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1 Introduction

Within the EU Integrated Project NEEDS (New EneEgxternalities Developments for Sustainability), the
objective of Research Stream RS2b “Energy TechyolRgadmap and Stakeholder Perspectives” is to
broaden the basis for decision support beyond $eessment of external costs and to extend theratiegy

of the central analytical results generated byroResearch Streams.

The results of Research Stream RS2b will illustesteh technology’s performance in terms of its itigitg

to sustainability criteria. The sustainability erit are weighted according to the preference Ipsofof
individual stakeholders (electricity suppliers, adfieity users, scientists, industry representative
individuals, etc.) to give a broad representatibrthe many different viewpoints and priorities héddg
members of our society.

Two approaches will be used for the evaluationhef dptions. The first approach is based on totatsco
calculations (direct + external); estimation ofatatosts will be based on the information thatigested to

be available from other research streams. The deapproach will utilise Multi-Criteria Decision Alyais
(MCDA), which combines specific attributes of tharious technologies in a structured manner with
knowledge of stakeholder preferences. The maimrtsfilmdertaken in RS2b concern the development of a
framework for the implementation of MCDA. The apach is based on measuring the performance of
competing technologies by different decision-makanigeria. Performance for each criterion is juddsd
what may be called “indicators” or “measures” oretnics.” Such indicators may be either quantitative
gualitative. Quantitative measures can be ascedainith relative objectivity, given stated contiimg
assumptions. Qualitative measures must still beyaasd a value for the multi-criteria assessment,ara
based on subjective judgement. Each indicator ati®to quantify a certain aspect of a given suatality
criterion.

Using the widely recognised ‘three pllar’ inter@@n of sustainable development, the NEEDS project
defined a range of criteria and indicators in orgeassess the environmentally, socially and ecdcaiin
sustainable aspects of future electricity genegatiechnologies and their associated fuel cycleg (se
Hirschberg et al., 2007, Deliverable No 3.1). Thairmobjective of this report (Work Package 6) is to
provide a description of the criteria and resultindicators used to assess the potential envirotahen
impacts of each technology, as well as to displey results for each of the four countries usedha t
assessment; France, Germany, Switzerland and Ttag/country-specific environmental burdens assedia
with the power generation are calculated using Ofele Inventories (LCI) established within RS1atloé
NEEDS project. Certain technology characteristis modified according to country-specific boundary
conditions. The report builds on the conclusionki@a®d and documented in a number of other Work
Packages within RS2b, which in turn profited fromaaiiety of experiences with criteria and indicatand
which are accounted for in the literature. Fordké&ils we refer to the supporting RS2b publicafion

The report firstly gives a review of the characttics required of an indicator to support a clea§ined
and necessary criterion in the environmental a$ agethe overall sustainability assessment. It t@s on
to present an overview of the environmental impiacticators, together with an explanation of the
structuring of the criteria hierarchy employedhe fissessment. A description of the technologiesidered

in the assessment is also given in order thatrtipacts resulting from the energy chains of eachnelogy
can be more easily related to specific characiesisChapter 8 then provides a more concise dew&gripf
each indicator followed by the graphical illustoatiof the results for each of the four countried an
interpretation of the predominat observations.

1 Available from the NEEDS Project website:

http://www.needs-project.org/index.php?option=coantent&task=view&id=42&Itemid=66
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2 Requirements of indicators for sustainability assssment

The use of indicators is a common way to descritteraonitor complex systems, and to provide inforomat
to decision makers and the public. Generally, iaidics have three important functions in sustaiitgbil
assessment (McCool & Stankey, 2004);

1. Description of the existing conditions and perfonc&of a system
2. Measure of the effectiveness of actions and pslicdenove a system towards a more sustainable state
3. Indicators allow the users to detect changes in@oi, environmental, social and cultural systems.

Indicators need to be selected and defined withtgrare to fulfill these requirements. In the cakpoorly
chosen and applied indicators a variety of seveoblems can occur, including (1) overaggregati@), (
measuring unimportant parameters, (3) dependencea dalse model, (4) deliberate falsification, (5)
diverting attention from direct experience, (6) mamfidence and (7) incompleteness (Meadows, 1998).

The development and selection of indicators ofesults in long lists of indicators selected on Itlasis of
subjective perception. Such indicator lists tenttéat some topics in depth while others are ighoraving
too many indicators can also result in confusedriiés and overwhelming details for both develspand
users. Many of these problems can be avoided Ing @sstringent indicator selection framework. Tihiplies
that they have to meet a number of requirementsytised below.

Criteria need to be formulated in such a way thay tcan be transformed into quantifiable indicafors
which the necessary data are available. The defindf the criteria and associated indicators flienced

by and depends upon the objectives and the speiifis, which represent the boundary conditionshef t
sustainability assessment under study. A more lddtaiverview of specific indicator requirementsyigen

in Hirschberg et al. (2004a), whereas Meadows (Mead1998) and Bossel (Bossel, 1999) also coveesom
more general issues and for an extensive discussioimdicators related to the social dimension of
sustainable development we refer to (Renn et @05

Ideally, indicators meet a number of requirememd have certain characteristics. A list similarthe
following one can be found in almost every indicateport (e.g., Baltic 21, 2001; BFS et al., 2003a;
Hirschberg et al., 2004a; Meadows, 1998). Dependimghe specific study objectives, an indicator set
should aim to meet as many of those fundamentainements as possible.

Indicators should be:

Scientific:

— Measurable and quantifiable: adequately reflect the phenomenon intended to measu

— Meaningful: appropriate to the needs of the user

— Clear invalue: distinct indication which direction is good andiiah is bad

— Clear in content: measured in understandable units that make sense

— Appropriatein scale: not over or under aggregated

— No redundancy or double counting: indicators are not overlapping in what they measure

— Robust and reproducible: indicator measurement is methodologically souitd,the intended purpose
and is repeatable

— Sensitive and specific: indicators must be sensitive to changes in théesysinder study, and ideally
respond relatively quickly and noticeably

— Verifiable: it is possible to verify an indicator by exterparsons or groups

— Hierarchical: to allow a user to understand the level of detadessary



Functional:

Relevant: for all stakeholders involved

Compelling: interesting, exciting and suggestive of effecietion

Leading: so that they can provide information to act on

Possible to influence: indicators must measure parameters that are p@ssibhange
Comparable: if the same indicators are used in several systdrag should be comparable

Comprehensive: the indicator set should sufficiently describe edkential aspects of the system under
study

Pragmatic:

Manageable: not too many to handle; also important in viewndéractions with users and stakeholders
Understandable: possible to understand by stakeholders

Feasible: measurable at reasonable effort and cost

Timely: compilable without long delays

Coverage of the different aspects of sustainability: indicators address economic, environmental and
social dimensions

Allowing international comparison: to the extent necessary, i.e. in accordance witiic study
objectives



3 Overview of the environmental indicators used in
Research Stream RS2b

Fehler! Verweisquelle konnte nicht gefunden werdengives an overview of the sustainability criteria
selected to be relevant in the environmental assssof energy technologies and their associatetl fu
chains. A more comprehensive explanation of therg@l impacts that the indicators measure, togetifité
their unit of measure, is given in section 4.

Table 1 The environmental impact indicators used irResearch Stream RS2b.

