

3.41E-05

8.22E-06
3.62E-04

hard coal

800 MW

(RU)
9.08E-01
9.68E-02
6.94E-02

2.75E-03
7.39E-01

8.19E-01
2.10E-02

6.60E-02

2.58E-03
7.30E-01

1.10E-03
2.00E-04

4.46E-04

6.75E-06
4.50E-04

7.44E-05
9.00E-06

2.39E-05

3.12E-06
3.84E-05

7.60E-04
8.33E-05

3.04E-04

8.22E-06
3.64E-04

with hard coal supply from different mining region

hard coal

800 MW

(Us)
8.15E-01
3.19E-02
4.12E-02

2.75E-03
7.39E-01

7.80E-01
8.20E-03

3.97E-02

2.58E-03
7.29E-01

1.11E-03
2.32E-04

4.25E-04

6.75E-06
4.48E-04

6.37E-05
6.62E-06

1.56E-05

3.12E-06
3.83E-05

7.74E-04
3.15E-05

3.72E-04

8.22E-06
3.63E-04

s, incl.

hard coal

800 MW

@A)
8.38E-01
3.54E-02
6.04E-02

2.75E-03
7.39E-01

7.98E-01
7.60E-03

5.85E-02

2.58E-03
7.29E-01

1.43E-03
2.67E-04

7.03E-04

6.75E-06
4.50E-04

7.26E-05
7.43E-06

2.37E-05

3.12E-06
3.83E-05

1.04E-03
2.82E-05

6.42E-04

8.22E-06
3.63E-04
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Table 5.7 Selected LCA results for natural gas chai ns with natural gas from different production regio ns, incl.
breakdown of different steps in the entire chains.

nat gas nat gas nat gas
natgas (EU natgas (Algeria, (Algeria, nat gas nat gas nat gas (Nigeria,
mix) 400 MW (Russia) 400 pipeline) 400 LNG) 400 nat gas (UK) (Netherlands) (Norway) 400 (Germany)  LNG) 400
cC MW CC MW CC MW CC 400 MW CC 400 MW CC MW CC 400 MW CC MW CC
GHG total kg CO2-eq / kWh 4.13E-01 4.85E-01 3.85E-01 4.48E-01 3.63E-01 3.79E-01 3.75E-01 3.85E-01 5.02E-01
fuel production coal / gas 1.61E-02 3.54E-02 1.49E-02 1.71E-02 2.70E-03 1.18E-02 1.01E-02 2.47E-02 1.80E-02
fuel production wood
fuel transportation coal / gas 5.16E-02 1.04E-01 2.42E-02 8.59E-02 1.44E-02 2.13E-02 1.97E-02 1.51E-02 1.39E-01
fuel transportation wood
power plant infrastructure 1.81E-03 1.81E-03 1.81E-03 1.81E-03 1.81E-03 1.81E-03 1.81E-03 1.81E-03 1.81E-03
power pl. operation (& others) 3.44E-01 3.44E-01 3.44E-01 3.44E-01 3.44E-01 3.44E-01 3.44E-01 3.44E-01 3.44E-01
COo2 kg/kWh 3.89E-01 4.24E-01 3.71E-01 4.32E-01 3.55E-01 3.70E-01 3.67E-01 3.76E-01 4.84E-01
fuel production coal / gas 1.31E-02 2.08E-02 9.92E-03 1.14E-02 2.49E-03 1.12E-02 9.58E-03 2.33E-02 1.20E-02
fuel production wood
fuel transportation coal / gas 3.21E-02 5.99E-02 1.79E-02 7.75E-02 9.13E-03 1.52E-02 1.38E-02 9.66E-03 1.29E-01
fuel transportation wood
power plant infrastructure 1.70E-03 1.70E-03 1.70E-03 1.70E-03 1.70E-03 1.70E-03 1.70E-03 1.70E-03 1.70E-03
power pl. operation (& others) 3.42E-01 3.42E-01 3.42E-01 3.42E-01 3.42E-01 3.42E-01 3.42E-01 3.42E-01 3.42E-01
NOx kg/kWh 3.06E-04 4.35E-04 2.64E-04 2.98E-04 2.16E-04 2.65E-04 2.53E-04 2.26E-04 4.28E-04
fuel production coal / gas 4.27E-05 5.72E-05 3.94E-05 4.53E-05 2.25E-05 5.11E-05 4.37E-05 3.05E-05 4.78E-05
fuel production wood
fuel transportation coal / gas 9.92E-05 2.13E-04 6.09E-05 8.85E-05 2.89E-05 5.02E-05 4.54E-05 3.16E-05 2.16E-04
fuel transportation wood
power plant infrastructure 8.43E-06 8.43E-06 8.43E-06 8.43E-06 8.43E-06 8.43E-06 8.43E-06 8.43E-06 8.43E-06
power pl. operation (& others) 1.56E-04 1.56E-04 1.56E-04 1.56E-04 1.56E-04 1.56E-04 1.56E-04 1.56E-04 1.56E-04
PM2.5 kg/kWh 8.94E-06 1.00E-05 8.37E-06 1.26E-05 8.01E-06 8.98E-06 8.42E-06 6.44E-06 1.96E-05
fuel production coal / gas 2.87E-06 3.41E-06 2.75E-06 3.15E-06 2.71E-06 3.47E-06 2.97E-06 1.13E-06 3.33E-06
fuel production wood
fuel transportation coal / gas 1.25E-06 1.87E-06 8.65E-07 4.64E-06 5.36E-07 7.48E-07 6.94E-07 5.61E-07 1.15E-05
fuel transportation wood
power plant infrastructure 1.69E-06 1.69E-06 1.69E-06 1.69E-06 1.69E-06 1.69E-06 1.69E-06 1.69E-06 1.69E-06
power pl. operation (& others) 3.13E-06 3.06E-06 3.07E-06 3.06E-06 3.07E-06 3.07E-06 3.07E-06 3.07E-06 3.08E-06
S02 kg/kWh 1.49E-04 3.28E-04 2.28E-05 4.53E-05 2.69E-05 2.47E-05 2.34E-05 5.14E-04 1.57E-04
fuel production coal / gas 1.34E-04 3.10E-04 5.19E-06 5.95E-06 1.04E-05 7.47E-06 6.39E-06 4.98E-04 6.29E-06
fuel production wood
fuel transportation coal / gas 4.38E-06 6.80E-06 6.90E-06 2.87E-05 5.83E-06 6.52E-06 6.35E-06 5.70E-06 1.40E-04
fuel transportation wood
power plant infrastructure 7.50E-06 7.50E-06 7.50E-06 7.50E-06 7.50E-06 7.50E-06 7.50E-06 7.50E-06 7.50E-06
power pl. operation (& others) 3.10E-06 3.20E-06 3.18E-06 3.17E-06 3.17E-06 3.17E-06 3.17E-06 3.20E-06 3.10E-06
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