CRITERION/INDICATOR POTENTIAL IMPACT UNIT

ENVIRONMENT

Impact on Resources

Energy resources

Fossil fuel use Total consumption of fossil resources MJ/kWh

Uranium use Total consumption of uranium MJ/KWh

Non-energy resources

Abiotic resource use Weighted total consumption of metallic ores kg(Sb-eq.)/kwh

Climate change

Greenhouse gas emissions Global warming potential for next 100 years kg(CO;-eq.)/kWh

Impact on ecosystems

From normal operation

Land use Ecosystem impacts due to land use PDFm?a/kWh
Ecotoxicity Ecosystem impacts due to toxic substances PDFm’a/kWh
Acidification and eutrophication | Ecosystem impacts due to air pollution PDFm“a/kWh

Waste produced

Chemical waste Total volume of special chemical wastes kg/kWh
stored in underground repositories

Radioactive waste Total amount of medium and high level m3/kWh
wastes stored in geological repositories

The criteria are structured around a four leverdrghy. The top level contains the three sustalityabi
dimensions; in this case it is the environment. $heond and third levels contain the necessargrierit
which define critical aspects of energy-relatedastp on the environment. These are characterizetieby
fourth level, the individual impact indicators favhich quantifiable units are expressed. Under the
“Environment” dimension, the indicator “greenhoug®s emissions” is an exception to this general rule
because it is in a hierarchy of only three levéle four-level hierarchy is also used as the biasimework

for the social and economic dimensions of sustdihablthough with similar exceptions.



4 Methodology

4.1  Scenario modeling

In order to evaluate the potential environmentglants arising from the generation of 1kWh of eleittr
from different future electricity generation techogy options, the NEEDS Integrated Project requitesl
forecasting of technological development to ther @8%0. The uncertainty surrounding the individeakls

of technological advancement over the next fourades therefore makes the modeling of just one
development scenario an over-generalisation optssible situation in 2050. For this reason theegaion
technologies were specified for three differennseims within RS1a. These were defined as;

1. Pessimistic scenario
2. Realistic/optimistic scenario (“baseline”)
3. Very optimistic scenario

With the first and third defining and modeling taetremes of development and therefore the confiries
possible advancement, the impact assessment resaagicthe technology comparison was based on the
situation defined by the realistic/optimistic scemavhich therefore reflects a very possible situat

4.2 Life Cycle Assessment (LCA)

Calculation of the potential impacts arising frdm tomplete technology chains (production and tifaet
construction, operation and decommissioning of pgient; handling of waste; transport of fuels, enals;
etc.) was conducted using Life Cycle Inventoriemtdshed within RS1a. The ecoinvent database (data
v1.3) was used as source of background LCI datairfeent 2006). Cumulative LCA results per kWh
electricity produced (in the ecoinvent format, igth a list of more than 1000 elementary flows)evéhe
basis for the calculation of all environmental satbrs. Since RSla generated mostly generic (aedme
cases site-specific) inventories, calculation ofurtoy-specific environmental burdens required the
extrapolation of this specific technology invengsrio the individual situations of the four courdrassessed
in the project. This resulted in adjustments bamage to some of the technologies in order to adcfmin
specific wind conditions and solar irradiation, eyyeresource densities and effects on efficiendigs to
average ambient air temperatures. The countryfpegcivironmental burdens (basis for the quantiftora

of the environmental indicators) were calculateidgishe SimaPro v7.1 LCA software (PRé, 2008). eta
about the country-specific modifications of the ggégn LCI data can be found in chapter 7.

Besides the individual power generation technokgselected processes in the general LCA background
data were also modified in order to reflect tecbgygl development until year 2050. These modification
concern, among others, mainly transport procesdestricity mixes and the production of (constrouji
materials such as steel, aluminum and copper (ESEEL 2008).
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For the NEEDS Integrated Project 26 technologie®welected which represented a broad range ofpyim
energy carriers and, under the ‘optimistic/realistievelopment scenario, were determined to beilpless
electricity generating sources in 2050. Only te¢bgies for which suffient research and testing hlbgen
undertaken were used.

Overview of the technologies

Table 2 The individual technologies and their abbreiations.
PRIMARY TECHNOLOGY ABBREVIATION
ENERGY
CARRIER
Nuclear European Pressurised Reactor EPR
European Fast Reactor EFR
Pulverised Coal PC
Pulverised Coal with post combustion Carbon Capamck Storage PC-post CCS
Pulverised Coal with oxyfuel combustion and CarlG@pture and Storage PC-oxyfuel CCS
Pulverised Lignite PL
Pulverised Lignite with post combustion Carbon Qaptand Storage PL-post CCS
Pulverised Lignite with oxyfuel combustion and GamtCapture and Storage PL-oxyfuel CCS
Integrated Gasification Combined Cycle coal IGC@ico
Fossil Integrated Gasification Combined Cycle coal withrli@e Capture and Storage IGCC-coal CCS
Integrated Gasification Combined Cycle lignite IGUghite
Integrated Gasification Combined Cycle lignite wthrbon Capture and Storage  IGCC-lignite CCH
Gas Turbine Combined Cycle GTCC
Gas Turbine Combined Cycle with Carbon CaptureStodage GTCC CCs
Internal Combustion Combined Heat and Power IC CHP
Molten Carbonate Fuel Cells using Natural Gas (/2% MCFC NG 0.25MW
Biomass | Molten Carbonate Fuel Cell using wood derived gas 0AW MCFC wood gas
) Molten Carbonate Fuel Cells using Natural Gas 2MW CRZ NG 2MW
Fossil Solid Oxide Fuel Cells using Natural Gas 0.3 MW NG
. Combined Heat and Power using short rotation cagppoplar CHP poplar
Blomass Combined Heat and Power using straw CHP straw
Photovoltaic, ribbon crystalline Silicon - powegrpt PV-Si plant
Solar Photovoltaic, ribbon crystalline Silicon - buildimgtegrated PV-Si building
Photovoltaic Cadmium Telluride — building integicite PV-CdTe building
Concentrating thermal — power plant Solar thermal
Wind Offshore Wind Wind offshore




6 Technology characterisations

This chapter gives a brief description of the 2@hiidual technologies modeled for the NEEDS Intégpla
Project and projected under a realistic optimidégelopment scenario (sktethodology) for the year 2050.
For more detailed descriptions, as well as theecirstatus and the parameters guiding the develugnoé
each one, please refer to the final technologyrts@vailable on the NEEDS website;

http://www.needs-project.org/index.php?option=coontent&task=view&id=42&Iltemid=66

6.1  Nuclear: EPR(Lecointe et al., 2007)

This ‘Generation III' design of nuclear reactor sisther uranium oxide enriched to 4.9% fissile eriat
(uranium-235) or a mix of uranium-235 and mixednimen plutonium oxide (MOX), with pressurised water
as the moderator and cooling agent. The heat fhardaction is used to produce steam to drive arste
turbine generator. It features not only superidiabdity and safety over its current ‘Generatioh |
counterparts but also efficiency. This will residt less high-level radioactive waste requiring eith
reprocessing or long term storage in geologicabs@pries per unit of electricity generated.

EPR'’s are currently undergoing intensive develogméth the first two reactors being under constircin
Finnland and France, and with other countries we@lin planning processes. Once operational, an iEPR
expected to have a lifetime of 60 years. EPR teldgyodoes not completely rule out the risks of wese
accident or the possibility for the proliferatiori fissile material to unauthorized third partiesisval
disturbance will not be greater than existing nacielants and, other than mining activities, reraairost
dependant on the type of end cooling used ie. mgatiwer or access to a large water resource.

6.2 Nuclear: EFR(Lecointe et al., 2007)

The EFR is a ‘Generation IV’ design of nuclear teador which the term “fast” refers to the reduced
moderation of the free neutrons. Fast neutronsotitend to fission as efficiently as moderated fieatrons
and which allows a greater quantity of fissile mateo be used. This causes around 25% more neutm
be produced in each fission reaction, a fractiombith are absorbed by some of the non-fissile iuran
238, thus converting it into fissile plutonium-2EY ‘breeding’ fissile material, a fast neutroncta is able

to operate within a closed-fuel cycle in which thgent fuel and plutonium products from co-existing
Generation lll reactors are recycled as MOX fuehednts, containing around 20% fissile material.

The EFR will use liquid metal (sodium) as the cablahich acts as a very efficient heat transfer iomad
whilst avoiding any moderational effect on the mens. The operational lifetime of the EFR is expddb

be around 40 years. Although the inherent safettufe of a fast neutron reactor is that fissioruced with
increased temperature, risk of a severe contaromatlease to the environment can not be ruled out
completely. Visual disturbance factors are sintitathe EPR.

6.3 Fossil: PC(Bauer et al., 2009)

Coal is pulverized and then burned in a tall boiith watertube walls. The steam produced is thesduo
drive a turbine generator. The combustion of caalses very significant quantities of carbon dioXide,)
and atmospheric pollutants although sulphur dioxidd particulate emissions are almost all contalmed
the use of filters. These take the form of chemszailbbers, fabric filters and/or electrostaticcipitators.
The filtered materials as well as the coal ashedtieer recycled or landfilled. For operation in 20%he
research used a power plant net efficiency of 54%rder to follow a ‘realistic-optimistc’ technolpg
development scenario until that time.

The transportation of the large amounts of fuelessary to run a coal-fired power plant can be acaf
significant noise pollution in rail-freight transitgions whilst the power plant and atmosphericssimns in



particular can be visible from considerable distariche operational lifetime of a PC power plardiisund
35 years.

6.4  Fossil: PC-post CCYBauer et al., 2009)

This technology uses the same coal combustion laettieity generation technique as for PC but thdon
dioxide CQis separated from the other flue gases. This ieaetl by cooling the flue gases to around 50°C
and then using a solvent containing absorber. Thet mommon solvents used for neutralizing GO
chemical absorption systems are alkanolamines asighonoethanolamine (MEA), diethanolamine (DEA),
and methyldiethanolamine (MDEA). The solvent-bogadbon dioxide is then re-heated to around 120°C in
order to enable the solvent to be stripped from @@ inside a regeneration vessel. This uses steam
generated in the process as the stripping gassffipped solvent is cooled and returns to the dtesorhilst

the steam is condensed and returns to the regemevatssel. The separated £€an then be dehydrated and
compressed for efficient transportation and seguedtin various types of geological formations,deep
ocean sea beds or converted to solid mineral form.

For the NEEDS Integrated Project, the scenariqasfsportation via pipeline to a geological seqadistn

siteZ was used. This involves a 400km pipeline requidng recompression process at the half-way point.
Transport of CQin pipelines is cheaper than shipping over shistadces due to relatively high fixed costs
for harbors, loading and unloading. Shipping ondgdimes competitive at distances between 1000 km and
2000 km. The C@gas is then injected into a saline aquifer appnaxely 800m below the earth’s surface.
Deep saline aquifers are widely distributed belbe tontinents and the ocean floor and are withgy ea
access to a number of power plants. It is currebding demonstrated and has proven to be techpicall
feasible.

The major drawbacks of CCS are the significantscasiolved as well as the overall efficiency redlct
effects on the power plant as some of the enexgy the combustion process is required in the capttir
the CQ. The overall net efficiency of the PC-post CCS powlant was determined to be 49% whilst the
plant lifetime is also 35 years.

6.5 Fossil: PC-oxyfuel CC3Bauer et al., 2009)

Oxyfuel combustion involves burning the pulverizamhl in an environment of oxygen instead of ambient
air. However, with pure oxygen the combustion terapae would be too high so therefore oxygen derive
from an air separation unit is mixed with €@cycled from the exhaust in order to control ¢benbustion
temperature. The exhaust from oxyfuel combustidluesgas with very high CQOconcentration (no nitrogen
oxides are formed) which enables simple and low €3, purification methods to be used and a more
efficient CCS process. Particles are removed ftoerflue gas using an electrostatic charge befaeriag a
flue gas desulphurization process requiring inpfitémestone and water (produces gypsum as a nadrlect
by-product). Furthermore, the volume of inert gaseiduced which can increase the thermal efficierfi¢kie
boiler. Although the oxyfuel combustion techniquancbe applied to conventional boilers, the major
drawback of this approach is that the productiomxfgen typically involves an air separation unithna
complex, costly and energy-intensive super-cooforgogenic) process to extract oxygen from the Far.
the NEEDS Integrated Project, the same scenaréD0Okm transportation via pipeline to a saline agjuif
sequestration site was used.

Oxyfuel combustion with CCS suffers similar drawksto that of post combustion with CCS but duehto t
necessary production of oxygen the overall netiefficy of the PC-oxyfuel CCS technology was deteethi
to be marginally lower at 47% although with the egrtant lifetime of 35 years.

2 Due to the highest potential in Europe, salingfagsiwere chosen as the reference storage medium.
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6.6 Fossil: PL(Bauer et al., 2009)

This used larger but similar power plant technolagyfor the PC plant and with the same power piant
efficiency. An important additional impact from thse of lignite as opposed to coal is the effecthmn
landscape due to large open pit mining activitiégnite also contains a larger proportion of uncostable
impurities which must be removed as ash and dishoseHowever, the transportation of fuel over long
distances, such as is the case with hard coahaireecessary since lignite power plants are openaine-
mouth.

6.7 Fossil: PL-post CCSBauer et al., 2009)

This used larger but similar power plant technolagyfor the PC plant with post-combustion CCS aitd w
the same power plant net efficiency. Modeling of,@@nsport and storage is identical.

6.8 Fossil: PL-post CCSBauer et al., 2009)

This used larger but very similar power plant tesbgy as for the PC plant with oxyfuel combustio@ %
and with the same power plant net efficiency. Modebf CG, transport and storage is identical.

6.9 Fossil: IGCC-coal(Bauer et al., 2009)

Integrated Gasification Combined Cycle (IGCC) iseanerging advanced power generation system having
the potential to generate electricity from coalhwiigh efficiency and lower air pollution (NSO, CO and
PM,g) than other current coal-based technologies.

An IGCC power plant consists of a gasification unitwhich the quantity of oxygen is insufficient to
completely burn the coal and, due to the high teatpee and pressure, the resulting gas has a éigth of
hydrogen (H), carbon monoxide (CO). Oxides of nitrogen andgisut are not formed in the (reducing)
environment of the gasifier but, instead, reachwiydrogen to form ammonia and hydrogen sulphide T
ammonia and sulphur are then easily extracteddorbe marketable byproducts. The synthesis gas &syng
is cleaned before being fired in a gas turbinecioegate electricity. The high temperature exhali8teogas
turbine still has enough heat to produce superelgesteam in a steam generator as part of a coowahti
steam cycle. It is this use of two thermodynamicley in cascade which gives the name "combinedtycl

Minerals in the fuel (i.e., the rocks, dirt andatlimpurities that don't gasify like carbon-basedstituents)
separate and for the most part leave the bottoithefgasifier either as an inert glass-like slagthrer
marketable solid byproducts. Although oxygen-blawal gasifiers can be more efficient and pure oryige
not diluted by the large quantities of nitrogensem in air, making oxygen using conventional cerag air
separation plants is expensive; both in terms qitakcost and energy consumption (see also oxyfuel
combustion technologies). IGCC power plants are adatively inflexible in that they have to be iged

for a specific type of coal or solid fuel in orde&r provide a high reliability. On the other han&QAC
technology offers the environment related advargadédigh efficiency and very low emissions of SN0,

and particulates. The power plant net efficiencthid technology was determined to be 54.5%.

6.10 Fossil: IGCC-coal CC3Bauer et al., 2009)

IGCC technology lends itself very well to carbompttae and storage (CCS) due to the higher presfuhe

gas stream and the possibility to achieve the highhcentrated formation of G@rior to combustion. For
this to be possible then after having been cleariguhrticulates the syngas enters a shift reaatiuhin
which the methane is reacted with steam to prodhyckeogen and CO The preferred technique for GO
sepapration in applications at higher pressure GEC) is currently physical absorption using soits
commonly used in commercial processes. Once capttire CQ can then be treated in the same way as for
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the other technologies incorporating CCS. The tiggulpower plant net efficiency for this technology
scenario is 48.5%. GQransport and storage is modeled in the same w&y&C power plants.

6.11 Fossil: IGCC-lignite(Bauer et al., 2009)

This used a larger but very similar power planhtetogy as for the IGCC-coal plant but with a maedjiy
lower overall efficiency of 52.5%. An important atilchal impact from the use of lignite as opposedadal
is the effect on the landscape due to large opemiping activities as well as the higher quantfyash
requiring disposal. However, the transportatiofiued over long distances are not necessary, bediause
power plants are operated mine-mouth.

6.12 Fossil: IGCC-lignite CCS(Bauer et al., 2009)

This uses a larger but very similar power planhtetogy as for the IGCC-coal plant but with a masadjiy
lower overall efficiency of 46.5%. GQransport and storage is modeled in the same wdgraPC power
plants.

6.13 Fossil: GTCC(Bauer et al., 2009)

A gas turbine combined cycle (GTCC) power planblags the direct combustion of natural gas in a gas
turbine generator. The waste heat generated bypthizess is then used to create steam for usesti@aan
generator, in a similar manor to that of IGCC tahgies. In this combined cycle power plant arotwd-
thirds of the overall plant capacity is providedthg gas turbine. Further efficiency developmemthe gas
turbine will be mainly driven by material reseaintorder to increase the firing temperature andotiessure
ratio. Although GTCC plants have relatively low £€nissions per unit of generated electricity coragdo
other fossil power plants, they can be the soufcgigmificant NQ emissions due to the high combustion
temperature which is desirable for high efficiesci€herefore, whilst primary fuel prices will remab be

the decisive factor in the development and futurenaiural gas generated electricity, political dems
regarding environmental targets will also play aisige role in their economic competetiveness.

One of the main advantages of a GTCC power plaiis iflexibility of operation. This means that iarc
provide both base load power as well as being abailto cover the shorter duration peak loads and
unexpected shortfalls in supply. The net power tpdificiency of this technology is predicted to &% in
2050.

6.14 Fossil: GTCC CCYBauer et al., 2009)

The electricity generation aspect of this technglisgexactly the same as the GTCC without CCS. flthee
gas from the GTCC then enters the same §¥paration, stripping, drying, transportation aaduestration
process to that used for coal and lignite,C@pture. However, CQOs assumed to be stored not in aquifers,
but in depleted gas fields with a depth of 2500mwin@ to the energy requirements of the CCS prottess
net power plant efficiency of this form of elecitycgeneration is 61%.

6.15 Fossil: IC CHP(Bauer et al., 2009)

This is a decentralized form of co-generation fee in situations where not only the electricity hlso the
heat produced in the combustion process is a degireduct. Using an internal combustion engine as
opposed to a turbine generator, this technologuited to provide heat and power to single buildisgch
as public buildings, small industry, etc. or to ype of residential buildings sharing a distributizetwork
where the product in most demand can be the healuped. They are most efficiently used to cover a
simultaneous electricity and heat demand rather fbause to meet peak in only electricity demardat
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produced by combustion of the gas can be transféae water or air medium depending on the specifi
requirement. The electricity is generated by aafigenerator coupling to the internal combustiogires
The efficiency of electricity generation is 44%.

6.16 Fossil: MCFC NG 0.25 MW(Gerboni et al., 2008)

Molten carbonate fuel cells are a moderately haghperature form of fuel cell and can achieve dively

high overall efficiency compared to those operaandower temperatures. In a molten carbonate dai)

the electrolyte is made up of lithium-potassiumbomate salts heated to about 650°C. At these texiyres,

the salts melt into a molten state that can condherrged particles, called ions, between two porous
electrodes. The high concentration of methane,(@Hnatural gas is combined with steam and coedert
into a hydrogen-rich gas within the fuel cell. Atetanode, hydrogen reacts with the carbonate @ns t
produce water, carbon dioxide, and electrons. Tleetrens travel through an external circuit cregtin
electricity and return to the cathode. There, oryfyem the air and carbon dioxide recycled from dnede
react with the electrons to form carbonate ion$ tbplenish the electrolyte and provide ionic cartoun
through the electrolyte, completing the circuit (B2009). A fuel cell therefore uses an efficielgceo-
chemical reaction to convert the chemical energyhef natural gas into electricity rather than thssl
efficient and more polluting combustion of the matugas. This also means that the energy conversion
process is very quiet as well as being dependaldesimble due to the non-mechanical nature of itheegs.

For the NEEDS project, the insufficiently high tesngture of the exhaust gas as well as the small
decentralized scale of this technology meant thatwaste heat from the fuel cell would be usedsasul
heat rather than to create steam for a steam dgenerae efficiency of electricity generation is%dor this
particular technology.

6.17 Biomass: MCFC wood ga§Gerboni et al., 2008)

Using a gasification process similar to that faeypously described fossil fuel gasification, théshnology
uses gas generated with sustainable sources oédtadvwood or from waste wood streams. Cleaned of
particulates the methane rich synthetic natural(§&G) can be used in the same way as naturalrghs a
fuels the MCFC in the same way as with natural gas. efficiency of generating electricity with tHimrm

of gas is then the same as when using natural5§86)( The conversion efficiency from potential eyyein

the wood to potential energy in the wood gas isindiuded in this determination because obtainimg t
wood gas is considered as an economic considesitiglar to obtaining natural gas. Here, the wastat is
also used for space heating, drying, etc.

6.18 Fossil: MCFC NG 2MW/(Gerboni et al., 2008)

The same decentralized technology as for the 0.28 Mant but scaled up to deliver an electricity
generation capacity of 2MW. Due to the size of pkamd technological advancement by 2050, it is etquk
that the MCFC will be part of a hybrid plant whifdatures the use of the waste heat to power stedrime
as a secondary electricity generation method. A 58he energy conversion to electricity is therefor
slightly higher than for the smaller plant.

6.19 Fossil: SOFC NG Gerboni et al., 2008)

Although they also use an electrochemical convarpirocess Solid Oxide Fuel Cells (SOFC’s) operate a
relatively high temperature (1000°C) and use a gEmneable solid oxide (ceramic) electrolyte rathan a
liquid one. Furthermore, an SOFC is able to belddeby liquid or gaseous fuels and which are retatm
into a hydrogen rich gas within the cell. Althouglsmall decentralized scale plant, the higher dipera
temperature means that the exhaust gas can baagedver a steam generator giving the SOFC a better
electricity generating efficiency (58%) than evelarger MCFC.
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6.20 Biomass: CHP popla(Gartner, 2008)

As has been previously described, combined heatpamgr is a co-generational form of converting the
potential energy stored in the fuel. The power plamesigned to generate electricity whilst theste@eheat
produced is provided to an external heat demarmtbse proximity to the plant. Whereas the smallest@
CHP used a gas fired internal combustion engireeCiHP plant modeled here uses the direct feed ofiwo
biomass and is significantly larger. Here, therg tlse of short rotation coppiced (SRC) poplar &s th
biomass feed stock is modeled and the conversianesicy of the potential energy in the wood tootlieal
energy is determined.

Poplar can be commercially grown as an energy asipg the practice of SRC. Within 1-2 years of the
initial planting of poplar cuttings, they are cuatdi to encourage the growth of multiple stems feostool at
ground level. Further cultivation for 2-4 yearsules in the growth of sufficient woody material fibito be
mechanically harvested by clear cutting the stebwva the stool. The development of the root system
encourages the further shooting of new stems amtidhvesting of these after the same time perias this
continuous cycle and the periodic harvesting oluraly regenerating biomass on the same area of lan
which enables the sustained supply of this comrakfeel source (Tubby and Armstrong, 2002).

Once dried and chipped, the biomass is fed int@sifigation process very similar to those previgusl
described. The scale is smaller however, with #etgrbine of the biomass CHP plant having a capati
9MW of electricity. The overall conversion efficigninto electricity is 30%.

6.21 Biomass: CHP straw(Gartner, 2008)

Straw accumulates as a co-product with the hanfdsted and food grain as well as oil producinghfsalt
often remains on the field as a soil and nutriefitamcer, but in many cases it is also used as ditttodder

for animals. It is therefore not considered as mar@y crop because it is not specifically cultigafer this
purpose and which means that the transportatidandies of straw to a CHP plant are less predicthidle

for energy crops such as SRC poplar. Straw camushed and then fed into a biomass gasifier irsttree
way as for the poplar and the processes from herare the same with the same overall efficiency of
conversion to electricity of 30%.

6.22 Solar: PV-Si plant(Frankl et al., 2006)

Currently, around 85 to 90% of the total instaligldbal photovoltaic (PV) capacity uses wafer-based
crystalline silicon semi-conductor technologies.f@vdased cells are ether a single, homogenous sfia
grown silicon crystal ingot known as mono- or segtystalline silicon and which deliver the highest
efficiencies. More commonly, they are the singieesfrom a casted block of many small silicon caist
known as poly- or multi-crystalline silicon and whiare slightly less efficient. An alternative adl/ancing
method for producing crystalline silicon semi-coattus, however, is ribbon technology. Here, a ribbb
substrate material is pulled directly from a bathmmlten silicon causing the silicon to crystalise the
ribbon. There is therefore no requirement to predan ingot and to saw it into wafers which avoids
significant material losses. This technology hagléatially similar efficiencies to multi-crystalénsilicon
wafers but a much better utilisation rate of tHean feedstock. For the NEEDS Integrated Projeetds
determined that under a realistic-optimistic degaient scenario until 2050, ribbon technology wilance
sufficiently to occupy a significant share of thgstalline silicon market and offers advantages wués
efficient use of resources. For this particulahtexiogy scenario a centralized power plant size mwageled
with an electricity generating capacity of 46.6M\ing an average PV module efficiency of 22%.

6.23 Solar: PV-Si building(Frankl et al., 2006)

Here the PV technology is exactly the same as 2do& the size of the installation is significansiyaller
and integrated onto a new or existing building. 480 kW, this is suited to the roof of a public or
commercial building and is too large for most doticegsidences.
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6.24 Solar: PV-CdTe building (Frankl et al., 2006)

It has been described that 85 to 90% of the tothlled global photovoltaic (PV) capacity usesexdifased
crystalline silicon semi-conductor technologieseTamaining 10 to 15% is largely made up of thimfi
technologies. These are manufactured by depostitrgmely thin layers (less than half the thicknefsa
silicon wafer) of photosensitive materials on a loast backing such as glass, stainless steel stigla
Although the first thin-film PV semi-conductors alsused silicon, there are now various material
compositions used. Of these, cadmium-telluride @d3 depsited as a film less than one tenth tio&ribss

of a silicon wafer and offers a relatively goodawse requirement to efficiency ratio (Frankl, 2005

Following the optimistic-realistic development saga until 2050, a CdTe thin-film module is expeatte
have an operating efficiency equal to that of thban crystalline silicon modules. This technoldgylso at
the buiding integrated scale.

6.25 Solar: Solar thermal(Viebahn et al., 2008)

There are now several large-scale solar thermakep@eneration systems installed, mainly in Europe a
the U.S., which use a variety of methods to captmergy from solar radiation, transform it into head
generate electricity from the heat using eithearstdurbines, gas turbines, Stirling engines, osgre
staged turbines. Only locations with irradiatiofisTmre than 2,000 kWh/(fa) are suited to a reasonable
economic solar thermal performance. For the NEEBi8Sgrated Project, the optimistic realistic scemari
development for 2050 used a 400MW parabolic troogjlector system in combination with an overnight
thermal energy storage system for 24 hour solaypolver generation.

Parabolic trough systent®nsist of trough solar collector arrays, at theZomtal focal point of which is a
fluid filled pipe. This heat transfer fluid (HTF} iheated to around 400 °C which is sufficient tavgioa
conventional steam turbine and generator, and B9 20e HTF will be steam (currently synthetic therm
oil).

The use of steam as the HTF would enable the dmexiulsion of the turbine by the solar heateddflui
without the use of an intermediary exchange meditniist presenting a high cost reduction potenfidle
implimentation of direct steam technology, howeveguires the development of a new latent heabgeor
medium for the evaporation process of the cycle whith necessarily means the use of phase change
materials (PCM). A PCM based storage system far #pplication would consist of salt, concrete, and
aluminium. Furthermore, to have the ability to dom¢ electricity generation overnight and througk t
hours of insufficient solar radiation, the concrered PCM based storage must be have the capacity to
maintain 16 hours of high pressure steam.

Based on laboratory-scale trials, a concrete/PQivhge system operates in three steps:

- During thepreheating step a conventional thermal mass storage unit atrete is heated up
(sensible heat storage).

- This step is followed by thevaporation phase. The increasing heat causes the salt togomgbase
changes (e.g. from solid to liquid) but does natéase the storage temperature. Aluminium plates
in the salt increase the thermal conductivity.

- In the last step, theuperheating phase, a concrete storage is again used to heataam to the
required temperature.

The net power plant efficiency of this technologyekpected to be 18.5%.

6.26 Wind: Wind offshore (Dong, 2008)

The exploitation of wind energy has increased egptially during the last decades, and there iklatijje
unexploited wind energy potential in many partshef world — both onshore and offshore. However, the
success story of onshore wind energy has led horiagje of land sites in many parts of Europe jq@adr in
northwestern Europe, and has spurred the intemesxploiting offshore wind energy. Regarding offisho
wind farms particularly, economies of scale meaat ttarms consisting of multiple wind turbines all
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connected to a single transformer station are rioaacially viable than individual turbines. Off-@ite sites
also enjoy the advantage of having significantlyrenstable and higher wind speeds than onshoreasiids
which leads to a longer turbine life. In additianpdern offshore wind turbines can also be remotely
monitored and controlled, which gives unique adages when regulating the power output.

The size, capacity, material structure and anchooh offshore wind turbines in 2050 can only be
extrapolated from recent developments as well gistioal and financial parameters. The emphasikhail

on reducing weight, material consumption, handloggts and production costs, whilst the individual
capacities of wind turbines will continue to grgwatentially reaching 30 — 50 MW by 2050 (by comgain,
largest currently available are in the 5-6MW rand&) the development moves further off shore and in
water depths of more than 30 metres, the monomfgd used most often up to now will need to be
replaced by other designs including floating tuesin

For the NEEDS project, a realistic/optimistic degrhent scenario resulted in a turbine capacity4ddi\a/
and which is located in a farm of around 80 turbinkhe foundation system is a guyed steel mondégilan
unspecified water depth. It is expected to haveparational lifetime of 30 years.

7 Country Specific Adjustments

The generic Life Cycle Inventories generated by ittdividual work packages of RS1a for the individua
technologies (as shortly described in the previokhigpter) were adjusted where applicable in order to
consider country specific parameters, which havantimence on the cumulative LCA results. This udzs

the impact of ambient air temperature on net poplant efficiencies of thermal units, differing wind
conditions and solar irradiation, and country-sfieeinergy content of lignite.

Table 3 summarizes the country specific modificaiof the generic LCI data provided by RSla for the
technologies concerned.

Table 3 Country specific modifications of the genéc LCI data provided by RS1a.

Technology country specific parameter generic from RSla |Switzerland |Germany |France |ltaly
yearly average yield [KWh/KW ]

Solar Photovoltaic [(solar irradiation) 1496 922 809 984] 1032
yearly average yield [kKWh/kW ]

Solarthermal (solar irradiation) 6400[n.a. n.a. 4518] 4738
yearly average yield - full load hours [h/a]

Offshore wind (wind conditions) 4200|n.a. 4000f 4000] 3500
reduction in power plant efficiency

Advanced fossil (due to higher ambient temperature) n.a. 0 0 0f 3.2%
energy content of lignite [MJ/kg] 8.8|n.a. 8.7 16.6|n.a.
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8 Environmental indicators and results

8.1 Fossil fuel uséMJ/kwWh)

This indicator measures the total primary energthinfossil resources used for the production k¥\vh of
electricity. Due to the use of fossil fuels in manglustrial processes, even if they are not diygudirt of the
electricity generation chains in focus, they wibntribute to energy requirements in manufacturing,
transportation and other processes necessary éortetthnology to function. This requires the energy
contained within the total amount of coal, natwas and crude oil used for each complete technalbgin

to be modelled and is known as the “cumulative gndemand (CED)” (Frischknecht et al., 2004).
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Figure 1 Results of the environmental impact indictor: fossil fuel use.

Figure 1 shows very clearly the demand that the piwse of a technology has on overall fossil fuel
consumption. For non-fossil fuelled technologiesirtlemand on fossil fuels for all other life cyaspects

is minor in comparison. The graph also shows foictwizountries a particular technology is expectede
relevant. For example, lignite power plants weréy anodeled for Germany and France due to the poor
accessibility to the lignite fuel in Switzerlanddahaly. Italy consistently requires more fossiefibecause
thermal power plants in Italy function with mardigalower net efficiencies due to the higher averag
ambient air temperature (See chapterCountry Secifiec Adjustments). Also evident from Figure 1 is that
the integration of carbon capture and storage (GE®) a power plant causes a significant incréagbe
overall fuel use. The separation, compression ajedtion of CQ requires large quantities of power which
means that to deliver 1 kWh to the electricity gtichust consume larger quantities of fossil flesaurces.
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8.2  Uranium use(MJ/kWh)

This indicator quantifies the primary energy fromtural uranium resources used to produce 1kWh of
electricity and also uses CED methodology (Friselckn et al., 2004). Even if the technology in goesis

not a nuclear one, it is likely that electricitypirts to various aspects of the complete technobdbgyn will
have featured nuclear power in the electricity mijxiee the results for non-nuclear technologies are
measure for nuclear electricity consumption thraugtihe complete energy chains.

Uranium use
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Figure 2 Results of the environmental impact indictor: uranium use.

The results are dominated by the Generation lIbgean Preasurised Reactor (EPR) but the uraniurhyuse
generating 1kWh from the Generation IV Europeart Rasctor (EFR) is shown to be less than manyef th
other technologies. For the NEEDS project a scerfari2050 was adopted in which the nuclear povemtp
parks would consist mainly of Generation Il witre@ration IV plants only having recently (post-2040
become commercially available. Therefore the akittrmixes use a higher proportion of nuclear powe
plants burning enriched natural uranium and thisat® is then reflected in the electricity demamdmfthe
complete energy chains of all plants. The EFR erother hand, does not burn enriched natural urabiut
uses MOX fuel elements consisting of reprocessedtdpel.
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8.3  Abiotic resource usd€kg (Sb-eq.)/kwWh)

This indicator quantifies the total amount of nave&gy mineral resources used in the complete téogpo
chain in order to produce 1 kWh of electricity.idtbased on the impact assessment methodology ‘CML
2001' (Guinée et al., 2001) but is modified to motlee use of abiotic metal resources only. The
measurement of single metals is based on the gcarcitheir ores and expressed with reference to an
equivalent use of the metal antimony (Sb).

Abiotic resource use

4.5E-06

4.0E-06

3.5E-06 T

oI
EDE

2.5E-06 ocH
OFR

2.0E-06 M

3.0E-06

kg(Sh-eq.)/kWh

1.5E-06 M

1.0E-06 M

5.0E-07 M

=

0.0E+00 =2 il Imiin o0l
x|lx | o |n | n nlnlg|lale|ln 1] = 2| ol o|lg
a|lo (& |0 |0 olo| 8|0 lz|g 0 822 8|85 2|2 8¢
w | w o | O OO0 |9 |0 | §|O (8] o ol 8lela|3 |3 | =2

- — - — I8) = = © o Te) = o~ 2 S 7] = = = 7] 5
17 [ 173 [} [} T = N o [0} o n =} =} = rdd
o | 3 o | 2|1Q 9o | ¢T o s | 3 O |la | T c |82 |F | §
Qs 215|921 9210 | o e 0ol 22|29 ZT|5 2|50
X S| X G| O | = o [$) @) a9k
) o o ! 4 (@) J
o 0 o : O | T 10 T | % > 8
£ o e S 2198 &3
o c |3 &
=
Nuclear Fossil Biom| Fossil |Biomass Solar Wind

Figure 3 Results of the environmental impact indictor: abiotic resource use.

Although the nominal capacity of an offshore winnlbine is determined to grow significantly, theger
amounts of metallic materials necessary for con8tm and anchoring remain comparatively high. With
less wind availability, Italian offshore wind powegquires slightly more of these resources per ahit
electricity generated than for French or Germandwiower. With reference to solar PV technologibs, t
extent to which thin film (PV-CdTe) technologiesluee the consumption effect of metals is very evide
and, for this particular indicator, places thishiealogy on a relatively similar ranking with someef cell
and fossil fuel technologies. The large output céjes of nuclear technologies mean that the oleral
consumption effect of metals is relatively low. Tagplication of CCS technologies is shown to have a
significant effect on the demand for these resauite comparison of fossil fuel technologies.
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8.4  Greenhouse gas emissiollsg(CO,-eq.)/kWh)

This indicator measures the total quantity of gheeise gases (GHG) released into the atmospheretffimm
complete technology chain. Using the global warnpotential (GWP) over 100 years of one kg of carbon
dioxide (CO,) as the reference impact and equal to a GWP ofhker GHG’s are quantified according to
their equivalence to COFor example, at the time that this study was ootetl, methane (CH was
classified as having a GWP of 23 meaning that XkgHy, has an ability 23 times greater than that of kg o
CO, to heat the atmosphere (Frischknecht et al., 200#. GWP factors have since been slightly adjusted
(Forster et al., 2007).

Greenhouse gas emissions
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Figure 4 Results of the environmental impact indictor: GHG emissions.

Initial observations of Figure 4 show the cleafai#nces in GHG emissions of fossil fuelled tecbgs
with and without carbon capture and storage (CTBg. highly enriched C&Xlue gas stream resulting from
oxyfuel combustion enables relatively simple ang kst CQ purification methods to be used. For these
technologies a 100% capture rate was used in thieling of the life cycle inventory. Post-combustiamd
pre-combustion (IGCC) capture technologies wereeatsatiusing a 90% capture rate due to the higher flu
gas volumes and more difficult separation processesved. The application of CCS, however, cannot
remove CQ or other GHG emissions from other stages of therggnchain and so there are still some
emissions attributed to the technology. The largeséntial reductions of integrating CCS are fgniie,
particularly in combination with oxyfuel and for weh emissions are reduced sufficiently to be lbass tthe
highest emitting renewable technology chains (ngr@@lP poplar). This is due to both the differentrgy
chains and chemical compositions of the coal agrdté fuels. Lignite power plants are operated onirze-
to-mouth basis where the power plant is situatgaraximity to the mining site. The operation ofardh coal
power plant requires the transportation of the ftmh various locations, including overseas, ad aglits
intermediary storage. So whereas the combustioligoite produces a greater quantity of direct GHG
emissions, action at this stage in the form of €@S$have a greater overall impact on reductions.

Although biogenic sources of G@ere not considered to increase atmospheric GH@éscombustion of
biomass also emits methane and nitrous oxides. @iergy chains of the biomass-based renewable
technologies also cause GHG emissions; this is lynde to fuel transportation, crop fertilizers aine
primary energy sources of electricity used.
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8.5  Land use(PDFnfa/kWh)

This indicator quantifies the loss of species l& fauna) in terms of a “potentially disappeareatfion”
(PDF) due to land use in producing 1 kWh of elettiri The PDF of species is expressed accordingrio
area and time, and is modeled as part of the Ediodtor 99 (EI99) impact assessment methodology.
(Goedkoop and Spriensma, 1999).
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Figure 5 Results of the environmental impact indictor: Land use.

The potential impacts from land use are shown tddminated by the land requirement for supplyingao
fuel. Whereas the CHP poplar plant receives aliit®ffuel from intensively cultivated short rotation
practices, the supply for the wood gas fuel caihpluses 50% waste from forestry activities whicmat
allocated a land use occupation. The results &ifect the energy density of the crop and the lamga of
land required to maintain a continuous but sustdésupply of woody biomass. The warmer climat#aty
encourages a longer growing season and so therafaeduced land requirement per unit electricity
generated. Straw is considered a waste by-productiltivating cereals and is therefore also withthe
allocation of a land occupation.
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8.6  Ecotoxicity(PDFnfa/kWh)

This indicator quantifies the loss of species #l& fauna), also in terms of a “potentially disapes
fraction” (PDF), due to ecologically toxic emissgoim producing 1 kWh of electricity. The PDF of sj@s is
expressed according to toxic substances releasait, tawater and soil, and is also modeled as pathe
Eco-Indicator 99 (EI99) impact assessment methg@yolGoedkoop and Spriensma, 1999).

Ecotoxicity
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Figure 6 Results of the environmental impact indictor: Ecotoxicity.

Potential ecotoxic impacts are shown to occur latirely similar quantites for both fossil and rerable
technologies, with those from nuclear being simitacentralized gas and the biomass CHP technaogie
noteable difference is between pulverized coal @uiderized lignite. Here the ecotoxicity of the tohain
is more than twice that of the lignite chain. Thensoceanic transportation of coal contributes 36%e
total impacts, an aspect of the chain which do¢serist for lignite. Furthermore, although the carstion
of lignite requires the disposal of greater quagibtf ash and accounts for almost a half of imgpfom this
chain, the impact from the operation of the pubsedi coal power plant is more than five times thahe
lignite plant. A further significant contributor tmoth energy chains is due to the production obmtium
steel used in construction of the power plantsylath the pulverised coal plant has a significagtigater
demand. Potential impacts from centralized gasnawmeh lower than for pulverized coal due to lower
impacts from all aspects of the energy chain; feaeins are produced during combustion, the fuppsuis
via pipeline as opposed to motorized vehicle aedhtthwer plant itself requires a less intensiveaisaetals.

The integration of CCS into the energy chains iswshto increase ecotxicity impacts for all fossief
chains. Integrating CCS as a post combustion téahpmecessarily means extra infrastructure anigjlagh
consumption of fuel per kWh at the busbar. Thesee lthe effect of increasing the emissions of toxic
substances. Oxyfuel combustion incorporates CS@rmasntegral design aspect and, although the net
efficiency of the plant is lower than that of pesimbustion, the additional impacts from this arecimu
smaller than the avoided impacts from a smalleradehior overall infrastructure.

The small scale of the MCFC plants and their haglel of (particularly chromium) steel componentases
these technology chains to exhibit high impacteadtoxicit. The SOFC energy chain is significaridgs
impacting due in large part to a much lower usehpbmium steel.
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The difference between the silicon and cadmiunutiglé photovoltaic energy chains is accounted fothie
potential impacts from processing of the differeemi-conductor materials used in the PV cells.

8.7  Acidification and eutrophication (PDFnfa/kWh)

This indicator also quantifies the loss of speditsra & fauna) in terms of a “potentially disapped
fraction” (PDF). The impact indicator characterisbsinges to land and water acidity and neutrierdlse
largely as a result of airborne emissions. It ®ahodeled as part of the Eco-Indicator 99 (EI9®act
assessment methodology (Goedkoop and Spriensnm@). 199

Acidification and Eutrophication
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Figure 7 Results of the environmental impact indictor: Acidification and eutrophication.

The incorporation of carbon capture as a post catitiutechnology is shown to significantly incredise
potential impacts due to acidification and eutroptibn but which are not present for the oxyfuel
combustion and capture process. In the post coimbustapture system analysed for NEEDS, a
monoethanolamine (MEA) solvent is used to scrub fthe gas and absorb the €O'he CQ is then
separated from the solvent using heat and in thiegss ammonia is released as an emission to air.
Combustion of coal and lignite as an oxyfuel, ametéfore in the abscence nitrogen, requires |legsmte

and chemically intensive treatment of the flue whgh has a very high concentration of CO

The higher values for the biomass CHP plants aestalthe emissions of nitrogen oxides during conibns
and which then act as a fertilizer and increasarabhutrient levels.
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8.8  Chemical wastdm’/kWh)

This indicator quantifies the total volume of cheatiwastes requiring storage in underground reposs#
due to the production of 1 kWh of electricity. Bgia measurement of physical quantities, it doegeftact
actual damage to humans or nature and does nettréfle confinement time required for each repogitid
covers each complete electricity generation teargyothain.

Chemical waste
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Figure 8 Results of the environmental impact indictor: chemical waste.

Increases in the quantities of chemical waste prediby coal and lignite with post combustion CC& ar
caused by the reduced efficiency of the plantselsag the requirement for disposal of the solversesd in

the CQ scrubbing process. More than 90% of the total meluwof chemical waste is from the catalytic
converters used in the reduction of nitrogen oxifd®,). The oxyfuel combustion technologies use a
cryogenic air separation unit prior to combustiod gherefore do not need to separate, K@m the flue gas
and which explains the significantly lower values these technologies. The chemical wastes from the
lignite energy chains are higher than for theirvptised coal counterparts because the lignite daetains
higher levels of nitrogen than hard coal. IGCC tedhgies produce relatively small quantities of rofel
waste because the gas produced through gasifiaattithve hydrocarbon fuel is primarily hydrogen,ftand
carbon monoxide (CO). Oxides of nitrogen and sul@ra not formed in the (reducing) environmenthsf t
gasifier but, instead, react with hydrogen to fanarketable byproducts of ammonia and hydrogen &ldph

In this way as much as 95 to 99% of N&ahd SQ emissions are removed and so do not cause chemical
wastes. IGCC technologies using lignite are shownause slightly less chemical waste because,cht su
relatively small amounts compared to non-IGCC ids&ls, there are no demands made from transpmmtat
and storage of the lignite.

Differences between fuel cell technologies usinirzéd gas and the fuel cell using gasified woodnsteom
the chemical wastes caused at the natural gaggatraites.

Although on a larger scale, the energy chain ofgtteeind level PV-Si system requires the long-tetonagye
of more chemical waste than the smaller, buildirmunied PV-Si system because of the larger amodnts o
aluminium used to construct the free standing giaystem. Chemical waste from aluminium producison

3 Represented by the elementary flow ,Volume ocadipimderground deposit*,
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mainly caused by the reprocessing of scrap alummin{used consumer products) which requires the
containment of dust, the exchange of filters arg ¢bllection of sediment. The gquantity of secondary
aluminium recycled into the production mix is ardu82% (Classen et al., 2004).

8.9  Radioactive waste (m’/kWh)

This indicator quantifies the volume of intermediaind high level radioactive wastes requiring gferim
geological underground repositoftedue to the production of 1 kwWh of electricity. Bgia measurement of
physical quantities, it does not reflect actual dgento humans or nature and does not reflect the
confinement time required for each repository. dvers each complete electricity generation techyolo
chain.

Radioactive waste
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Figure 9 Results of the environmental impact indiceor: Radioactive waste.

The quantity of intermediate and high level wastdpced by the EFR is foreseen to contain far $gest
fuel per kWh generated than for the EPR, as welprmucing far less long-lived waste due to the
transformation of plutoniunfigure 9 however, only shows a reduction of around 70%ctviis due to the
other active wastes requiring storage. These aréut element casing materials as well as higél lerastes
from the reprocessing stages and preparation oMBX elements prior to use in the EFR. Some ofdhes
processes and associated wastes also result foEPR energy chain.

The other, non-nuclear, energy chains are showave differing but much smaller quantities of raditive
waste associated with them. Here, the electricgdlin these energy chains originates from elégtaixes
for which nuclear power is a contributor. The u$electricity therefore has the allocation of awok of
radioactive waste.

4 Represented by the elementary flow ,Volume ocadipii@al repository for radioactive waste*
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9 Summary

This report has given a review of the proceduresluis selection of the environmental impact indicaitas
well as the life cycle assessment (LCA) method@sgmployed for their assessment within the NEEDS
Integrated Project. The basic charateristics of2Z8dechnologies and associated energy chains lese
described. These were defined as being appropn&€50 according to “realistic/optimistic” developnt
scenarios and the assessment methodologies weliedappcording to the various specific charactidst
relevant to the four countries of Switzerland yt@bermany and France.

The environmental assessment showed that the muelgdanologies cause relatively very low impacts fo
most of the indicators. The Generation IV, EuropEast Reactor (EFR), has significant advantagesthee
European Pressurised Reactor (EPR) because itlescyome of the spent fuel products of the EPR and
other reactors, and which significantly reducesghantity of high level radioactive waste needinigg-term
underground storage. However, the uncertaintieocsged with its technology development are
comparatively much higher than for the EPR.

An overall distinction of the fossil fuelled tecHagies was shown to be far less clearly possibte@ing to
the indicators used. Concerning the applicatio@0G5 technologies, the large reductions in GHG doniss
from the entire energy chains of fossil fuelledhtsalogies was shown to be counteracted in a number
other indicators due to the reduced efficienciethefpower plants and, specifically for the poshbastion
and IGCC technologies, the pollution effects of @@, separation mechanisms. Integrating gasification
prior to the combustion of coal and lignite wasyosthown to have significant potential benefits tlu¢he
reduction of chemical wastes and with slight reiunctn the impact on natural acidity and nutrieexdls.

On the other hand, the potential impacts causetbkig releases were seen to be larger by integratin
gasification. For most of the indicators, electyidrom natural gas combined cycle power plantdqoers
better than from coal and lignite power plants.

The distinction of characteristic impacts is howesasier for the cogeneration technologies eitsargufuel
cells or combustion and with similarites betweerod/based fuels. If they are fuelled with natura geen
they cause the typical impacts of fossil fuel reseudepletion, GHG emissions and slightly higherrattal
wastes but do not have the impacts from M@issions and land use as do wood based fuels.

In a similar manor to nuclear technologies, theaiaing renewable technologies of PV and wind penfor
well, with only very few indicators reflecting siiisantly larger impacts; specifically the depletiof metal
resources (with the exceptions of PV thin film awdar thermal) and, to a lesser extent, ecotoxaniy the
production of chemical wastes. The developmentafeh PV technologies is also associated with much
higher uncertainties compared to the other reneagabl
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